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Abstract: 

Varicella-zoster virus (VZV) persists in ganglia of >90% adults worldwide, reactivating in 

one-third to cause debilitating shingles. How VZV maintains latency remains unclear. 

Ultra-deep virus-enriched RNA sequencing of latently infected human trigeminal ganglia 

(TG) demonstrated consistent expression of a novel spliced VZV mRNA, partially 

antisense to VZV open reading frame 61 (ORF61). This VZV latency transcript (VLT) is 

expressed in human TG neurons and encodes a protein with late kinetics in productively 

infected cells in vitro and in shingles skin lesions. VLT but not the encoded protein 

represses expression of the viral transcriptional regulator ORF61 and inhibits productive 

viral infection. The unique characteristics of VLT can be exploited to develop novel 

intervention strategies aimed at preventing VZV latency and reactivation. 

 

One sentence summary: 

VZV latency is characterized by expression of a novel spliced protein-coding mRNA that 

represses ORF61 expression and inhibits lytic infection. 
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Main text: 

Primary VZV infection typically causes varicella (chickenpox) during which the virus establishes 

latent infection in neurons of sensory and cranial ganglia, including trigeminal ganglia (TG), from 

which reactivation can cause herpes zoster (shingles), often accompanied by multiple serious 

neurological sequelae (1). Like other herpesviruses, productive VZV replication is characterised 

by full gene expression occurring with temporally linked immediate-early (IE), early (E) and late 

(L) kinetics to generate infectious virus progeny (2, 3). Neurotropic alphaherpesviruses including 

herpes simplex virus type 1 (HSV-1) maintain latency in sensory ganglia through expression of 

a single transcript which represses transactivation of viral promotors, is anti-apoptotic and 

antagonises disruption of repressive chromatinisation of the latent genome (4). By contrast, the 

lack of appropriate experimental animal and in vitro models of VZV latency has prevented 

similar studies of VZV latency and its molecular characteristics remain unknown. Consequently, 

VZV latency has been studied in human TG yielding conflicting data concerning the extent of 

virus gene expression (5–8). Whereas viral protein detection by immunohistochemistry can 

largely be attributed to non-specific binding of anti-VZV antibodies (9, 10), the post-mortem 

interval (PMI) between death and TG specimen processing determines the number of VZV 

transcripts detected (11). Using PCR primers targeting the 70 canonical VZV genes, only open 

reading frame 63 (ORF63) is occasionally detected in TG with PMI <9 hrs (11), while multiple 

virus transcripts of different kinetic classes are observed in human TG with PMI >9 hrs. The lytic 

gene ORF63 does not share the characteristics associated with other alphaherpesvirus latency 

transcripts (1). 

The aim of this study was to map the latent transcriptomes of VZV and HSV-1 in co-

infected human TG harvested with short PMI (≤8 hrs) using ultra-deep RNA sequencing 

(RNAseq), with and without targeted enrichment of viral nucleic acids (12). Our experimental 

approach was validated using lytically VZV- or HSV-1-infected human retinal pigmented 
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epithelial (ARPE-19) cells to demonstrate unbiased detection of all currently annotated VZV and 

HSV-1 genes at high specificity and sensitivity (Fig. 1A and B). Ultra-deep sequencing of 

unenriched RNA libraries, selected for polyadenylated transcripts (Fig. 1A) or ribosomal RNA 

(rRNA)-degraded total RNA (Fig. S1A), from two TG failed to identify any VZV transcripts 

(donors 1-2; Tables S1 and S2). However, expression of the stable 1.5/2.0 kb latency 

associated transcript (LAT)-derived introns, a hallmark of HSV-1 latency (13) was readily 

detected in both TG specimens (Fig 1B, Fig. S1B and Fig. S2). By contrast, targeted enrichment 

of seven TG (donors 1-7; Tables S1 and S2) for VZV RNA sequences revealed the presence of 

a novel 496 nucleotide multi-exon polyadenylated mRNA expressed partially antisense to VZV 

ORF61 (Fig. 1A and C). Targeted enrichment for HSV-1 RNA sequences in the same seven TG 

recovered both LAT introns and the near complete 8.3 kb full-length LAT transcript from which 

they derive, but no other transcripts (Fig. 1B and S2B). Furthermore, several latency associated 

miRNAs (mir-H2, mir-H3, mir-H4, mir-H6, mir-H7 and mir-H14) (14) were detected in two TG 

(donors 1 and 2) by qPCR and all of four TG (donors 1, 2, 5 and 8) by miRNA sequencing of 

unenriched RNA libraries (Table S1 and data not shown). Manual inspection of the VZV 

sequence read data, combined with de novo transcript reconstruction, revealed the presence of 

five distinct exons of which the most 3’ contains a canonical polyadenylation signal site 

(AAUAAA) and cleavage factor I-binding motif (TGTA, Fig. 1C). We term this novel spliced 

transcript the VZV latency transcript (VLT). Except for ORF63 transcript in six of seven TG 

(donors 2-7), no other VZV transcripts or miRNAs were detected (Fig. 1C and data not shown). 

To confirm these observations, TG specimens from 18 individuals (donors 1-18; Table 

S1) with PMI ≤8 hrs were analysed for the presence of VZV and HSV-1 DNA and transcripts by 

qPCR and reverse transcriptase qPCR (RT-qPCR), respectively. Thirteen TG were co-infected 

with VZV and HSV-1 while remaining TG contained only VZV (n=2; donors 10 and 12) or HSV-1 

(n=3; donors 16 – 18), (Table S1). Fourteen of 15 (93%) VZV nucleic acid positive (VZVPOS) TG 
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expressed VLT, as detected by specific primer/probe-combinations spanning exon 2→3 and 

3→4 junctions (Fig. S3) and 9 of 15 (60%) VZVPOS TG co-expressed ORF63 mRNA at lower 

levels relative to VLT (Fig. 2A and Table S1). The high correlation between VLT levels detected 

by both VLT primer/probe sets supported detection of a single multiply spliced transcript (Fig. 

2B). VLT levels correlated significantly with ORF63 transcript levels (Fig. 2B), but not with VZV 

DNA load or PMI, excluding the possibility of post mortem-induced viral reactivation (Fig. S4A 

and B) (11). In situ hybridization (ISH) analyses of latently infected human TG (n=12 VZVPOS 

and n=10 HSV-1POS) confirmed the RNASeq and RT-qPCR data (Fig. S4C), with expression of 

VLT (0.49% ± 0.20%; average ± SD) and ORF63 transcript (0.36% ± 0.16%) in fewer TG 

neurons than HSV-1 LAT (5.5% ± 3.5%) (Fig. S5). VLT and ORF63 transcripts were localized to 

both the neuronal nucleus and cytoplasm (Fig 2C and D), with preferential cytoplasmic 

expression of VLT (Fig. 2D). RNase, but not DNase treatment abolished ORF63- and VLT-

specific ISH staining confirming detection of viral transcripts and not viral genomic DNA (Fig. 

S6). 

In silico translation of the VLT sequence predicted a 137 amino acid protein (pVLT) with 

start codon and polyadenylation site/stop codon in exons 2 and 5, respectively (Fig. S3). A 

polyclonal pVLT-specific antibody, generated against the first 19 N-terminal pVLT residues, 

confirmed pVLT expression in the nucleus and cytoplasm of VLT-transfected, and 

predominantly nuclear in VZV-infected ARPE-19 cells (Fig. 3A and B). In VZV-infected ARPE-

19 cells, pVLT co-localized with nuclear-expressed ORF62 protein (IE62), but not the 

cytoplasmically-expressed glycoprotein B (Fig. 3B). The kinetic class of VLT was determined by 

RT-qPCR in VZV-infected ARPE-19 cells cultured in the presence or absence of 

phosphonoformic acid (PFA), a broad spectrum herpesvirus DNA polymerases inhibitor (15). As 

expected, ORF61 (IE gene) and ORF29 (E gene) transcription was not affected, while ORF49 

(L gene) was markedly reduced in PFA-treated VZV-infected cells (Fig. 3C). PFA blocked VLT 
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expression completely demonstrating that VLT transcription is dependent on viral DNA 

replication and occurs late during the lytic VZV replication cycle in vitro (Fig. 3C). Finally, herpes 

zoster skin biopsies were assayed for expression of VLT and pVLT by ISH and 

immunohistochemistry (IHC), respectively. VLT was expressed throughout the epidermis and 

dermis, particularly in association with skin vesicles (Fig. 3D). IHC analyses on consecutive 

sections for VZV ORF63 protein (IE63) and pVLT indicated co-expression in the same skin 

areas (Fig. 3E), which was confirmed by confocal microscopy (Fig. 3F). No pVLT-specific IHC 

signal was detected in latently VZV-infected human TG sections (data not shown). 

HSV-1 LAT represses the expression of the immediate early ICP0 gene, thereby 

restricting virus replication (16, 17), and promotes cell survival by inhibiting cellular susceptibility 

to apoptotic stimuli (18). By contrast, constitutive VLT expression did not protect ARPE-19 cells 

from apoptosis (Fig. S7). Because VLT is partially antisense to ORF61, the VZV ICP0 

homologue (19), we determined whether VLT represses expression of ORF61 in VLT-

transfected ARPE-19 cells. VLT expression significantly reduced ORF61, but not ORF62 and 

ORF63 transcript levels in ARPE-19 cells co-transfected with all four VZV genes (Fig. 4A). 

Mutation of the pVLT start codon (ATG→ATA) resulted in loss of pVLT expression in co-

transfected ARPE-19 cells (Fig. 4B), but did not abolish the inhibitory effect of VLT on ORF61 

transcript and protein (IE61) expression in co-transfected cells, implicating the role of VLT but 

not pVLT (Fig. 4). Western blot analysis confirmed that VLT diminishes IE61, but not IE63 and 

α-tubulin protein abundance in co-transfected ARPE-19 cells (Fig. 4B). In VZV replication 

assays using ARPE-19 cells, stably transfected with a plasmid encoding VLT or empty plasmid, 

VLT reduced the number of IE61-positive cells at eight hours post-infection with cell-free VZV 

(Fig. 4C), and inhibited both VZV DNA replication and virus spread at 72 hours (Fig. 4D and E). 

Together these data indicate the specific role of VLT in blocking ORF61 gene expression and 

subsequent virus replication. 
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 In the absence of tractable experimental cell and animal models that recapitulate all 

features of VZV latency observed in humans (20–22), we used ultra-deep RNAseq to profile 

latent VZV in naturally infected human TG with short PMI. We have identified a novel spliced 

VZV transcript VLT that is consistently expressed in latently VZV-infected human TG neurons. 

VLT encodes a protein that is expressed with late kinetics in lytically VZV-infected cells in vitro 

and in human VZV skin lesions. Whereas the pVLT function remains to be determined, VLT 

RNA specifically supresses expression of VZV IE61, a homologue of HSV-1 ICP0 and a 

promiscuous transactivator of lytic viral promotors (23). Additionally, VLT may contribute to 

maintaining latency by limiting the function of IE61 protein as a histone deacetylase inhibitor to 

maintain chromatin repression of VZV gene transcription (19, 24). VLT differs markedly from the 

well-characterized latency transcripts of other alphaherpesviruses, notably HSV-1 and bovine 

herpesvirus 1 (BHV-1), which are described to block apoptosis and also encode miRNAs that 

are responsible for downregulating expression of HSV-1 ICP0 and the BHV-1 homologue (14, 

18, 25, 26). VLT neither encodes any detectable miRNAs nor impairs apoptosis in vitro. 

  VZV is the only human herpesvirus for which commercial vaccines that effectively 

prevent both primary varicella and reactivation to cause shingles are licensed and in use (27, 

28). However, these vaccines contain the live-attenuated VZV vOka strain which establishes 

latency and reactivates (29). With the discovery of VLT and its potential role in maintaining 

latency, development of a novel varicella vaccine that does not establish latency or reactivate, 

and drugs that eradicate latent VZV, are now a realistic goal. 
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Figure Legends 

Fig. 1. Lytic and latent VZV and HSV-1 transcriptomes. Circos plots depicting VZV and HSV-

1 genomes in their canonical orientation with internal tracks revealing the lytic and latent 

transcriptomes as determined by stranded mRNA-Seq performed with or without SureSelect 

target enrichment for VZV and HSV-1 nucleic acid (viral genome: purple band; sense ORFs, red 

blocks; antisense ORFs, blue blocks; latency-associated transcript of HSV-1, green blocks. (A) 

The lytic VZV transcriptome in productively infected ARPE-19 cells (left) determined by deep 

sequencing of VZV-enriched (black tracks) and unenriched (grey tracks) libraries. The latent 

VZV transcriptome in human trigeminal ganglia (TG) could not be determined in unenriched 

libraries (n=2, center), but demonstrates a consistent transcription pattern when sequencing 

VZV-enriched libraries (n=7, right). (B) The lytic HSV-1 transcriptome in productively infected 

ARPE-19 cells (left) determined by deep sequencing of HSV-1-enriched (black tracks) and 

unenriched (grey tracks) libraries. The latent HSV-1 transcriptome in human trigeminal ganglia 

(TG) in unenriched libraries (n=2, center), and enriched libraries (n=7, right). 

 (A and B) The Y-axis is scaled to maximum read depth per library in all cases and the newly 

identified VZV latency transcript (VLT) is shown in the pink box. (C) mRNA-Seq read data 

presented in a pileup format across the VZV VLT region (sense strand, 95,000 - 113,000 bp) for 

each of the enriched VZV transcriptomes from TG (n=7, black tracks) and productively-infected 

ARPE-19 cells (grey track). Previously described VZV ORFs within this locus (grey arrows), 

iterative repeat regions (black boxes) and the five VLT exons (blue boxes) are scaled 

representatively. 

 

Fig. 2. Prevalence of VZV ORF63 transcript and VLT in human TG. (A and B) Relative 

numbers of VZV ORF63 transcript and VLT in fifteen VZVPOS human TG determined by reverse 

transcription-linked quantitative PCR (RT-qPCR). VLT2-3 and VLT3-4 refer to primers/probes 

spanning the junctions between VLT exons 2-3 and 3-4 respectively (Fig. S3). (A) Quantification 
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of paired ORF63 transcript and VLT levels in the same TG specimens. *** p< 0.001; Wilcoxon 

signed rank test. (B) RT-qPCR determined correlations between relative ORF63 transcript and 

VLT levels identified with VLT2-3 (left) and VLT3-4 (right) specific primer/probe pairs. Spearman 

correlations are indicated. Relative transcript levels: 2-(Ct-value VZV gene – Ct-value β-actin). (C and D) 

Analysis of VZV ORF63 transcript and VLT expression in twelve VZV latently infected human 

TG by in situ hybridization. (C) Representative images of in situ hybridization analysis on human 

TG sections using probes specific for VZV ORF63 and VLT. Magnification: 400X, Inset: 400X 

magnification and 3X digital zoom. (D) Left panel, frequency of neurons expressing VZV ORF63 

and VLT in consecutive TG sections of the same donor. Middle and right panels, analysis of 

nuclear and cytoplasmic ORF63 and VLT expression, per TG section, in paired data from 

individual donors. * p<0.05; paired Student’s t-test. ns, not significant: p>0.05; paired Student’s 

t-test.  

 

Fig. 3. Expression and localization of VLT protein in vitro and in vivo. (A) Confocal 

microscopy image of ARPE-19 cells at 48 hrs post-transfection with C-terminal FLAG-tagged 

VLT (pVLT-FLAG) expression plasmid. pVLT-FLAG was detected with mouse anti-FLAG (red) 

and rabbit anti-pVLT (green) antibodies. (B) Confocal microscopy images of VZV strain pOka-

infected ARPE-19 cells at five days post-infection, stained for pVLT (green) and VZV ORF62 

protein (IE62; red) (left panel) or pVLT (green) and VZV glycoprotein B (gB; red) (right panel). (A 

and B) Nuclei were stained with Hoechst 33342 (blue). Magnification: 100X and 2X digital 

zoom. Representative images shown for replicate independent experiments. (C) Analysis of 

VZV ORF61 (IE), ORF29 (E), ORF49 (L) transcripts and VLT levels in VZV pOka-infected 

ARPE-19 cells cultured in the presence or absence of phosphonoformic acid (PFA) for 24 hrs. 

Data represent average ± SEM from four independent experiments. (D) Detection of VLT 

expression (red) in a human herpes zoster skin lesion by in situ hybridization. Magnification: 

100X. (E) Consecutive skin sections stained for ORF63 protein (IE63; brown) and pVLT (brown) 
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using immunohistochemistry. Magnification: 200X. (F) Confocal microscopy image showing co-

expression of IE63 (green) and pVLT (red) within the same cells of a zoster vesicle. Nuclei were 

counterstained with 4’,6’diamidine-2’phenylindole dihydrochloride (DAPI; blue). Magnification: 

100X. (D to F) Representative images from one of two human herpes zoster skin biopsies 

analysed are shown. 

 

Fig. 4. VLT selectively represses ORF61 gene expression and VZV replication in vitro. 

ARPE-19 cells were transfected with plasmids encoding FLAG-tagged VLT (VLTATG), mutated 

VLT in which the ATG start codon was replaced by ATA sequence (VLTATA) or empty control 

plasmid (empty), in combination with plasmids encoding ORF61, ORF62 and ORF63. (A) 

Expression of VZV ORF61, ORF62, ORF63 and human β-actin transcripts by RT-qPCR. *** p < 

0.001; One-way ANOVA with Bonferroni’s correction for multiple comparisons. Data represent 

average values ± SEM of two independent experiments performed in duplicate. Relative 

transcript levels were determined as follows: 2-(Ct-value VZV gene – Ct-value β-actin) and noting that β-actin 

transcription did not vary with VLT transfections nd: not detected. (B) Western blot analysis 

using rabbit antibodies to detect VZV ORF61 protein (IE61) and ORF63 proteins (IE63), or 

mouse antibodies to detect FLAG-tagged pVLT and α-tubulin proteins. None: untransfected 

ARPE-19 cells. (C to E) Polyclonal stable ARPE-19 cell lines were generated by transfection of 

cells with plasmids encoding VLT (ARPE-VLT) or empty control plasmid (ARPE-empty), 

followed by >8 weeks of geneticin selection. (C) Confocal microscopy images showing VZV 

IE61 (green) in VZV strain EMC1-infected ARPE-19-empty (left) and ARPE-VLT (center) cells at 

8 hrs post-infection (hpi). DAPI was used to visualize nuclei (blue). Magnification: 200X. 

Arrowheads indicate IE61-positive cells. Representative images are shown for replicate 

independent experiments (left panel). Right panel: data represent average ± SEM of replicate 

independent experiments, performed in triplicate. ** p< 0.01; unpaired Student’s t-test (D) 

Analysis of VZV genome-equivalent copy numbers in VZV strain EMC-1-infected ARPE-empty 
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and ARPE-VLT cells at 48 hpi by qPCR. Data represent average ± SEM from replicate 

experiments, each performed in triplicate. ** p< 0.01; Mann-Whitney U test. (E) Virus plaque 

size and number in VZV-infected ARPE-empty and ARPE-VLT cells at 72 hpi. Data represent 

average ± SEM from replicate independent experiments, each performed in triplicate. *** p< 

0.001; unpaired Student’s t-test. 

 

Fig. S1. The latent transcriptomes of VZV and HSV-1 profiled using rRNA-degraded 

libraries. Circos plots depicting the VZV and HSV-1 genomes in their canonical orientations 

with internal tracks revealing the latent transcriptomes as determined using rRNA-degraded 

sequencing libraries. (A) The latent VZV transcriptomes in unenriched (left) and enriched (right) 

libraries and (B) the latent HSV-1 transcriptomes in unenriched (left) and enriched (right) 

libraries. All libraries were all generated from the same RNA isolated from the two human TG 

used in the preparation of libraries detailed in Fig.1A. All figure components are as described in 

Figure 1. 

 

Fig. S2. Lytic and latent transcriptomes of HSV-1.  

mRNA-Seq read data presented in a pileup format across the HSV-1 LAT region (sense strand, 

118,000 - 128,000 bp) for each of the enriched HSV-1 transcriptomes from TG (n=7, black 

tracks) and productively-infected ARPE-19 cells (grey track). Previously described HSV-1 ORFs 

within this locus (grey blocks), miRNAs (orange blocks), LAT-encoded ORFs (green blocks), 

LAT-encoded small RNAs (red blocks) and LAT (blue boxes) are scaled representatively. 

 

Fig. S3. The VZV genomic locus encoding the VZV latency transcript. (A) Schematic 

diagram showing the genomic location (extreme 3’ end of the UL region) and structure of VLT 

exons (tall blocks) and introns (narrow blocks) and VZV ORF60, ORF61 and ORF62 within the 

genomic region 101,000 - 106,000 (co-ordinates refer to VZV reference strain Dumas). (B) 
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Location of VLT-specific primers (black arrows) and exon junction-spanning probes (yellow 

boxes) that recognize only the mature spliced VLT. VLT2-3 and VLT3-4 refer to primers/probes 

spanning the VLT exon 2→3 and 3→4 junctions, respectively.  

 

Fig. S4. Detection of VZV ORF63 transcript and VLT, and HSV-1 LAT, in human TG. (A and 

B) Correlation between VZV DNA load (A) and post-mortem interval (PMI; B) and relative VZV 

transcript levels by qPCR in 15 VZVPOS human TG. Spearman r- and p-values are indicated. (C) 

Comparative analysis of HSV-1 LAT and VZV ORF63 transcript and VLT levels in 13 HSV-

1/VZV co-infected human TG by qPCR. VLT2-3 and VLT3-4 indicate primer/probe sets 

spanning VLT exons 2→3 and 3→4 junctions, respectively. *** p < 0.001; Wilcoxon signed rank 

test. 

 

Fig. S5. Detection of HSV-1 LAT in human TG. Analysis of HSV-1 LAT in ten latently infected 

human TG by in situ hybridization (ISH). (A) Representative images of ISH analysis on human 

TG sections using probes specific for HSV-1 LAT. (B) Frequency of neurons expressing HSV-1 

LAT (left panel) and the frequency of neurons expressing LAT in both TG neuronal nucleus and 

cytoplasm compared to neurons expressing solely nuclear LAT in the same TG section (right 

panel). Horizontal line and error bars indicate average ± SEM.* p<0.05; paired Student’s t-test. 

 

Fig. S6. VLT-specific probe detects viral RNA, but not DNA in human trigeminal ganglia 

by in situ hybridization. (A) Analysis of negative control (bacterial gene dihydrodipicolinate 

reductase, DapB) and positive control (human gene RNA polymerase II polypeptide A, Polr2a) 

transcripts in human TG by in situ hybridization (ISH). Magnification: 400X. (B) Correlation 

between the percentages of VLT and ORF63 transcript positive neurons in human TG, 

determined by ISH. Spearman correlation r=0.52 and p=0.08. (C) Analysis of ISH probe 
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specificity using untreated, DNase-treated or RNase-treated consecutive sections of human TG. 

Magnification: 200X (Polr2a) and 400X (VLT). Arrowheads indicate the same neuron in adjacent 

TG sections. Representative images from two donors (n=2 sections/donor) are shown. 

 

Fig. S7. Mature VLT does not inhibit apoptosis. Proportion of dead ARPE-19 cells, stably 

transfected to express VLT (black bars) or an empty vector control (grey bars), upon 24 hrs 

stimulation with medium, dimethyl sulfoxide (DMSO; 1:50), etoposide (33 µM) or apoptosis 

activator 2 (AA2; 100 µM) and subsequently analysed by flow cytometry. Data represent 

average ± SEM from replicate experiments performed in triplicate. 
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Figure 3: 
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Figure 4: 
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