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Abstract 

Vaginal herpes infections occur under low oxygen conditions, including anoxia. Using an anaerobic (0% O2) cell system, 
the infection rate, early protein expression, and progeny viability were determined. Anaerobic HeLa 229 cells (0% O2; 
anaerobic DMEM; 24h) were infected with MOI 1 of HSV1/2, then incubated under aerobic (control) and anaerobic 
conditions. Infectivity (6h post-infection (pi)) was assessed by ONPG activity and enumerating X-gal-stained cells. 
HSV1/2 viral immediate-early entry, early entry, and late entry protein expression were determined by fluorescent 
antibody staining followed by HSV1/2 glycoprotein B mouse monoclonal antibody and DAPI. Statistical analysis was 
performed using t-test and data were considered significant when p ≤ 0.05 (GraphPad Prism). 

HSV1/2 infection under standard aerobic conditions was approximately twice that measured for anaerobically infected 
cells. In addition, the level of HSV-2 infectivity was significantly (p < 0.05) higher (~8-fold) than that of HSV-1, regardless 
of oxygen level. HSV entry stage protein expression (ICP8, ICP27, VP5) was detected for anaerobic HSV1/2. A similar 
pattern was observed for anaerobically grown progeny of HSV1/2, i.e., the number of progeny was higher when 
anaerobic progenies were grown under aerobic conditions (anaerobic to aerobic) as compared to those grown under 
anaerobic conditions (anaerobic to anaerobic). In addition, the progeny levels grown solely under anaerobic conditions 
trended higher for HSV-1 than HSV-2 progeny but were not significantly different. These findings show that HSV1/2 can 
infect and replicate in anaerobically growing cells and that oxygen is not essential for productive replication.  
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1. Introduction

Oxygen levels in the human body range from 0 to 13%, thus, infections arise in oxygen-limiting body regions where 
physioxia ranges from hypoxic to anoxic conditions [1, 2]. In addition, if inflammation occurs, such as when induced 
during active replication and lesion production by HSV1/2, there is a further reduction in oxygen levels [3, 4]. It is well-
known that HSV geographically also infects body sites, e.g., the urogenital tract, that is minimally hypoxic to anoxic. 
Previous studies assessing cell growth under in vitro anoxic conditions (0-0.3% O2) show that cell physiology, in the 
absence of oxygen as the terminal electron acceptor for the mitochondrial cytochrome oxidase system, differs from cell 
physiology when grown under CO2-enriched atmospheric oxygen (21% O2), i.e., a hyperbaric growth environment [5, 6, 
7]. Since the subsequent decrease in oxygen tension, in addition to the pathogen’s restriction to an intracellular 
environment, are indicators that HSV replicates in low oxygen concentrations in vivo, it is possible to gain insightful 
knowledge of the host-pathogen interactions involved under anaerobic growth conditions using the anaerobic cell 
model previously described to confirm that HSV1/2 anaerobic replication parallels that of aerobic growth [5, 6, 7]. The 
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focus of this study is to determine the methodology for growing HSV1/2 anaerobically and assess its replication 
characteristics compared to standard growth conditions (5% CO2 in air). 

2. Material and methods 

2.1. HSV1/2 strains 

Recombinant, entry proficient strains encoding a beta-galactosidase reporter of HSV-1 (KOS) gL86 and HSV-2 (KOS) 
333gJ- activity were used for all assays [8, 9]. Virus stocks were maintained at -80°C until use, and virus from a single 
lot were used in this study.  

2.2. Anaerobic HSV1/2 cell entry assay for both parental and progeny 

HSV entry into HeLa cells was confirmed quantitatively by ONPG (o-nitrophenyl-β-D-galactopyranoside) and X-Gal (5-
bromo-4-chloro-3-indolyl-β-D-galactopyranoside) assays post 6h incubation under anaerobic and aerobic conditions 
[10]. The level of virion infection over various concentrations was measured spectrophotometrically (20 min, OD405) as 
previously described [10, 11]. The number of HSV-infected cells (MOI 1, X-gal staining of blue cells) on images (EVOS 
FL microscope) were counted manually using ImageJ. Statistical analysis was performed using a t-test two-sample. Data 
was considered significant when p ≤ 0.05 (GraphPad Prism). All images were coded, and infected cells (blue-stained) 
manually counted by multiple observers under double-blinded conditions with inter-observer (n=4) reproducibility 
validated.  

To infect the cells for both assays, HeLa 229 cells were seeded at 50% confluence of a 24 well plate (5% CO2, 37 °C) at 
Day (-) 1 using Dulbecco’s Modified Eagle Medium (DMEM; Corning), supplemented with glucose (4.5 g/L), L-glutamine 
(110 mg/L), 10% fetal bovine serum (FBS, VWR International), and 0.05 mg/L gentamicin (VWR International). At Day 
0, plates were transferred to the anaerobic chamber (anaerobic gas mixture: H2, N2, CO2; Whitley A35, Microbiology 
International), and media was changed to degassed antibiotic-free DMEM, confirmed to be anaerobic using dO2 isopod 
oxygen electrode (eDAQ). Aerobic control plate media was changed to antibiotic-free DMEM, and incubated in air (5% 
CO2, 37°C) [5]. On Day 1, the cells were infected [11].  

2.3. HSV1/2 replication and progeny viability 

To assess the viability of HSV1/2 progeny after anaerobic replication, HSV1/2 were inoculated onto replication 
permissive cell lines, i.e., African Green Monkey Kidney Epithelial (Vero) cells for HSV-2 and gL-expressing Vero (79B4) 
cells for HSV-1 [12, 13, 14, 15, 16]. Both cell lines were prepared as described above and on Day 0, Vero and 79B4 96 
well plates were transferred to the anaerobic chamber. The medium was immediately changed to degassed antibiotic-
free DMEM and confirmed to be anaerobic (dO2 isopod oxygen electrode; eDAQ). Medium for the aerobic controls was 
changed to antibiotic-free DMEM, and incubated in air (5% CO2, 37 °C). On Day 1, Vero and 79B4 cells were infected 
with HSV-1 and HSV-2, respectively, at MOI 1 and incubated for 24 h in homologous oxygen levels. On Day 2, the cell 
supernatants from Vero and 79B4 plates containing HSV-1 and HSV-2 progeny were removed by aspiration, pooled, and 
various dilutions were used to inoculate HeLa 229 cell plates (96 wells; anaerobic acclimated - Day 1 and aerobic 
control). The plates were then incubated for 6h under homologous, i.e., anaerobic to anaerobic and aerobic to aerobic 
(control) and heterologous anaerobic to aerobic and aerobic to anaerobic conditions. After 6 h post-infection, X-Gal 
staining was used to determine whether progeny from aerobic or anaerobically infected cells were viable, as previously 
described [11].  

2.4. HSV1/2 viral entry protein fluorescent staining 

HeLa 229 cells were seeded on coverslips at 80% confluence of a 24 well plate (5% CO2, 37 °C) at Day (-) 1 using 
Dulbecco’s Modified Eagle Medium (DMEM; Corning), supplemented with glucose (4.5 g/L), L-glutamine (110 mg/L), 
10% fetal bovine serum (FBS, VWR International), and 0.05 mg/L gentamicin (VWR International). At Day 0, plates were 
transferred to Whitley A35 Anaerobic Chamber (anaerobic gas mixture: H2, N2, CO2; Microbiology International), and 
media was changed to degassed low glucose antibiotic-free DMEM, confirmed to be anaerobic using dO2 isopod oxygen 
electrode (eDAQ). Aerobic control plate media was changed to antibiotic-free DMEM, low glucose and incubated in air 
(5% CO2, 37 °C). At Day 1, cells were infected with either HSV-1 or HSV-2 (MOI 1) and incubated for 7 h post-infection 
(pi). Every 15 minutes for 4 h pi, coverslips were washed 3x with PBS, and fixed with methanol. Primary antibodies used 
were HSV1/2 glycoprotein B mouse monoclonal antibody (SM3058P; Origene), HSV1/2 ICP27 Immediate-Early Entry 
monoclonal antibody (sc-69807; Santa Cruz Biotechnology), HSV-1 ICP8 Early Entry monoclonal antibody (sc-53329; 
Santa Cruz Biotechnology), HSV-2 ICP8 Early Entry monoclonal antibody (H2A024-100; Virusys Corporation), and 
HSV1/2 VP5 Late Entry monoclonal antibody (sc-13525; Santa Cruz Biotechnology). Secondary antibodies (Invitrogen) 
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used were Goat anti-Mouse IgG secondary antibody and Alexa Fluor 594 secondary antibody. Coverslips were mounted 
on slides with VECTASHIELD® Hardset™ Antifade Mounting Medium w/ DAPI (Vector Laboratories) [12-16]. 
Representative fluorescent images were obtained (Nikon Eclipse Ti2-E inverted fluorescence microscope).  

2.5. Statistical analysis 

Each infectivity experiment was conducted twice in octuplicate. Each imaging study was conducted twice in triplicate. 
Data were evaluated by analysis of variance with Tukey post hoc test, where appropriate (ANOVA; GraphPad InStat 3.10 
for Windows, GraphPad Software Inc.) or unpaired t-test, where appropriate. Mean values were considered significantly 
different at p < 0.05.  

3. Results and discussion 

3.1. Effect of oxygen on HSV infective dose  

Colonization of the vaginal mucosa by herpes viruses requires the ability to successfully infect and replicate within cells 
in an anaerobic environment [17]. While both HSV-1 and HSV-2 can cause vaginal infections with lesions, HSV-2 is most 
commonly associated with disease at this site [18, 19]. To date, the differences between HSV-1 and HSV-2 in their 
relative ability to cause vaginal infections has not been well characterized because until recently, no in vitro model 
system enabled the measurement of long-term anaerobic intracellular viral replication [5, 6, 7, 20]. Using a novel 
anaerobic (0% oxygen) cell growth model system developed by the Plotkin/Sigar Laboratory, the ability of HSV-1 and 
HSV-2 to anaerobically infect HeLa cells, express replication-associated early proteins, and produce viable progeny were 
determined. In this study, both HSV-1 and HSV-2 were capable of infecting HeLa 229 cells in the absence of oxygen (Fig 
1). Initial levels of infectivity were screened by ONPG staining after growth under aerobic and anaerobic growth 
conditions. These findings indicated that there was no significant difference between aerobic and anaerobic infectivity 
for either HSV-1 or HSV-2 (Fig 1A). To verify these findings, quantification of the effects of oxygen on HSV infectivity 
was determined by direct observation of X-gal infected cells upon growth in the presence and absence of oxygen (Fig 
1B). As was measured for ONPG staining, the level of HSV-2 cell entry was significantly higher than that measured for 
HSV-1 regardless of incubation condition, i.e., HSV-2 was 9.9-fold higher than HSV-1 under aerobic growth and 6.1-fold 
higher upon growth in the absence of oxygen. In addition, aerobic infection of HSV-2 was 3-fold higher than when grown 
anaerobically (Fig 1C), while HSV-1 aerobic infectivity was 1.8-fold higher under aerobic condition vs. anaerobic 
conditions. Although an MOI of 1 was used for viral dose and oxygen testing conditions regardless of HSV strain, the 
level of infection for HSV1/2 grown under aerobic condition was significantly higher than HSV-1 or HSV-2 grown 
anaerobically. 

 

Figure 1 Aerobic and anaerobic HeLa cells infected with HSV-1 and HSV-2 post 6h incubation. (A) β-galactosidase 
levels in response to various MOI of HSV-1 and HSV-2 concentrations in the presence and absence of oxygen; (B,C) X-

gal analysis of HSV-1/2 at MOI 1 positive cells in the presence and absence of oxygen; (D1a) Representative 
photomicrograph 10X of HSV-1 infected X gal-stained aerobic HeLa cells; (D1b) Representative photomicrograph 10X 
of HSV-1 infected X gal stained anaerobic HeLa cells; (D2a) Representative photomicrograph 10X of HSV-2 infected X 
gal stained aerobic HeLa cells; (D2b) Representative photomicrograph 10X of HSV-2 infected X gal stained anaerobic 

HeLa cells 

b 
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The ability to initiate the replicative cycle under aerobic and anaerobic conditions was confirmed through the detection 
of HSV entry-stage protein expression (ICP8, ICP27, VP5) by fluorescent microscopy (Figure 2) [12-16]. Control for the 
presence of cell-associated HSV1/2 were cells secondarily stained with HSV1/2 glycoprotein B mouse monoclonal 
antibody and 4',6-diamidino-2-phenylindole (DAPI). On Day 1, cells were infected with an MOI of 1, of either HSV-1 or 
HSV-2, then incubated under aerobic and anaerobic conditions. 
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Figure 2 HSV1/2 and entry protein expression in response to incubation in the absence of oxygen. (A) ICP8 Early 
Entry Protein expression (B) ICP27 Immediate Early Entry Protein; (C) VP5 Late Entry Protein. HeLa cells were 

infected with HSV-1 (MOI 1) or HSV-2 (MOI 1). After 7h post-infection, cells were fixed and then stained with HSV gB 
(green) and entry protein (red) antibodies. 

Microscopic analysis showed that all three entry proteins were detected for both HSV-1 and HSV-2. The relative levels 
of protein expressed appeared higher for HSV-2 vs. HSV-1, likely reflective of the difference in level of infection as 
indicated by ONPG and X-gal staining (Fig 1). 

 

Figure 3 Effect of oxygen on viability of HSV1/2 progeny when tested under homologous and heterologous growth 
conditions. Percent of control (progeny from HSV-1 and HSV-2 aerobic-to-aerobic incubation conditions) for each 

condition tested. Aero= aerobic; ana= anaerobic; * = p ≤ 0.05 

To confirm that HSV1/2 was going through a productive replicative cycle in the anaerobic model system, progeny 
isolated from aerobic and anaerobic conditions were grown under homogenous atmospheric environment, as well as 
transferred to heterologous oxygenated conditions. Their viability was tested for the ability to cause cell infection, as 
described above (Figure 3). Interestingly, the infection levels as compared to their control i.e., progeny isolated after 
aerobic replication cycle and transferred to aerobic cells, differed for HSV-1 and HSV-2. Significantly (p ≤ 0.05) fewer 
viable progeny were present from HSV-1 anaerobic cultures that were subsequently transferred to aerobic culture 
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incubation compared to similarly incubated HSV-2 progeny. HSV-2 progeny from anaerobic cultures tested aerobically 
had levels of viable progeny similar to the HSV-2 aerobic-aerobic control. Progeny incubated anaerobically, regardless 
of initial incubation conditions, e.g., anaerobic, or aerobic, were similar for both HSV-1 and HSV-2. 

4. Conclusion 

Despite the likelihood that HSV infections in vivo occur in a low oxygen environment, HSV are typically grown under 
carbon dioxide enriched aerobic conditions (21% oxygen) in vitro, even during antibiotic sensitivity testing. These 
studies show that HSV1/2 exhibits a productive replicative cycle under anaerobic conditions in vitro. Data shows a 
reduction in the number of HSV-1 infected cells observed under anaerobic conditions when compared to aerobic 
conditions at the same MOI as compared to HSV-2. Furthermore, the pattern of progeny infection in response to 
heterologous growth conditions indicates that HSV-2 is more robust in its ability to adapt to shifts in levels of 
oxygenation. This alteration in its phenotype under oxygen stress conditions may impact pathogenesis and the ability 
to treat infections, potentially indicating novel targets for developing anti-viral drugs. Further studies characterizing 
hypoxic effects and oxygen-regulated susceptibility of herpes to anti-viral agents are in progress.  
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