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Abortive viral infections are usually studied in populations of
susceptible but nonpermissive cells. Single-cell studies of viral
infections have demonstrated that even in susceptible and permissive
cell populations, abortive infections can be detected in subpopula-
tions of the infected cells. We have previously identified abortive
infections in HeLa cells infected with herpes simplex virus 1 (HSV-1) at
high multiplicity of infection (MOI). Here, we tested 4 additional
human-derived nonneuronal cell lines (cancerous or immortalized)
and found significant subpopulations that remain abortive. To
characterize these abortive cells, we recovered cell populations that
survived infection with HSV-1 at high MOI. The surviving cells
retained proliferative potential and the ability to be reinfected. These
recovered cell populations maintained the viral genomes in a
quiescent state for at least 5 wk postinfection. Our results indicate
that these viral genomes are maintained inside the nucleus, bound to
cellular histones and occasionally reactivated to produce new prog-
eny viruses. We conclude that abortive HSV-1 infection is a common
feature during infection of nonneuronal cells and results in a latency-
like state in the infected cells. Our findings question the longstanding
paradigm that alphaherpesviruses can establish spontaneous la-
tency only in neuronal cells and emphasize the stochastic nature
of lytic versus latency decision of HSV-1 in nonneuronal cells.
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One of the hallmarks of herpesviruses is their ability to cause
lifelong latent infections. For each herpesvirus, latent in-

fections are limited to specific subtypes of cells. While latency is
considered a dormant state of the virus, recent studies identified
lytic gene expression during latency (1–4). Latently infected in-
dividuals can asymptomatically shed progeny virus (5), ques-
tioning the quiescent state during latent infection.
In the case of herpes simplex virus 1 (HSV-1), spontaneous

latency is established within sensory or sympathetic peripheral
neurons. Even in these neuronal populations, specific subtypes
vary in the establishment of latency and in their signals of reac-
tivation (6, 7), suggesting that there is more than one mechanism
to establish and maintain latency.
Many experimental models to study HSV latency were estab-

lished, including in vivo animals, ex vivo animals, in vitro neu-
ronal cells, and in vitro nonneuronal cells [recently reviewed by
Suzich et al. (8)]. To enable quiescent HSV-1 infection in non-
neuronal cells, the virus must be maintained in a nonreplicative
state. To achieve quiescent state, viral infections were carried out
either with mutant viral strains (mostly carrying mutations in im-
mediate early genes), in the presence of antiviral drugs, or using
special infection conditions (for example, high temperature)
(9–14).
In both latent and lytic infections, the viral genomes are found

in the nucleus of the infected cell. In an individual cell, only a
limited number of viral HSV-1 genomes initiate expression and
replication (15–17), suggesting that not all of the viral genomes
that enter the nucleus during lytic infection are actively partici-
pating in the lytic cycle (18).

Single-cell studies of viral infections have suggested that up to
40% of the infected cells do not produce progeny viruses (19–
21). Thus, abortive infection is a common outcome for many viral
infections. Abortive infections could also result from infection of
nonpermissive cells like HSV-1 in human monocytes (22). Here,
we identify and characterize a population of HSV-1 permissive
nonneuronal cells that recovered from acute infections.

Results and Discussion
To identify a correlation between the number of HSV-1 genomes
that initiate replication within individual cells to viral gene ex-
pression, we have previously infected GFP-expressing HeLa cells
with a mix of 14 barcoded HSV-1 recombinants that carry the
mCherry gene under the cytomegalovirus immediate early
(CMV-IE) promoter at high multiplicity of infection (MOI).
Three hours postinfection (hpi), individual infected cells were
sorted onto a monolayer of uninfected highly permissive Vero cells
(16). These experiments identified that high viral gene expression
correlates with higher number of incoming viral genomes initiating
replication. However, about 33% of infected cells, i.e., mCherry-
positive cells, did not produce an infectious center plaque but
remained fluorescent and without cytopathic effects for 6 d (Fig.
1A). This phenomenon was independent of the MOI the cells were
infected with (either MOI 10 or 100). To ensure that the high
percentage of abortive infections is not unique to HeLa cells we
infected various cell lines, cancerous cell lines (HeLa, H1299, and
U2OS) and noncancerous immortalized cell lines (HFF and HB2).
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All infections were carried out by HSV-1 OK22 that carries the
mTurq2 gene under the CMV-IE promoter. Three hours post-
infection, the infected cells were collected and redistributed in
limiting concentrations on a monolayer of uninfected Vero cells.
The infected cells were monitored by fluorescence (both cellular
and viral encoded XFPs; see Methods for details) at 1, 2, and 7
d postinfection (dpi, Fig. 1B). We observed that in most cell
lines, abortive HSV-1 infection is a common feature (Fig. 1C).
The percentage of abortive infections is variable among the
different cell lines independent of their origin (cancerous vs.
noncancerous). Among the cancerous cells, U2OS had the low-
est percentage of abortive cells, possibly as U2OS have several
abnormalities in their antiviral intrinsic immunity factors and are
considered to be highly permissive to HSV-1 infections. In-
terestingly, only very few abortively infected HFF were re-
covered after 1 week and only in MOI 100.
In most cell lines, MOI 100 resulted in fewer abortive cells

detected 7 dpi compared to MOI 10. In HeLa cells the differ-
ences between MOI 100 and 10 were the smallest, and in con-
trast in HB2 cells the differences were the largest. In both cell
lines, we also tested MOI 1. At MOI 1, ∼45% of cells were
abortively infected in both cell lines (Fig. 1C).
While abortive viral infections are well documented, the fate

of abortively infected cells was less studied. To characterize these
abortive cells, we attempted to recover cells that survived in-
fection. We chose to continue with 2 cell lines, HeLa and HB2

cells (cancerous and noncancerous, respectively). We infected
both cell types, and 3 hpi, we trypsinized the infected cells and
diluted them into fresh wells. Three to four weeks later, the wells
were split again and were examined by microscopy a few days
later (Fig. 2A). In about 80% of wells, growing populations of
cells were detected, independent of the cell type or MOI (Fig.
2B). These results indicate that abortive infection is a common
outcome of viral infection even at high MOI and that abortively
infected cells can be recovered. Further, these cells continue to
propagate.
One possible explanation of the high rates of cells recovered is

that the trypsin digest of the infected cells at 3 hpi interrupted
the viral replication process and increased the rate of abortive
infection. To verify that this is not the cause of the observed
abortiveness phenomenon, we repeated the experiment with
modifications in the experimental conditions. We either trypsi-
nized the infected cells at 10 hpi and only then diluted them to
fresh wells, or we only replaced medium at 10, 24, and 48 hpi
(to reduce the viral progeny burden arising from productive in-
fection in the plate) and redistributed the cells a week after

Fig. 1. High rate of abortive cells following high MOI infection with HSV-1.
(A) HeLa cells were infected with HSV-1 at MOI 10 and 100 as indicated. At 3
hpi, cells were sorted according to their fluorescence level. The cells were
placed on monolayers of uninfected Vero cells and incubated for 6 d. At 6
dpi, the cells were scanned with a fluorescence microscope to detect in-
fectious centers originating from the single cells. Out of the single cells
studied, the percentage of cells that did not produce infectious centers
(blue) compared to the cells that did produce infectious centers (gray) is
shown. (B) A representative image of a well containing a monolayer of Vero
cells on which infected HeLa cells were placed. The HeLa cells were infected
at MOI 10, and 3 hpi were manually diluted and placed on the Vero cells, so
that each well had only 1 to 5 infected cells. The cells were scanned in a
fluorescence microscope 1 and 7 dpi to monitor the state of the sorted cells.
An abortive single HeLa cell is visualized inside the square (magnification of
the fluorescence image overlaid with bright field image is shown). An in-
fectious center arising from a productive infected cell is marked with a red
arrow. (Scale bar, 0.5 mm.) (C) The percentage of abortive cells detected 7
dpi (colored bars) out of the total infected cells (gray bars) for 5 cell types,
HeLa, H1299, U2OS, HFF, and HB2, infected with HSV-1 at MOI 1, 10, or 100
(as indicated). For each cell type, experiments were performed as in B, and
an average of at least 2 experiments per each condition is shown.

Fig. 2. Recovered cell populations that survived acute HSV-1 infection. (A)
Schematic illustration of the experimental system to recover cell populations
after infection. HeLa and HB2 cells were infected at either MOI 10 or 100
with HSV-1. At either 3 hpi, 10 hpi, or 7 dpi, cells were trypsinized, diluted
with medium, and spread into 6 new wells (G1). Cells were incubated for 3 to
4 wk, allowing the surviving population to regrow. After the incubation
period, cells from each well were further divided into new wells (G2) and
were subjected to further experiments. (B–D) HeLa and HB2 cells were in-
fected at either MOI 10 or 100 with HSV-1 as indicated. At either 3 hpi (B), 10
hpi (C), or 7 dpi (D), cells were replated as described in A. Each G2 well was
monitored for the presence of cells. The average fraction of wells containing
surviving cells over all wells per experiment was calculated. SEMs among
different experiments are represented by error bars. (E–G) The surviving cells
were analyzed for the activity of the virus in these cells. The percentage of
G1 wells arising from (E) 3 hpi, (F) 10 hpi, and (G) 7 dpi wells with all 3 G2
wells with either no active viral replication (white) or active viral replication
(black) is presented. A third alternative in which only 1 or 2 of the 3 G2 wells
showed active viral replication, and the other wells from the same G1 well
had no active replication, was also detected (gray). The averages of more
than 10 different-day experiments for each condition were calculated (B–G).
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infection (Fig. 2A). In both late trypsinization conditions at MOI
10, a comparable percentage of wells showed growing cell pop-
ulations, indicating that abortive infection is not enhanced by the
early trypsinization process (Fig. 2 C and D). At MOI 100, HeLa
cells at late trypsinization conditions had a lower percentage of
wells (∼50%) that contained abortive cell populations; HB2, on
the other hand, had a higher percentage of wells containing re-
covered cell populations, as time of trypsinization was delayed
(up to 92% at trypsinization at 7 dpi).
Each G1 well (G1, Fig. 2A) that was maintained for 3 to 4 wk

was split into 3 new wells (G2, Fig. 2A), and incubated for a
few days before microscopically examining the cells. Three pos-
sible outcomes were detected in the positive cell populations: all
3 G2 wells contained actively infected cells, all 3 wells contained
cells without any sign of viral infection or a mix of the 2 phe-
notypes among the 3 wells (Fig. 2 E–G). In most infection con-
ditions (MOI, cell types, and timing of first split), the majority of
wells had no sign of infection. Events of 3 wells with mixed
phenotypes were only a minority of the events. Both active
infection and the mixed phenotypes were less frequent in
HB2 cells and as the time of first trypsinization was delayed
(Fig. 2 E–G).
Obtaining populations of the cells that survived the infection

allowed us to characterize the fate of the abortive cells. We fo-
cused on cells in which no sign of infection was detected in all 3
G2 wells (white color in pie charts, Fig. 2 E–G). To ensure that
the recovered cells are not a result of genetically distinct sub-
population that evolved resistance to the virus, we reinfected the
recovered population and compared the burst size to infection in
naive cells. We found small differences between the naive and
recovered cells both in HeLa and in HB2 cells (Fig. 3A). These
differences suggest that the resistance to HSV-1 infection does
not result from genetic mutations. Reinfection was carried out
with HSV-1 that carries the EYFP gene (OK12), while the initial
infection was done with a virus that carries the mTurq2 gene
(OK22). All progeny viruses obtained from the reinfection expressed
yellow fluorescence.
To test if the recovered cells (with no sign of infection) main-

tained viral DNA, we collected total DNA from 1 G2 well. In
∼90% of HeLa and ∼75% of HB2 cell populations recovered after
4 to 5 wk postinfection (wpi), viral DNA was detectable by qPCR
(Fig. 3B). The levels of viral genomes recovered from HeLa cells
were similar between MOI 10 and 100 and can be compared to
levels of viral genomes of acute infection at MOI 0.01 (Fig. 3C). In
recovered HB2 cells, viral DNA levels varied among the different
samples, and in general, higher levels were observed at MOI 10
compared to 100 (Fig. 3D).
We collected total RNA from the parallel G2 well of these cell

populations. For each condition (HeLa or HB2, MOI 10 or 100),
at least 10 samples were analyzed. Quantitative RT-PCR was
used to identify immediate early, early, and late messenger
RNAs (mRNAs). No viral mRNAs were detected in all cell
populations, for which their corresponding G2 wells were posi-
tive for viral DNA, suggesting a quiescent state of the viral ge-
nomes. For example, mRNA levels of the early protein ICP8 are
not detected in HeLa nor in HB2 cells, compared to mRNA
levels obtained from acute infection even at low MOI (Fig. 3 E
and F). Similarly, latency-associated transcript (LAT) was also
not detected in these cell populations. Recent work suggests that
LAT expression in quiescent nonneuronal cells is lower com-
pared to latent neuronal cells (23).
Quiescent HSV-1 genomes are found as episomes inside the

host nuclei (24). To demonstrate that the viral DNA is located
within the nucleus of the abortively infected cells, we performed
a fluorescent in situ hybridization (FISH) assay. HeLa and HB2
cells were fixed at 4 wpi (HeLa) and 3 wpi (HB2) and hybridized
with fluorescent probes. We found cells with one or more specific
dense fluorescent spot within the nuclei (Fig. 4A). These spots

Fig. 3. Recovered cell populations contain viral genomes. (A) Recovered
populations from MOI 100 infection of HeLa or HB2 cells with no active viral
replication (full bars) were reinfected with OK12, and viral burst size mea-
sured in plaque forming units (PFU) per cell at 24 hpi was compared to in-
fection with OK12 on naive cells (empty bars). Three replicates were titered,
and the average and SD are presented. (B) At least 20 samples of HeLa or
HB2 recovered populations with no active viral replication were taken from
MOI 10 and 100 (as indicated). At 4 to 6 wpi, the samples were lyzed and
analyzed with qPCR with 2 viral primers and 1 host primer as control. The
fraction of viral positive samples was taken out of the host positive samples.
(C and D) Levels of viral DNA were analyzed by qPCR with primers for the
UL3 region. Samples from HeLa (C) or HB2 (D) recovered cells are compared
to samples of acute infection at different MOIs (as indicated) that were
collected at 3 hpi. The levels of viral DNA (marked with “x”) were compared
to host DNA and normalized to DNA levels at MOI 1. The mean relative DNA
level for each group is marked by a black plus sign. (E and F) Levels of ICP8
mRNA from HeLa (E) or HB2 (F) recovered cells are compared to samples of
acute infection at different MOIs (as indicated) that were collected at 3 hpi.
The levels of ICP8 mRNA (marked with “x”) were compared to host mRNA
and normalized to ICP8 mRNA levels at MOI 1. The mean relative ICP8 mRNA
level for each group is marked by a black plus sign.
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were found only in cells that have been previously exposed to the
virus. We note that in most of the recovered cells we have not
been able to detect these spots. Similar fluorescent spots were
characterized and described previously as viral DNA in latently
infected mouse primary trigeminal ganglia sensory neurons (25).
We therefore conclude that the observed fluorescent spots are
most likely condensed viral genomes.
At the quiescent condition, HSV-1 genomes are associated

with host histones and are retained in a heterochromatin state
(26–29). To test the conditions in which the viral genomes are
found within the abortive cell populations, we performed a ChIP
assay. We were able to identify that in recovered HeLa, viral
genomes are associated with host histones (H3 Ab, Fig. 4B).
Moreover, these genomes were associated with histones that
were marked with a known silencing marker, histone 3 lysine 27
trimethyl (H3K27me3), for at least 5 wk (Fig. 4B). To further
verify that viral genomes are in heterochromatin state, we per-
formed the ChIP assay on HB2 cells at 3 wpi and tested spe-
cifically promoter regions of immediate early (ICP0) and early

(ICP8) genes. We observed that in these regions the histones
were not only marked by the H3K27me3 modification but were
also missing the H3K4me3 activation marker (Fig. 4C). These
results indicate that following abortive infection, the viral ge-
nomes are maintained quiescent within the cell nuclei at a het-
erochromatin state. The ChIP results corroborate the FISH
findings, as both support that the viral genomes are maintained
condensed within the nucleus of the recovered cells.
As mentioned above, some of the abortive cell populations

that were monitored for 4 wpi showed active replication of the
virus. As it is unlikely that cells can replicate during active viral
infection or maintain active replication for 4 wk, we speculate
that these events might be spontaneous reactivation. Indeed,
continuous observation of abortive cell populations that had no
sign of active replication for 4 wpi exhibited viral-derived fluo-
rescence in plaques that emerged several days later (Fig. 5A). To
verify that these are indeed reactivation events we picked the
plaque regions under inverted fluorescent microscope as well as
recovered cells that showed no active infection, as control, and
tested the samples for progeny viruses and viral DNA. All
reactivation samples contained progeny viruses and showed de-
tectable amount of viral DNA, compared to the control (Fig.
5B). Among the abortive HeLa and HB2 cell populations that
were observed several times after 4 wpi, we detected more
reactivations in MOI 10 compared to 100 (Fig. 5C). Interestingly,
in HB2 populations arising from the delayed (1 wk) trypsiniza-
tion, we were unable to detect reactivation, similar to the very
low rate of mixed infection phenotype observed in these cells
(Fig. 2G). We speculate that the mixed infection phenotype is
also a result of spontaneous reactivation occurring before the
first microscopic examination of the cultures.

Fig. 4. Quiescent viral genomes detected in recovered cell population. (A)
FISH images of uninfected (UI) HB2 or HeLa cells and cells infected at MOI 10
or 100 recovered 4 wpi (HeLa) or 3 wpi (HB2). Red arrows indicate green
fluorescent foci. Viral DNA is labeled with green probes, and DAPI is pre-
sented in blue. (Scale bar, 10 μm.) (B) Chromatin immunoprecipitation (ChIP)
for UI cells, recovered HeLa cell populations (originally infected at MOI 100)
at different time points postinfection as marked, and cells infected for 48 hpi
in the presence of Acyclovir (Acy). PCR results of UL3 gene from Input (In)
and pulldown samples with nonspecific IgG (Ig), Histone H3 antibody (H3),
and Histone H3 tri methyl K27 (K27) are presented. (C) ChIP for UI cells,
recovered HB2 cell populations (originally infected at MOI 100), and cells
infected for 48 hpi in the presence of Acy. PCR results for promoter regions
of ICP0 and ICP8 genes from In and pulldown samples with Ig, Histone H3,
K27, and Histone H3 tri methyl K4 (K4) are presented.

Fig. 5. Recovered cells can spontaneously reactivate from quiescent state.
(A) Representative images of a well containing a monolayer of recovered
HeLa Cells. At 4 wpi + 1 d with no observed viral replication; at 4 wpi + 5 or
7 d a viral plaque (in blue) emerges. (Scale bar, 1 mm.) (B) Plaques observed
on monolayer of recovered HB2 cells were picked under fluorescence mi-
croscopes, and DNA was collected from these samples (reactivation). As a
control, random areas from recovered HB2 monolayers with no signs of
reactivation were picked in a similar way. Relative levels of viral DNA from
each sample (marked with “x”) were measured by qPCR and analyzed, as in
Fig. 3D. The mean relative DNA level for each group is marked by a black
plus sign. (C) Four weeks postinfection, HeLa, HB2, or Vero populations with
no active viral replication, taken from MOI 10 and 100 (as indicated), were
scanned at 2 time points: 12 h after the second split and 3 to 7 d later. The
fraction of wells, out of all wells per plate, that showed no active infection at
the first scan and an active infection at the second scan was calculated. Data
from 2 experiments were accumulated.
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To verify that our results are not unique to the specific cell types
we tested, we repeated the reactivation experiment on Vero cells.
Vero cells are commonly used in HSV-1 research. We obtained
recovered population from Vero cells infected at MOI 10 or 100
and observed similar reactivation rates in both cases after 4 wk
(Fig. 5C).
Taken together, our findings indicate that in many cell types, a

subpopulation of HSV-1–infected cells are unable to complete
productive infection (Fig. 1). These abortive cells maintain the
HSV-1 genomes in a quiescent state for more than a month and
can spontaneously reactivate. These features of the abortive in-
fection resemble latent infection defined as “the persistence of a
viral genome within tissue where, at any given time, there is a
population of cells that lack detectable infectious virus, viral
proteins, or viral lytic transcripts that are dormant but have the
capability of being reactivated” (30). We therefore suggest that
abortive cells can be used as a model for latent genomes.
In MOI 1, we observed the highest rates of abortive infection

(Fig. 1C). We speculate that some of these abortive cells result
from infection with defective viral genomes that are unable to
complete the infection process. However, high rates of abortive
infection were observed at high MOI; in this case, it is implau-
sible that all entering genomes are defective and are unable to
complement each other. Therefore, we suggest that abortiveness
probably results from the cell condition prior to infection or the
initial viral host interactions. As these abortive cells can be
reinfected (Fig. 3A), it is unlikely that they result from different
genetic backgrounds, but rather from a transient epigenetic state.
Our previously single-cell studies of HSV-1 infections suggest

that preexisting cellular diversity contributes to the outcome of
infection (16, 31). However, these preexisting conditions can
explain only part of the diversity in the outcome. Recent studies
on persistent retrovirus (HIV and human T cell leukemia virus
[HTLV]) infections have suggested that stochastic autoregulated
viral gene expression is an important factor in entering and
maintaining latency (32–35). Our results that quiescent infection
can occur not only in neuronal cells, but also within nonneuronal
cells, suggest that HSV-1 may have a similar stochastic gene
expression regulation that results in persistent infection.
The number of latent viral genomes in neuronal cells varies

and can reach up to 1,000 genomes per cell (36). In our FISH
experiments, we detected between 1 and 20 fluorescent spots per
cell. However, in most recovered cells we could not detect any
spots. This result together with the expected low expression of

LAT RNA (23) may indicate that the LAT RNA levels are below
our detection limits in these recovered cell populations. Further,
in our DNA and ChIP samples, we did not observe an increase in
the amount of viral DNA as time passes. Therefore, we speculate
that there is no mechanism for active viral replication and ge-
nome maintenance in these abortive cells, but rather a dilution of
the initial number of genomes between the replicating cells. In
tissue cultures, cell replication is very rapid compared to most cells
in vivo; thus, if such abortive cells are maintained in vivo, a longer
time for diluting out the quiescent viral genomes is expected.
In most cases, infection of neuronal cells in vitro by HSV-1

leads to acute productive infection; as these neuronal cells are
unable to replicate, it will be hard to recover populations of
neuronal cells that survived the infection as was done here for
nonneuronal cells. In most models of HSV-1 latency in neuronal
cells in vitro some spontaneous reactivation can be observed. In
our experiments, spontaneous reactivation is much more fre-
quent (Fig. 5). We speculate that this high frequency could result
from a leakier state of latency in nonneuronal cells. Alterna-
tively, cell division may increase the likelihood of reactivation.
Our results introduce the possibility that the high frequency of

herpes simplex shedding observed in clinical samples (5) may, in
part, be due to these abortive infections. If in peripheral tissue
some cells remain abortive in situ, they might reactivate more
frequently or may contaminate PCR sampling for this tissue. These
results may explain why PCR-positive shedding is more common
than infectious virus shedding (37). In the future, reexamination of
clinical samples is required to corroborate this hypothesis.

Materials and Methods
Complete descriptions of the methods used in this study are found in SI
Appendix, Materials and Methods. Sequences of PCR primers and FISH
probes are provided in SI Appendix, Table S1. FISH protocol was adapted
from ref. 38 and visualized with fluorescent oligonucleotides described
previously (39). ChIP protocol was adapted from ref. 40.

Data Availability. All data are presented in the paper. For more information,
please contact the corresponding author.
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