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Stacking the odds: Multiple sites for HSV-1 latency
Shaohui Wang1, Xueying Song2, Alex Rajewski2, Chintda Santiskulvong2, Homayon Ghiasi1*

A hallmark of herpes simplex virus (HSV) infection is the establishment of latent virus in peripheral sensory
ganglia of the latently infected host. We and others originally reported that the latency-associated transcript
(LAT) is the only abundantly expressed viral gene in neurons within trigeminal ganglia (TG) of a latently infected
host. Here, we investigated the possible contribution of various cells [i.e., B cells, dendritic cells (DCs), fibro-
blasts, glial cells, innate lymphoid cells (ILCs), macrophages, microglia, monocytes, natural killer cells,
neurons, neutrophils, and T cells] isolated from TG of latently infected mice. Our results demonstrated that
all of these cell types contain LAT, with DCs, neurons, and ILCs having the most LAT+ cells. These results
suggest that HSV-1 can establish a quiescent/latent infection in a subset of nonneuronal cells, which enhances
the chances that the virus will survive in its host.
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INTRODUCTION
Originally using immunofluorescence, electron microscopic, auto-
radiographic, and in situ nucleic acid hybridization, neurons of la-
tently infected mice were shown to contain herpes simplex virus
type 1 (HSV-1) (1, 2). Subsequently, expression of more than 80
HSV-1 genes that occurs during lytic infection is drastically modi-
fied, and the latency-associated transcript (LAT) is the only gene
product consistently detected in abundance during latency in
neurons of mice, rabbit, and human (3–7). In both animals and
humans, HSV-1 travels via anterograde and retrograde transport
between the site of infection and the ganglia of infected hosts (8,
9). Thus, a cardinal characteristic of infection with HSV-1 and
other members of the α-herpesviruses is their ability to establish
latency in sensory neurons of an infected host (5, 6, 10, 11). Once
acquired, a latently infected host has a lifelong pattern of episodic
recurrence, and the virus may reactivate at various times throughout
the life of a latently infected host, travel back to the original site of
infection, and cause recurrent disease. Thus, infected individuals
serve as permanent carriers who are intermittently infectious
(12–16).

The LAT gene is located in the viral long repeats and is, therefore,
present in two copies per genome (17). The primary LAT transcript
is 8.3 kb and unstable, while a very stable 2-kb LAT transcript, also
referred to as the “stable” or “major” LAT, is derived from the
primary transcript by splicing (6, 7, 18–20). The 2-kb LAT accumu-
lates in the nucleus of latently infected neurons but can also be de-
tected in the cytoplasm (6, 7, 20–22). A second 1.3- to 1.5-kb LAT
RNA is apparently derived from the 2-kb LAT by splicing and is also
abundant during latency (4, 23). Since the original reports of LAT
detection in neurons of latently infected mice, rabbits, and humans
due to its abundance (4, 6, 7, 20, 24), there has been a general belief
that neurons are the only site that harbor latent virus. However, in
addition to neurons, sensory tissues contain many immune and
nonimmune cell types, and development of more sensitive tech-
niques, such as single-cell analysis, allowed us to determine
whether nonneuronal cells also carry the virus during latency. In

this study, we looked at the contribution of both neuronal and non-
neuronal cells to HSV-1 latency using a combination of reverse
transcription polymerase chain reaction (RT-PCR), PCR, and
single-cell analysis of total cell populations of trigeminal ganglia
(TG). We found that in addition to neurons, LAT is also expressed
in immune cells in the TG of latently infected mice. These results
suggest that the current lack of success developing a vaccine strategy
against HSV-1 infection may be due to host immune cells that
protect against virus clearance, or these cells have different func-
tions compared to the same cell type that is not latently infected.

RESULTS
Detection of LAT in TG nonneuronal cells of latently
infected mice
In neurons of latently infected mice, rabbits, and humans, the 2-kb
LAT is the only HSV-1 gene product consistently detected in abun-
dance during latency (3–7). No study has shown the presence of
LAT during latency in nonneuronal cells. Thus, in this study, we
asked whether nonneuronal cells also carry LAT. Wild-type (WT)
C57BL/6 mice (n = 24) were infected ocularly with 2 × 105

plaque-forming units (PFUs) per eye of HSV-1 strain McKrae
and TG from infected mice were isolated on day 35 post infection
(PI) when the infection becomes latent, and virus can no longer be
recovered from the cell-free homogenates of the affected ganglia.
Neurons and nonneuronal cells were isolated by cell extraction,
and total RNAwas isolated from TG of some infected mice. Isolated
neuronal RNA, nonneuronal RNA, and total TG RNA were used to
quantify LAT RNA copy number, as we described previously (25,
26). Cellular glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) RNA was used as an internal control. The amount of
LAT RNA during latency in isolated neurons was significantly
higher than in nonneuronal RNA (Fig. 1; P < 0.01) and total TG
RNA (Fig. 1; P < 0.001), while levels of LAT RNA in nonneuronal
and total TG RNA were similar (Fig. 1; P > 0.05). These results
suggest that nonneuronal cells contain LAT RNA but at lower
levels. Previously, in both mouse and human TG, approximately
1% of the cells were shown to be neurons (27–29). The lower
levels of LAT RNA in total nonneuronal cell RNA or in total TG
RNA is probably due to higher expression and/or higher stability
of LAT in isolated neurons, and LAT promoter is neuronal specific
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compared with its presence in isolated nonneuronal cells or total
isolated cells in the TG.

Nonneuronal cells in the TG consist of different cell types, in-
cluding several types of immune cells (30, 31). Our results described
in Fig. 1 suggested that nonneuronal cells also contain LAT. To de-
termine what cell types are carrying LAT, mice were infected ocu-
larly, as above, and TG from latently infected mice were isolated on
day 35 PI. TG from mock-infected mice were used as a control. TG
from 15 infected mice were pooled together and dissociated into
single cells. Dead cells were removed using a dead cell removal
kit, and CD45+ immune cells were pulled down using anti-CD45
beads. Purified cells from 15 latently infected mice were mixed
back with the original single-cell suspension at a 1:1 ratio and
then used for single-cell sequencing. Multiple MouseRNAseq
Data and ImmGenData from package celldex were used as de-
scribed previously to determine the cell types isolated from TG
(32–34). Single-cell analysis identified B cells, dendritic cells
(DCs), fibroblasts, glial cells, innate lymphoid cells (ILCs), macro-
phages, microglia, monocytes, natural killer (NK) cells, neurons,
neutrophils, stem cells, CD4−CD8− T cells, CD4+ T cells, and
CD8+ T cells in cells isolated from TG of latently infected mice
(Fig. 2). Next, using an aggregated cell separation map of three com-
bined TG cell samples (one from uninfected mice and two from in-
fected mice), each dot on the map was traced back to its origins in
Loupe software to identify it as being from the uninfected or

infected group (Fig. 3A). Thus, in Fig. 3A, we looked at LAT+,
LAT−, and uninfected isolated cells. Infected LAT+ cells are
shown in red, infected LAT− cells are shown in green, and uninfect-
ed cells are shown in blue (Fig. 3A). There were fewer infected LAT+
cells than infected LAT− cells (Fig. 3A). As expected, more LAT+
cells were detected in neurons of infected mice than in other cell
types, although more LAT− cells were detected than LAT+ cells in
infected samples, and the red LAT+ cells spread across the aggregat-
ed t-distributed stochastic neighbor embedding (tSNE) map
(Fig. 3A; compare red cells versus green cells). These results
suggest that many of the cells in TG of latently infected mice are
LAT-; thus, not all cells from latently infected TG are infected or
express LAT during latency. We next analyzed each individual cell
type using UMAP (Uniform Manifold Approximation and Projec-
tion) (Fig. 3B). This analysis showed that LAT+ cell populations in
DCs, CD4+ T cells, and CD8+ T cells are well separated from unin-
fected controls by UMAP, but LAT+ cell populations in neurons and
glial cells are not well separated (Fig. 3B). However, in nearly all cell
types, LAT+ cells are not well separated from LAT−-infected cells
when using either UMAP (Fig. 3B) or tSNE (Fig. 3A) methods.

Because the results above indicate the presence of LAT in most of
the isolated cell types (Fig. 3, A and B), we next calculated the per-
centage of LAT+ cells in each cell type (Fig. 4). LAT was detected in
neutrophils, neurons, NK cells, monocytes, microglia, macrophag-
es, ILCs, fibroblasts, glial cells, DCs, B cells, CD8+ T cells, CD4+ T
cells, and CD4−CD8− T cells but not in stem cells (Fig. 4). DCs,
neurons, and ILCs had the highest percentage of LAT+ cells fol-
lowed by monocytes and glial cells, which had a similar percentage
of LAT+ cells, while microglia and fibroblasts had a similar percent-
age of LAT+ cells (Fig. 4). Furthermore, neutrophils, NK cells, B
cells, CD8+ T cells, CD4+ T cells, and CD4−CD8− T cells had
similar levels of LAT+ cells, with macrophages and stem cells
having the lowest levels of LAT+ cells (Fig. 4). This result suggests
that in addition to neurons, cells including neutrophils, NK cells,
monocytes, microglia, macrophages, ILCs, fibroblasts, glial cells,
DCs, B cells, CD8+ T cells, CD4+ T cells, and CD4−CD8− cells
also contain LAT. Similar to this study, T cells and B cells were de-
tected in TG of latently infected mice and humans, but the presence
of LAT in immune cells of latently infected mice and humans was
not evaluated (35, 36). The percentage of LAT+ cells in infected
neurons was nearly identical to the percentage of LAT+ DCs and
ILCs (Fig. 4). This result is consistent with our previous study in
which we showed that the absence of DCs is associated with
reduced levels of latency in infected mice (37, 38). We previously
showed that CD8α−/− latently infected mice had significantly less
LAT expression than did WT mice or CD8β−/− mice, that adoptive
transfer of CD8α+ DCs, but not CD8α+ cells, to CD8α−/− mice
rescued LAT levels compared to that of WT mice (37, 38), and
that DCs do not have protective roles against HSV-1 infection
(39, 40).

Results in Figs. 3 and 4 showed that in addition to neurons, LAT
was detected in nearly all cell types, except in stem cells. Thus, we
created violin plots to determine the relative levels of LAT expres-
sion in each cell type (Fig. 5). The violin plot showed that neurons
had the highest level of LAT expression, while LAT expression was
similar in ILCs, CD4+ T cells, and B cells, followed by microglia,
monocytes, NK cells, CD8+ T cells, and DCs (Fig. 5). Last, fibro-
blasts and neutrophils had similar LAT levels with macrophages,
with CD4−CD8− cells having the lowest levels of LAT expression

Fig. 1. Detection of LAT in the nonneuronal fraction of latently infected TG.
Wild-type (WT)micewere ocularly infected with 2 × 105 PFU per eye of HSV-1 strain
McKraewithout corneal scarification. TG were harvested on day 35 PI. Four latently
infected TG from two mice were pooled together and dissociated into a single-cell
suspension by digesting with collagenase D. Neuronal and nonneuronal fractions
were isolated using the Miltenyi Biotec neuron isolation kit, as described in the
company protocol. Briefly, dissociated cells were stained with the antibody cock-
tail, mixed withmagnetic beads, and neuronal and nonneuronal cells were collect-
ed. Total RNA was extracted from each fraction, and unfractionated RNA from
individual TG was used as a control. LAT copy number was measured by qRT-
PCR using a standard curve generated from pGEM5317, as we described previously
(73). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression was used
to normalize relative levels of LAT RNA expression. Each bar represents the mean
LAT copy number/μg RNA ± SEM from 12 mice for nonneuronal RNA and neuronal
RNA and from 12 mice for total TG RNA.
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(Fig. 5). These results confirm previous studies by showing that
higher levels of LAT expression in neurons is the reason for its rel-
atively easy detection in latently infected ganglia of mice, rabbits,
and humans by in situ hybridization and northern (RNA) blotting
compared with other cell types (4, 6, 7, 41). The LAT promoter is
active in most cell types, especially in neuronal cells (42–44). HSV-1
is a neurotropic virus, and the unique properties of the LAT pro-
moter produces efficient, long-term LAT expression in vivo (44).
Thus, higher LAT expression in neurons of latently infected mice
as compared to other cell types is probably due to the neuronal spe-
cificity of the LAT promoter. Our RT-PCR and single-cell analyses
showed that LAT expression in isolated neurons was higher than in
nonneuronal cells, which could be due to the neuronal specificity of
the LAT promoter or to higher viral DNA copy numbers in neurons
than in other cell types.

Detection of LAT in nonneuronal cell types may suggest that we
are detecting virus fragments rather than intact virus, although, in
contrast to RNA viruses, such as influenza (45), defective-interfer-
ing particles are not common in HSV-1. To rule out this possibility,
we infected additional mice as above, and CD4+ T cells, CD8+ T
cells, DCs, macrophages, and neurons were isolated from TG of
these latently infected mice on day 35 PI. DNA from each cell
type was isolated, and we performed PCR for glycoprotein B (gB)
and glycoprotein D (gD) DNA as these two genes are essential
HSV-1 glycoproteins and are separated by more than 80,000 nucle-
otides (17). gB DNA was detected in isolated CD4+ T cells, CD8+ T
cells, DCs, and macrophages. Differences in gB expression between

these cells was not statistically significant (Fig. 6A; P > 0.05), while
levels of gB DNA in neurons was significantly higher than in CD4+

T cells, CD8+ T cells, DCs, or macrophages (Fig. 6A; P < 0.01).
Similar to gB DNA (Fig. 6A), gD DNA was also detected in CD4+

T cells, CD8+ T cells, DCs, and macrophages, and no significant dif-
ferences were detected between them (Fig. 6B; P > 0.05). In contrast
to the levels of gB DNA in neurons (Fig. 6A), no significant differ-
ences were detected between levels of gD DNA in neurons, CD4+ T
cells, CD8+ T cells, DCs, and macrophages (Fig. 6B; P > 0.05). Dif-
ferences between gB and gD DNA levels in infected mouse neurons
may be caused by lower stability of gD DNA than gB DNA. These
results confirm and extend the above results, showing that in addi-
tion to neurons, HSV-1 DNA is detected in different cell types of the
TG with higher LAT RNA levels that are independent of viral DNA
levels in neurons. Higher LAT expression in neurons than in non-
neurons could be due to neuronal specificity of the LAT promoter or
to the nondividing nature of neurons, which may cause constant
levels of input and output virus in latently infected neurons, while
cell division of nonneuronal cells may cause LAT levels to decrease.

DISCUSSION
It is estimated that 70 to 90% of American adults have antibodies to
HSV-1 and/or HSV-2, and about 25% of these individuals have clin-
ical symptoms upon routine doctor visit, with HSV-1 being respon-
sible for >90% of ocular HSV infections (15, 16, 46–49). A
significant proportion (15 to 50%) of primary genital herpes is

Fig. 2. tSNE map of individual cell types from mouse TG. Mice were infected with HSV-1 McKrae. TG were harvested 35 days PI, pooled together (30 TG), and disso-
ciated to single cells. Dead cells were removed using a dead cell removal kit, and CD45+ immune cells were isolated as described in Materials and Methods. Purified cells
were mixed back with the original single-cell suspension for single-cell sequencing. ImmGen reference was used to determine immune cell types, while multiple mouse
single-cell sequence references were used to determine neurons.
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Fig. 3. Detection of LAT+ cells in TG of latently infectedmice. (A) Aggregated tSNEmap of single-cell sequencing from uninfected (blue), infected (green), or LAT+ cells
(red). As described in Fig. 2 legend, the aggregated cell separation map was created by Loupe to visualize LAT+ cells. Cells expressing LAT (expression level greater than 1)
were marked as red. (B) Individual UMAP of each cell type containing LAT. Each cell type was divided into three groups according to infection status or LAT expression
status (greater than 1). Red, infected and LAT+; green, infected and LAT−; and blue, uninfected and LAT−.
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caused by HSV-1, and recent studies indicate that the proportion of
first clinical episode of genital herpes due to HSV-1 is increasing
(50–52). Annually, in the United States, approximately 500,000
people suffer from recurrent ocular HSV episodes requiring
doctor visits, medication, and, in severe cases, corneal transplants
(15, 16, 46–49, 53, 54). Ocular HSV-1 infection can cause eye
disease ranging in severity from blepharitis, conjunctivitis, and den-
dritic keratitis to disciform stromal edema and necrotizing stromal
keratitis (15, 16, 46, 55). Despite the seriousness of herpes infection,
no vaccine has been developed to prevent HSV infection or recur-
rences. Thus, development of a safe vaccine to prevent and control
serious HSV infection is essential. Eliciting neutralizing antibody
alone can completely protect immunized mice from eye disease
and death but will not protect immunized mice from virus replica-
tion in the eye or the establishment of latency and reactivation (56,
57). Thus, protection against eye disease and death is much easier to
achieve than protection against virus replication and establishment
of latency during HSV-1 infection. Because of latent infection, eye
disease is much more likely to occur following recurrent, rather than

primary, HSV infection. Because of the problems associated with
recurrent ocular infection, a major goal of any anti-HSV vaccine
must be to prevent and/or reduce latency establishment and thus
reactivation.

Multiple approaches have been used to develop a vaccine against
HSV infection ranging from using attenuated virus to using
recombinantgB+ gD or gD alone (58–60). However, none of these
vaccines were effective in humans. Our current study suggests that
the absence of any viable vaccine against HSV infection is probably
due to the fact that the virus is not cleared by the immune system
because it is hiding in the immune cells and is thus protected from
clearance by neutralizing antibodies and by both innate and adap-
tive immune responses since these nonneuronal sites for latency
have biological relevance with respect to virus transmission. This
study may help us look outside the box to design a different type
of vaccine that can penetrate immune cells to clear the virus and
to further reduce and preferentially eliminate the latent virus reser-
voir. Our findings in this study may also be relevant to the other 14
members of the simplexvirus genus (61), especially HSV-2, which is
the causative agent of genital herpes, and all human vaccine trials
involving development of a vaccine against genital herpes have
failed (58, 59, 62–64). Similar to this study, it was previously
shown that equid herpesvirus 1, bovine herpesvirus 1, and pseu-
dorabies virus can establish a latent/quiescent infection in
immune cells in pharyngeal tonsil and to the lymphoid tissue
(65–67). In summary, this observation was made in a murine
model of HSV-1 infection, which, unlike humans, the virus does
not spontaneously reactivate to cause recurrent eye disease, and
the findings are needed to be verified in human TG.

MATERIALS AND METHODS
Ethics statement
All animal procedures were performed in strict accordance with the
Association for Research in Vision and Ophthalmology Statement
for the Use of Animals in Ophthalmic and Vision Research and the
NIH Guide for the Care and Use of Laboratory Animals (ISBN 0-
309-05377-3). The animal research protocol was approved by the
Institutional Animal Care and Use Committee of Cedars-Sinai
Medical Center (Protocol nos. 8837 and 9129).

Fig. 4. Percentage of LAT+ cells in different cell populations. The percentage of
LAT+ cells in different infected cell populations are shown. In addition, number of
LAT+/total cells for CD4−CD8− T cells, 3 of 372; CD4+ T cells, 13 of 737; CD8+ T cells,
17 of 1029; B cells, 5 of 408; DCs, 24 of 216; glial cells, 26 of 572; fibroblasts, 9 of 214;
ILCs, 6 of 78; macrophages, 1 of 164; microglia, 5 of 196; monocytes, 17 of 345; NK
cells, 5 of 337; neurons, 2 of 24; and neutrophils, 5 of 498.

Fig. 5. LAT expression levels in different cell types. Violin plots using Loupe software for single-cell sequencing analysis were used to measure LAT expression levels in
LAT+ cells from each cell type.
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Mice, virus, and ocular infection
Plaque-purified virulent HSV-1 strain McKrae was used in this
study. Both male and female 6- to 8-week old C57BL/6 mice (the
Jackson Laboratory, Bar Harbor, ME) were used. Mice were ocularly
infected with 2 × 105 pfu per eye of McKrae virus without corneal
scarification, as we described previously (68). Mock-infected
control mice were ocularly treated with media only.

Isolation of neurons and nonneuronal cells from latently
infected TG
To isolate neurons and nonneuronal cells from TG, TG from latent-
ly infected or mock-infected mice were harvested and pooled.
Pooled TG were then incubated in 1× Hanks’ balanced salt solution
(HBSS) with collagenase D (20 mg/ml) and deoxyribonuclease 1 at
37°C for 1 hour to create a single-cell suspension. Neuronal cells
were then isolated by negative selection, while nonneuronal cells
were isolated by positive selection using a neuron isolation kit (Mil-
tenyi Biotec, no. 130-115-389) following the company’s instruc-
tions. Briefly, cells were stained with the nonneuronal cell biotin
antibody cocktail (containing antibodies that bind to nonneuronal
cells, such as astrocytes, oligodendrocytes, microglia, endothelial
cells, and immune cells, except erythrocytes) at 4°C for 5 min and
then washed with 1× phosphate-buffered saline (PBS) and 0.5%
bovine serum albumin (BSA). Cells were spun down, resuspended
in 1× Dulbecco’s PBS plus 0.5% BSA, and incubated with anti-biotin
microbeads for 10 min at 4°C. Neuronal cells were separated by
passage through an LS column under a magnetic field, while non-
neuronal cells were attached, washed, and collected. Isolated cells
were used for RNA extraction and single-cell analysis.

Cell sorting
Mice were infected with HSV-1 McKrae, and TG were harvested on
day 35 PI. Four TG were pooled and incubated with collagenase D
to dissociate them into single cells. Immune cells were enriched by
Percoll gradient. Enriched immune cells were stained with
BV510-CD45, BV421-CD3, fluorescein isothiocyanate–CD4,
phycoerythrin-CD11c, allophycocyanin (APC)–F4/80, APC-
Fire750-CD8a, and live-dead staining dye 7-AAD. CD4 T
cells (CD45+CD3+CD4+), CD8 T cells (CD45+CD3+CD8+),
CD11c+ DCs (CD45+CD3−CD11c+), and F4/80+ macrophages
(CD45+CD3−F4/80+) were sorted using a BD Aria 3 sorter.

RNA extraction and quantitative RT-PCR
After ocular infection with 2 × 105 PFU per eye of McKrae virus,
intact TG or specific populations of cells isolated from TG of latent-
ly infected mice were collected on day 35 PI. Isolated tissues were
immersed in TRIzol reagent and processed for RNA extraction, as
we described previously (69, 70). LAT RNA levels were determined
in isolated neurons, isolated nonneuronal cells, or total TG using
custom-made LAT primers and probes as follows: forward
primer, 5′-GGGTGGGCTCGTGTTACAG-3′; reverse primer, 5′-G
GACGGGTAAGTAACAGAGTCTCTA-3′; and probe, 5′-FAM-A
CACCAGCCCGTTCTTT-3′ [amplicon length, 81 base pairs
(bp)]. GAPDH was used to normalize transcripts, ABI
Mm999999.15_G1—amplicon length, 107 bp. Relative LAT copy
number was calculated using standard curves generated from
pGem-LAT5317.

Fig. 6. Detection of gB and gD DNA in neuronal and nonneuronal fractions of
latently infected TG. WT mice were infected ocularly with HSV-1 McKrae as de-
scribed in Fig. 1 legend. TG were isolated on day 35 PI, and eight TG from four mice
were pooled and dissociated to single cells. Immune cells enriched by Percoll
density gradient were stained with CD45, CD3, CD4, CD8, F4/80, and CD11c anti-
bodies. CD4, CD8, F4/80, and CD11c populations were sorted, and genomic DNA
from each population was purified. gB (A) and gD (B) copy numbers were mea-
sured by qPCR, and GAPDHwas used as internal control. Experiments were repeat-
ed three times.
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DNA extraction and TaqMan quantitative PCR analysis of
gB and gD DNA in isolated neurons and nonneuronal cells
from TG of latently infected mice
WT mice were infected as described above. TG were isolated on day
35 PI, and eight TG from four mice were pooled and dissociated
into single cells using collagenase D. Immune cells were enriched
by Percoll density gradient and then stained with CD45, CD3,
CD4, CD8, F4/80, or CD11c antibodies. CD4, CD8, F4/80, and
CD11c populations were sorted, and neuronal cells were isolated
as described above. DNA was isolated from individual cell popula-
tions using the DNeasy Blood & Tissue Kit (Qiagen, Stanford, CA,
catalog no. 69506) according to the manufacturer’s instructions. Se-
quences of the gB custom TaqMan primer sets used in this study are
as follows: 5′-AACGCGACGCACATCAAG-3′ (forward), 5′-CTG
GTACGCGATCAGAAAGC-3′ (reverse), and 5′-FAM-CAGCCGC
AGTACTACC-3′ (probe). The gB amplicon length is 72 bp. Relative
gB DNA copy numbers were calculated using standard curves gen-
erated from plasmid pAc-gB1 (71). Sequences of the gD custom
TaqMan primer sets used in this study are as follows: 5′-GCGGC
TCGTGAAGATAAACG-3′ (forward), 5′-CTCGGTGCTCCAGGA
TAAACT G-3′ (reverse), and 5′-FAM-CTGGACGGAGATTACA-3′
(probe). The gD amplicon length is 59 bp. Relative gD DNA copy
numbers were calculated using standard curves generated from
plasmid pAc-gD1 (72). GAPDH was used to normalize transcripts
in all experiments.

Single-cell analysis of cells isolated from TG of latently
infected mice
Mice were infected ocularly with HSV-1 McKrae and TG were har-
vested on day 35 PI. Thirty TG from 15 latently infected mice were
pooled and washed with cold 1× HBSS six times and then incubated
with collagenase D (2 mg/ml) at 37°C for 1 hour to generate single
cells. Dead cells were removed using a dead cell removal kit from
STEMCELL (Seattle, WA, USA) according to the company proto-
col. CD45-positive cells were isolated using a mouse CD45-positive
cell selection kit from STEMCELL according to company protocols.
Isolated CD45-positive cells were mixed back with the original
single-cell suspension at a 1:1 ratio and used for single-cell sequenc-
ing library preparation. Single-cell RNA-seq libraries were prepared
according to the Single Cell 3′ v3.1 Reagent Kits User Guide (10x
Genomics, Pleasanton, CA). Cell suspensions were loaded on a
Chromium Controller instrument (10x Genomics) to generate
single-cell Gel Bead-In-EMulsions (GEMs). Gel Bead-In-Emul-
sion-reverse transcription (GEM-RT) was performed in a Veriti
96-well thermal cycler (Thermo Fisher Scientific, Waltham, MA).
GEMs were then harvested, and the cDNA was amplified and
cleaned up using a SPRIselect Reagent Kit (Beckman Coulter,
Brea, CA). Indexed sequencing libraries were constructed using a
Chromium Single-Cell 3′ Library Kit for enzymatic fragmentation,
end repair, A tailing, adapter ligation, ligation cleanup, sample
index PCR, and PCR cleanup. The barcoded sequencing libraries
were quantified by quantitative PCR using a Collibri Library Quan-
tification Kit (Thermo Fisher Scientific). Libraries were sequenced
on a NovaSeq 6000 (Illumina, San Diego, CA) according to the
Single Cell 3′ v3.1 Reagent Kits User Guide, with a sequencing
depth of ~40,000 reads per cell.

Data analysis
Raw sequencing data were demultiplexed and converted to FASTQ
format using bcl2fastq v2.20. Cell Ranger v6.0.0 (10x Genomics)
was used for barcode identification, read alignment, and Unique
Molecular Identifier (UMI) quantification with default parameters
and aligning to the mouse reference genome GRCm38. In addition
to the empty droplet filtering performed by Cell Ranger, poor-
quality cells were removed by setting a maximum mitochondrial
read of 15%. For LAT− cells, additional filtering was done, and
LAT− cells with an acceptable range of 300 to 9000 detected genes
and 500 to 9000 UMI counts were kept for downstream analysis.
The samples were integrated together using Seurat v4.0.5 (32). To
obtain two-dimensional projections of the population dynamics,
principal components analysis (PCA) was run on the integrated
gene-barcode matrix to reduce the number of feature dimensions.
After running PCA, both UMAP and tSNE algorithms were applied
to the top 20 principal components to further reduce these compo-
nents and visualize cells in a two-dimensional space. Louvain clus-
tering of the cells was done with resolution 0.1. Clusters were
annotated using the R package SingleR, which annotates each cell
by comparing its transcriptome to reference datasets (34). We
used two reference datasets, MouseRNAseqData and ImmGenData
from package celldex (34). For glial cells, annotations were addition-
ally checked and confirmed with common marker gene expression.
Differential expression analyses were conducted with Seurat using
the FindMarkers function on the normalized RNA expression
matrix. Subsequent Gene Ontology (GO) enrichment analyses
were performed using the R package ClusterProfileR with term an-
notations drawn from the R package org.Mm.eg.db (33). Single-cell
tSNE and UMAP embeddings GO enrichment plots were created
with custom R scripts.

Statistical analysis
Fisher’s exact test and Mann-Whitney test were performed using
the computer program Instat (GraphPad, San Diego, CA). Results
were considered statistically significant at a P value of <0.05.

View/request a protocol for this paper from Bio-protocol.
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