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In addition to transmission involving extracellular free particles, a generally accepted model of virus propagation is one wherein
virus replicates in one cell, producing infectious particles that transmit to the next cell via cell junctions or induced polarized
contacts. This mechanism of spread is especially important in the presence of neutralizing antibody, and the concept underpins
analysis of virus spread, plaque size, viral and host functions, and general mechanisms of virus propagation. Here, we demon-
strate a novel process involved in cell-to-cell transmission of herpes simplex virus (HSV) in human skin cells that has not previ-
ously been appreciated. Using time-lapse microscopy of fluorescent viruses, we show that HSV infection induces the polarized
migration of skin cells into the site of infection. In the presence of neutralizing antibody, uninfected skin cells migrate to the ini-
tial site of infection and spread over infected cells to become infected in a spatially confined cluster containing hundreds of cells.
The cells in this cluster do not undergo cytocidal cell lysis but harbor abundant enveloped particles within cells and cell-free vi-
rus within interstitial regions below the cluster surface. Cells at the base and outside the cluster were generally negative for virus

immediate-early expression. We further show, using spatially separated monolayer assays, that at least one component of this
induced migration is the paracrine stimulation of a cytotactic response from infected cells to uninfected cells. The existence of
this process changes our concept of virus transmission and the potential functions, virus, and host factors involved.

he mechanisms involved in the transmission of infectious vi-

ruses between cells are of fundamental importance for our
overall understanding of virus replication, virulence, and patho-
genesis and for long-term objectives in combating infection (1).
Much of our understanding of virus cell-to-cell transmission has
been underpinned by analysis of plaque formation in culture,
which demonstrates for many viruses two main routes of trans-
mission, i.e., the production of extracellular virions which infect
new cells from without and intercellular infection where infec-
tious particles transmit between cells via cell-to-cell contacts or
specialized, sometimes induced connections, e.g., viral synapses
(2, 3). Many viruses, including herpesviruses, spread by direct
cell-to-cell transmission and, where examined, indeed as part of
the definition, cell-to-cell spreading is generally resistant to neu-
tralizing antibody that would otherwise block transmission by ex-
tracellular virus (3-6). Plaque formation is then widely analyzed,
e.g., to determine the effect of mutation in virus-encoded genes on
overall transmission efficiency, to identify distinct requirements
for specific virus proteins during cell-to-cell transmission com-
pared to those in extracellular entry (7-11), to analyze receptor
usage and relocalization at cell-to-cell junctions (12), and to dem-
onstrate host responses and interactions with incoming genomes
(13), among many other types of investigation. However, while
certain basic observations on cell-to-cell transmission have been
established, novel features continue to emerge. For example, in
HIV and human T-cell leukemia virus (HTLV) it has been dem-
onstrated that infection induces polarized contacts, termed viral
synapses, via which virus cell-to-cell transmission then occurs
(14-16). In vaccinia virus, it appears that the transmission rate
during plaque formation (in the absence of extracellular virus
neutralization) is accelerated by virtue of a surfing mechanism,
whereby virus emerging from an infected cell skips over and is
specifically repelled by immediately adjacent cells, so that the virus
infects naive cells further away, thus promoting a more rapid over-
all transmission and larger plaques (17).
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In herpes simplex virus (HSV), the main route of transmission
in human tissues is cell-to-cell spread, occurring during primary
infection when progeny virus spreads from the primary infected
cell to adjacent cells in the mucocutaneous tissue and then to
axonal termini of sensory neurons (18). Cell-to-cell transmission
also occurs upon reactivation from latency, when newly replicated
virus spreads from the sensory neuron to the mucocutaneous tis-
sue. The simplest model of cell-to-cell transmission is plaque for-
mation in cell culture, which has been widely studied in monkey
or rodent cell lines such as Vero and BHK cells, and results from a
generally cytocidal infection producing progeny viruses which ef-
ficiently spread across the monolayer. While infection produces
extracellular virus, the majority of HSV remains cell associated
and transmits across cell junctions despite the presence of extra-
cellular virus-neutralizing antibody. The precise mechanisms of
intercellular transmission remain to be fully understood. It is gen-
erally assumed that transmission parameters, including, e.g.,
plaque diameter, represent many multiple cumulative processes,
including, e.g., efficiency of virus replication and assembly of in-
fectious particles, sorting to and potential reorganization of ap-
propriate junctions, intercellular virus transport, and possible in-
trinsic immune effectors that may resist infection (1, 8, 10, 19).

We have now found that in human skin keratinocytes, an epi-
thelial cell type of more physiological relevance for HSV infection
processes, the outcome of infection was significantly different
than in the other cells. In skin cells in the presence of neutralizing
antibody, HSV infection did propagate from cell-to-cell but did
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not show the typical cytocidal plaque formation seen in other cells.
Instead, infected cells formed distinct bunched clusters with a dis-
tinctive surrounding area in which uninfected cells aligned in an
oriented fashion. The diameter of the plaques was smaller in skin
keratinocytes than, for example, in Vero cells, but this did not
reflect lower success of transmission. Rather, we show abundant
virus cell-to-cell transmission. However, in contrast to the typical
perception of HSV plaque propagation, the outcome of infection
was due to an induced polarized migration of cells to the site of
infection. In additional analysis, we show that was a consequence
at least in part of paracrine signaling from the infected cells. Al-
though relatively simple in concept, and with many aspects re-
quiring further investigation, this work has potentially profound
ramifications, revealing a new process that has not been previously
appreciated, changing our perception of virus spread and of the
potential mechanisms involved.

MATERIALS AND METHODS

Cells, virus, and infection. Vero were grown in Dulbecco modified min-
imal essential medium (DMEM; Gibco) containing 10% newborn calf
serum (NCS) and penicillin-streptomycin. RPE-1 cells, a human telome-
rase immortalized retinal pigment epithelial line, were grown in DMEM-
F12 (Sigma) supplemented with 200 mM glutamine, 10% fetal bovine
serum (FBS), and penicillin-streptomycin. Human epithelial keratino-
cytes were the HaCaT cell line (20) grown in DMEM containing 10% FBS
and penicillin-streptomycin or primary keratinocytes which had been im-
mortalized with telomerase (21). We have previously show that in single-
step growth curves HSV normally replicates, as well in HaCaT cells as, e.g.,
Vero cells (22). The telomerase-immortalized keratinocytes (hTert-kera-
tinocytes) were grown in Ham’s/F-12 (PAA) supplemented with 10%
FBS, penicillin-streptomycin, 10 ng of mouse epidermal growth factor/
ml, 1 ng of cholera toxin/ml, 400 ng of hydrocortisone/ml, 5 pug of insulin/
ml, 5 pg of transferrin/ml, and 13 ng of liothyronine/ml. All supplements
were from Sigma except mouse epidermal growth factor which was from
AbD Serotec, Oxford, United Kingdom. The virus strains were HSV-1[17]
or HSV-1[17].ICPO-YFP, a derivative of HSV-1[17] that expresses the
immediate-early protein ICPO fused to YFP and has been previously char-
acterized (23). Pooled neutralizing human serum (HS; Sigma) was used at
1%. Clinical-grade purified neutralizing human immunoglobulin (IVIg,
Carimune NF, nanofiltered, human immune globulin; CSL Behring) was
used at 5 mg/ml, having demonstrated complete neutralization of extra-
cellular virus at this dose (>6-log reduction in virus titer).
Immunofluorescence studies. Immunofluorescence analysis was per-
formed exactly as described previously (24). Anti-ICP4 antibody (Viru-
sys) was used at 1:400. For fluorescence readout of total cells, alongside the
yellow fluorescent protein (YFP) fluorescence to identify infected cells,
monolayers were stained with CellMask Orange (Invitrogen), a general
probe for plasma membrane staining which can be used in live cells. For
CellMask staining of live cells, the medium was replaced with fresh me-
dium containing the probe (5 pg/ml) for 5 min, the cells then washed in
fresh medium and then imaged. For fixed cells, samples were washed with
phosphate-buffered saline (PBS), fixed with 3.7% paraformaldehyde in
PBS, and blocked with PBS containing 10% NCS. Images were collected
using Zeiss Axiovert 135TV microscope and Zeiss X10 (NA 0.5) or X40
(NA 0.6) LD lenses. Images were taken using a filter set XF66 (Glen Spec-
tra, United Kingdom) using the green fluorescent protein (GFP) setting to
image YFP-ICPO. Each channel was captured sequentially with a Retiga
2000R camera using Image Pro plus software. Composite illustrations
were prepared using Adobe software. For more detailed comparative anal-
ysis of infection in HaCaT cells samples were examined by confocal mi-
croscopy using a Zeiss LSM510 confocal microscope. Images were col-
lected usinga X 10 objective (NA 0.6) and compiled using the Z sectioning
module. The resulting images were analyzed using Axiovision Le software
to construct orthogonal axial images for each channel. Example images
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are representative of numerous images gathered for each virus and con-
dition.

Time-lapse microscopy. Cells plated in 35-mm dishes were infected
with 50 to 100 PFU per dish with either HSV-1[17] or HSV-1[17].1CPO-
YFP. Infections were performed in the absence or presence of 1% pooled
HS or clinical grade purified immunoglobulin (IVIg, 5 mg/ml) in media
containing 2% NCS. Dishes were placed on a heated chamber at 37°C in
an environmentally controlled mini-incubator (PeCon GmBH) main-
tained at 5% CO,. Images were captured on a Zeiss Axiovert 135TV mi-
croscope using X 10 or X40LD lenses and Image Pro plus software capture
suit for sequential collection of fluorescence and phase channels for each
time point. Routinely single isolated small clusters of infected cells were
identified by the positive YFP signal (ca. 8 to 12 h postinfection) and time
lapse collection then initiated using the AFA module of the software.
Animation of the time series was carried out after merging the fluores-
cence and phase channels using Image Pro Plus and compressed with
Image] software. Image Pro Plus cell tracking module was performed by
manually tracking individual cells on zoomed versions of each image se-
ries and overlaying each track on the video animation. Total distance from
the origin of the track was then calculated by the automated software and
plotted.

Cell migration in gap-filling assays. Cells were plated within 35-mm
w-Dishes (Ibidi) that contain two chambers separated by a removable
silicone insert with a specific gap size of 500 pwm. Cells were plated in the
adjoining chambers and once the monolayers were formed (24 h), the
silicone inserts were removed leaving the defined gap. Fresh medium con-
taining 2% NBS and 1% pooled HS was added, and the chambers were
placed in an environmentally controlled mini-incubator. Time-lapse ex-
amination of gap closure and cell migration was then initiated, capturing
phase images every 5 min over the subsequent 18-h period. Images were
compiled and compressed as described above.

Cell migration in response to paracrine signaling. Cells were plated
on the bottom wells (2 X 10° cells/well) of 24 multiwell plates (Falcon)
into which FluoroBlock cell culture inserts (BD Biosciences) were to be
inserted (see Fig. 5). These inserts are designed for the plating of cells on a
membrane which contains pores of defined size. The base of the mem-
brane blocks all fluorescence transmission, such that when using live cell
fluorescence analysis with an inverted microscope, any fluorescence signal
originates only from cells that migrated through the pores onto the bot-
tom side of the membrane. Pores of different diameter (3 and 8 pum) were
examined. The bottom cell monolayers in the 24-well plates were mock
infected or infected with 100 PFU or 1,000 PFU of HSV-1[17].ICP0O-YFP/
well. After 1 h of adsorption in serum-free media, the inoculum was re-
moved, and medium containing 2% FBS and 1% pooled neutralizing HS
was added. The inserts, which had been separately plated with HaCaT cells
ata density of 2 X 10* cells/insert, were then placed into the 24-well plates
containing the mock-infected or infected monolayers. At different times
after initial infection, the inserts were removed, incubated in a fresh dish
in medium with 2 wM Calcein AM (Invitrogen) for 30 min at room
temperature prior to live imaging microscopy. In separate assays, we con-
firmed that the test migratory cells from the upper inserts remained un-
infected, as expected from the presence of the neutralizing antibody. Im-
ages of cell migration through the pores in response to medium from
uninfected or infected lower chambers were then collected. At least three
random fields using a low-power X 10 objective lens were obtained for
each condition. Representative images are shown and were quantitated
based on the total pixel density (Calcein AM staining) of the test cells for
each condition.

Transmission electron microscopy (TEM). Cells were fixed in 0.5%
glutaraldehyde in 200 mM sodium cacodylate buffer for 30 min, washed
in buffer, and secondarily fixed in reduced 1% osmium tetroxide—1.5%
potassium ferricyanide for 60 min. The samples were washed in distilled
water and stained overnight at 4°C in 0.5% magnesium uranyl acetate,
washed in distilled water, and dehydrated in graded ethanol. The samples
were then embedded flat in the dish in Epon resin. Resin filled stubs were
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placed on embedded cell monolayers and polymerized. The dish was re-
moved, and the sample was reorientated for transverse vertical sectioning.
Semithin survey sections 500 to 1,000 nm were first cut and collected onto
glass slides and then stained with crystal violet. Images were collected on a
Zeiss Axiovert 200M using Axiovision software. The polished block face
and embedded sample were observed through a stereo microscope with a
charge-coupled device (CCD) camera attached to the eyepiece, and im-
ages were collected. The sample was sectioned again when appropriate
transverse sections were observed, and ultrathin sections (typically 50 to
70 nm) were cut and collected onto slot grids, stained with Reynold’s lead
citrate examined in a FEI Tecnai electron microscope with CCD camera
image acquisition.

RESULTS

Altered plaque formation by HSV in human skin cells. We com-
pared plaque formation in Vero cells, a monkey kidney line widely
used for study of growth and replication of HSV, to that in a
human skin keratinocyte line (HaCaT) and a human retinal pig-
ment cell line (RPE). Monolayers in 35-mm dishes were infected
with ~200 PFU of HSV-1[17] and then incubated in the presence
of 1% HS to neutralize extracellular virus and limit plaque forma-
tion to primary plaques formed by cell-to-cell transmission.
Plaques were observed after 60 h by phase-contrast microscopy or
crystal violet staining (Fig. 1). Typical plaques 2 to 3 mm in diam-
eter and with a central clear area resulting from cytocidal cell lysis
were observed in Vero cells, with generally similar results and
somewhat larger plaques in RPE cells (Fig. 1a). In contrast, in
HaCaT cells, while overall plaque numbers were the same (data
not shown), plaque morphology was distinctly different, lacking a
clear central area with, instead, clustered, piled-up cells and a
more uniform circular appearance of the plaque. Of note was the
observation of a distinct zone around the plaques in HaCaT cells.
This reflected the reorientation of the cells in the zone from a more
random shape and organization within the body of the monolay-
ers to a more elongated shape and uniform alignment oriented
toward the plaque center (Fig. 1a, see also Fig. 1b and c and Fig. 4).
This type of plaque morphology was surprisingly long-lived, with
regular piled up clusters being observed for at least 3 to 4 days after
initiation without overt central lysis.

To investigate the altered plaque formation in HaCaT cells, we
used HSV-1[17].ICPO-YFP, a version of HSV-1[17] that expresses
the immediate-early protein ICPO fused to the autofluorescent
protein YFP. After infection with ~100 PFU per dish, individual
developing plaques could be identified, and infected and unin-
fected surrounding cells were simultaneously imaged. Typical re-
sults again demonstrated the absence of a clear plaque and instead
a turbid plaque with numerous cells in a piled-up cluster sur-
rounded by a zone (indicated by a dotted black circle) wherein
uninfected cells could be seen to reorient in a more uniform man-
ner (Fig. 1b). The boundary of this zone from the more proximal
oriented cells to the more distant randomly organized cells was
readily observed (Fig. 1b, circle). The cells within the surrounding
zone did not exhibit any detectable immediate-early ICPO-YFP
expression (see the example with separate channels; there is a zone
indicated by a black circle in the top phase panel, and the same
zone is indicated by a white circle in the GFP channel). Although
these analyses were performed in live cells, we also did not detect
immediate-early proteins (or indeed any of a number of antigens
tested) by immunostaining (data not shown), indicating that
these surrounding cells were as yet uninfected.

We further compared the zones around the boundaries of live
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FIG 1 HSV spread comparison in different cell lines. Monolayers of Vero,
HaCaT, and RPE cells were infected with ~100 PFU of HSV-1[17]/well in the
presence of HS. (a) Bright-field images (X 10 objective lens) of plaques at 72 h
postinfection by live microscopy (upper panels) prior to fixation and staining
with crystal violet (lower panel). (b) Typical plaque formed in HaCaT cells by
HSV-1[17].ICP0O-YFP, showing a merged image of phase and YFP (48 h
postinfection, X 10 objective lens). The dashed black circle indicates the area of
YFP™ cells showing an elongated and oriented morphology compared to the
surrounding cells (outside the circle). The images on the right show each
channel independently, with the corresponding circles indicating the area of
morphologically altered, YFP* cells. (c) HSV-1[17].ICPO-YFP plaques in each
of the cell types indicated (48 h postinfection, X40 objective lens) showing
plaque perimeters (panels i to vi) compared to mock monolayers (panels vii to
ix). Live monolayers were stained with general plasma membrane stain Cell-
Mask (panels iv to ix) compared to the ICPO-YFP signal for virus infection
(panels i to iii). The area of morphologically elongated GFP™ cells is indicated
with a white bracket in the CellMask image (panel v).

plaques in the three cell types using YFP in one channel (Fig. ¢,
panels i to iii) and a total plasma membrane stain (Cellmask) in
the second channel (Fig. 1c, panels iv to vi). For both Vero and
RPE cells, cells beyond the YFP boundary did not exhibit any
specific realignment, and no distinct differences from the general
mock-infected picture could be observed (panels vii and ix). In
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FIG 2 Morphological features of cell plating and growth. Monolayers of Vero,
HaCaT, and RPE cells were plated at different densities. Typical images of live
confluent monolayers (panels i to iii) or subconfluent (panels iv to ix) mono-
layers are shown. Images were recorded using a X40 lens (panels i to iii and vii
to ix) or X 10 objective lens (panels iv to vi). For the HaCaT cell panels, large
arrows indicate small islands of adherent and flattened cells, whereas small
arrows indicate individual rounded cells that have not flattened completely.
For Vero and RPE cells, the individual cells flattened readily and then divided
into islands, whereas for HaCaT cells, the individual cells remained rounded
and poorly spread until present with neighboring cells to form islands.

contrast, in HaCaT cells, a distinct zone of more elongated and
aligned cells could be seen outside the YFP* boundary ((Fig. 1c,
panel v, indicated by a white bracket). Similar results were ob-
tained with other HSV-1 strains, e.g., KOS, and with HSV-2 (data
not shown).

We interpret these results to indicate a qualitative difference in
the response to HSV infection in HaCaT keratinocyte cells sur-
rounding a developing plaque. One possible explanation was that
this reflected not just a morphological reorganization but rather
was a consequence of an active directional migration of the
HaCaT cells with the consequential appearance of aligned, elon-
gated cells. To pursue this, we first investigated basic growth fea-
tures and motility properties in uninfected cells of the three types.

Comparison of cell migration. Prior to analysis of cell motil-
ity, broad features of cell growth and plating were examined (Fig.
2). Each of the lines grew with approximately similar doubling
times (data not shown) and formed confluent monolayers with a
typical morphology seen in many previous studies (Fig. 2, panels i
to iii). We noted that while Vero and RPE cells attached and flat-
tened on the substratum rapidly after low density seeding (Fig. 2,
panels ivand vi), HaCaT cells attached with similar efficiency, but
flattened less well on the substratum until small islands formed
(Fig. 2, panel v). To assess cell motility, we initially performed time-
lapse microscopy in confluent and subconfluent monolayers of each
of the cell types. In initial time-lapse analysis of confluent monolay-
ers, relatively little migration was observed, although certain differ-
ences between the cell types were found, particularly in subconfluent
monolayers. The key features and conclusions of these analyses were
also observed in another type of assay, that of a “gap-filling” assay,
typically used to assess motility and cell migration in a surrogate
wound healing assay. Each of the cell types was plated in a two-cham-
ber insert surrounded by a removable gasket, which when detached
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reveals a 500-pwm gap in the substratum over which the cells then
migrate with time. The results of these time-lapse assays in each line is
summarized in Fig. 3 with accompanying movies showing the pri-
mary data included elsewhere (https://www.dropbox.com/sh
/mhj8p3qhswl4nyt/zk2VmGFjun). These movies, together with
others mentioned below, are supplied as avi or mp4 animations avail-
able for viewing online or download at the link specified at various
places in this study. To aid viewing, the files were further compressed,
which, although reducing overall image quality, maintains the key
qualitative features. File names are accessed using “list view” rather
than “grid view.”

Several notable conclusions were apparent from these analyses.
First, in terms of simple motility into the gap and gap-filling, all of
the lines tested exhibited this activity and with approximately sim-
ilar kinetics, completing gap closure by ~18 h (Fig. 3a, 0 to 18 h
[see also supplementary material the URL above]). However, not-
withstanding the similarity in this simple measure of motility, all
three lines showed quite distinct properties. First and most obvi-
ous was the fact that, while at the beginning of time course all
monolayers had a uniform starting boundary at the edge of the
gap (Fig. 3, 0 h), both Vero and RPE cells then moved into the gap
with broad spreading cell edges, probing the surroundings and
proceeding in a nonuniform uncoordinated manner with an ir-
regular front (Fig. 3a; see Fig. S1 and S2). For ease of reference, this
isindicated by a black line on one boundary of the still images (Fig.
3a). In marked contrast, HaCaT cells migrated with a much more
regular boundary, which moved in a unified front rate and did not
exhibit the broad spreading lamellipodia seen with Vero and RPE
cells (Fig. 3a and see Fig. S3). The time-lapse movies demonstrate
the clear qualitative differences between the cell types in this re-
gard. The differences in the leading edge boundaries are also
shown at a higher magnification in a still image (Fig. 3b).

A second difference between the lines, likely as a consequence
of the difference in migration properties, was that the areas just
behind the leading edge movement in both Vero and RPE cells
exhibited a much lower cell density than the area toward the inte-
rior of the cell sheet. This can be clearly seen in the accompanying
movies but was also quantitated by enumerating cells in defined
areas of interest (AOI) within region A (interior) or B (leading
edge). Example AOI are marked with boxes (Fig. 3a, 18 h). In
HaCaT cells, density within region B, the AOI were similar to
those in region A AOI, whereas for both Vero and RPE cells the
region B densities were noticeably reduced (Fig. 3¢). Finally, and
likely the explanation for these differences, was clearly evident
from the time lapse movies of the gap filling assays (see Fig. S1 to
S3). In Vero cells, it was mainly the cells at the leading edge that
migrated into the gap, with cells at the origin (region A) remaining
largely static. RPE cells also exhibited increased spreading of indi-
vidual cells at the leading edge of the gap, together with some
increased migration into the gap, although these cells were com-
paratively motile even within the denser origin region. However,
HaCaT cells moved at the boundary and the interior at the same
overall rates, migrating as a uniform field, resulting in a homoge-
neous density and a comparatively uniform regular leading edge.
This difference in migration rates between the cell types, especially
in the internal denser areas, was quantitated by tracking individual
cells within region A’s and plotting these as the distance from the
origin versus time (Fig. 3c). Vero cells within the denser region
away from the gap essentially did not move. RPE cells exhibited
distinct uncoordinated motility of individual cells, while HaCaT
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FIG 3 Motility characteristics of the cell lines. Vero, HaCaT, or RPE cell monolayers were plated in a two-chamber system with a removable gasket. As described
in Materials and Methods, the subsequent gap filling assay was analyzed by time-lapse microscopy after removal of the gasket. (a) Individual snapshots at different
times (0 to 18 h) after start of the assay showing gap filling by each of the cell lines. The frontline boundary of moving cells is outlined (black) on one boundary.
Regions termed A within the denser internal area and B at the cell boundary are indicated by brackets. Boxes within the 18-h time point indicate typical AOI used
to calculate cell density as described in the text. (b) Zoomed image (12-h time point) of the boundaries showing the distinct morphology of the migrating cells
at the front. (c) Three independent AOI (black squares) within the defined regions A (original plated area) and B (just behind boundary) were quantified. The
average cell density of an AOI in region A was standardized as 100% and then compared to that in the average AOI from just at the boundary. (d) Quantification
of migration for 10 independent cells within area A for each cell line. Each cell was identified at the start of the time lapse, tracked (one point/5 min) for 18 h, and
positioned from the origin plotted against time. The scales are identical for all cells.
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FIG 4 Polarized migration of HaCaT during plaque progression. Monolayers of HaCaT cells (a and b) or Vero cells (cand d) in 35-mm dishes were infected with
~100 PFU of HSV-1[17].ICP0-YFP/dish in the presence of neutralizing antibody (1% HS) and incubated in an environmentally controlled microscope stage.
Developing plaques were identified between 16 and 24 h and then recorded for both phase and YFP fluorescence for ~18 h (1 frame every 5 min). The still images
(aand c) show the last frame, merged for phase and YFP, of each time-lapse series. The time-lapse series upon which the quantitation was based (1 frame/25 min)
are shown in accompanying movies (Fig. S4 and S5 in the supplemental material [https://www.dropbox.com/sh/mhj8p3qhswl4nyt/zk2VmGFjun]). The altered
zone of cells surrounding the clustered plaque in HaCaT cells was readily observed. Random cells from outside this zone (blue tracks) and inside (red tracks) were
individually tracked during the time lapse, and the distance from origin was plotted as a function of time (b and d).

cells were clearly more motile, independent of density. Together,
these data indicated that in Vero cells, gap filling was mainly due to
significant cell spreading (and cell enlargement), together with
some selective migration of leading edge cells. RPE cells spread
into the gap but were clearly more motile, migrating as individual
cells at the gap edge but also in denser interior areas. HaCaT cells
were distinct, and yet again in that gap filling was less due to cell
spreading and enlargement but rather reflected migration in a
uniform coordinated manner both at the leading edge and in the
interior, more dense areas of the monolayer.

HSYV infection induces polarized migration of keratinocytes.
We next examined the potential for cell migration during plaque
development in HaCaT cells and compared this to Vero cells. Cell
monolayers were infected with ~100 PFU of HSV-1[17].ICPO-
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YFP/dish to allow the identification and monitoring of isolated
developing plaques. Plaque progression was then recorded by
time-lapse microscopy for both fluorescence and phase images
and the merged channels animated as movies (Fig. 4 and see Fig.
S4 and S5 at https://www.dropbox.com/sh/mhj8p3ghswl4nyt/
zk2VmGFjun). At the initiation of the animations (24 h), there
was a clear contrast in plaque morphology. In Vero cells (Fig. 4a
and b and see also the accompanying movie in Fig. $4), the pattern
of infection (YFP fluorescence) spread out from the center, which
already showed a central cytolytic effect, with no overt reorgani-
zation of surrounding cells. In contrast, in HaCaT cells, infection
was in a distinct central focus with a much more defined bound-
ary, surrounded by a zone of cells aligned toward the focus (Fig.
4¢). The accompanying movie (see Fig. S5) shows the striking
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FIG 5 Infected HaCaT cell clustering. Monolayers of Vero, HaCaT, and RPE cells in 35-mm dishes were infected with 100 PFU of HSV-1[17]/well, stained at 24
h postinfection with CellMask, and then fixed with paraformaldehyde. Phase images (lower panels) are included to illustrate the morphological changes used to
identify the viral plaques. Entire plaques were then imaged by z-sectioning (a total of ~116 wm, with intervals of 7 pm/section) from the lower part of the plaque
at the substratum to the most elevated point. The upper panels show the staining in a conventional x,y perspective, with green lines indicating the orthogonal axis
applied for the z-sectioning. The resulting stacks (middle panel) shows the vertical perspective through the center of the plaque for each cell type.

result wherein this surrounding area reflects a zone of very active
cell migration into the developing focus, with cells becoming
YFP* only within the cluster. Individual cells were tracked
throughout the animated series and the results plotted in Fig. 4d.
Cells exhibiting the realigned morphology (red tracks) showed a
distinct directional migration into the focus (see Fig. S4 in the
online material, and this is also plotted Fig. 4d), whereas more
distant randomly ordered cells in the monolayer exhibited very
little migration. In a further series of experiments, we examined
plaque migration by time lapse microscopy in a different human
skin system, using telomerase-immortalized keratinocytes (21)
and observed virtually identical results (data not shown). In con-
trast, in infected Vero cells, although some individual cell migra-
tion appeared, this was then rapidly obscured due to the out-
wardly progressing plaque (Fig. 4a and b). By comparison of both
the visual animations (see Fig. S4 and S5 in the online material
[https://www.dropbox.com/sh/mhj8p3qhswl4nyt/zk2VmGFjun]) and
the behavior and lack of orientation of surrounding uninfected
Vero cells, it was clear that infection progressed in a qualitatively
distinct manner in the two cell types.

The observations of induced cell migration were made under
conditions which restrict transmission by extracellular virus, i.e.,
the presence of neutralizing antibody. In additional studies (data
not shown), we considered whether the induced migration was
dependent upon the presence of neutralizing antibody by con-
ducting time-lapse analysis of plaque progression in semisolid
media. The results demonstrated cell migration independent of
the presence of antibody. However, in the complete absence of
antibody and restricted diffusion, extensive plaque progression
occurred, generally also with increased cytolysis at the center (see
discussion).

Structural analysis of infection in skin cells. We next pursued
the distinct morphological aspects of the focus of infected HaCaT
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cells. Live developing plaques were stained with Cellmask at 24 h
in each of the cell types, the plaques identified in phase and then
imaged through the z dimension (Fig. 5). The resulting stacks
(Cellmask, middle panel) show the vertical perspective through
the center of the plaque (green line, top panels). In contrast to
Vero and RPE cells, in HaCaT cells even by 24 h, the distinct piling
of the cells in the vertical dimension could be observed. To in-
crease the resolution and gain additional insight into the process,
we next performed TEM through the z-dimension of the focus, as
described in Materials and Methods. By first imaging the embed-
ded block (before sectioning) at low magnification on a tilting
stage, the vertical clusters of cells could be readily observed (Fig.
6a). Sequential sections were then cut, stained, and aligned, allow-
ing a higher-level resolution across a single focus (Fig. 6b). The
extremity of the image represents the surrounding zone of cells,
just a single layer deep, that are migrating into the focus. Proceed-
ing to the interior, e.g., the boxed areas in Fig. 6¢, panels 3 and 4,
cells crawling over the bottom layers can be now readily seen, with
many cells at the peak in the center (probably under-representing
the total due to processing). Finally, aligning the sequential sec-
tions from the block, the exact areas corresponding to those in
panel B (numbers 1 to 4) could be identified and analyzed at high
resolution (Fig. 6¢, panels 1 to 4 [the lower panels display enlarge-
ments of the panel insets]). This analysis revealed several features
of virus transmission in these cells.

In the central “older” areas (Fig. 6¢, regions 1 and 2), while
there was a clear cytopathic effect, including marginated chroma-
tin, the cells remained relatively intact, with numerous enveloped
virions in the interstitial space between cells (panel 1 [lower panel,
white outlined arrows]). It is known that skin cells form tight
junctions, and numerous tight junctions could be observed in the
vertical section between cells that had piled up over one another
(Fig. 6¢, panel 2 [lower panel, white arrow]). Considering the cells

jviasm.org 7927


http://www.dropbox.com/sh/mhj8p3qhswl4nyt/zk2VmGFjun
http://jvi.asm.org

Abaitua et al.

155 -«

FIG 6 Ultrastructural characterization of HSV plaques in HaCaT cells. Monolayers of HaCaT cells in 35-mm dishes were infected with 100 PFU of HSV-1[17]/
well and processed at 24 h postinfection for TEM as described in Materials and Methods. (a) Low-power binocular image of the vertical face of the embedded resin
block. This image gives a three-dimensional view along the horizontal surface of the plastic support. Arrows indicate the plaques of clustered piled-up cells, with
the size of the arrow indicating the distance from the block front. (b) The block was then sectioned into semithin survey sections (500 to 1,000 nm) and stained
with crystal violet. Images were collected on a Zeiss Axiovert 200M using a X40 objective lens, and the panels were assembled using Adobe Photoshop. (c)
Sequential ultrathin sections (50 to 70 nm) of the same sample were then obtained and collected onto slot grids, stained, and examined by TEM. Because the
sections analyzed are immediately adjacent to the section stained with crystal violet, corresponding areas could be matched. The TEM images of the sections in
panel ¢, sections 1 to 4, therefore correspond to the boxes in panel b, sections 1 to 4. Upper panels (lower magnification) and lower panels (higher magnification
on inset area) show different features of infection within the plaque as discussed in the text. In the lower panels, the features include extracellular virions (black
arrows with white outline), nucleocapsids (short black arrows), and cell tight junctions (white arrows). In the upper part of panels 3 and 4, cells with no distinct
features of infection (e.g., no early chromatin marginalization) are indicated by long black arrows. Box 5 in panel b shows flat uninfected cells that correspond

to the elongated cells (TEM data not shown).

have moved over one another, these junctions may somehow be
maintained or continuously formed as the cells migrate in the
cluster. Numerous assembled virions were present between these
connections (Fig. 6¢, panel 2 [lower inset]). Few extracellular vi-
rions were present on the outermost surface to the focus. How-
ever, we cannot conclude (and in our view less likely) that there
may be selective virion release on the internal aspect of the clus-
ters, since surface material may have been lost during processing.
Toward the perimeter to the focus, cells just beginning to migrate
over the underlying cells could be observed (Fig. 6¢, panels 3 and
4). The cell in panel 3, shows a migrating elongated cell with a tight
junction (lower inset, white arrow) between the uppermost cell
(which did not yet show overt chromatin margination) and un-
derlying infected cells (upper panel, arrowed capsids in the nu-
cleus). At the extreme perimeter of the focus, the monolayer com-
prised single flat cells with, as expected, no overt cytopathic effect.

HSYV infection induces a paracrine mediator of skin cell mi-
gration. Using both time-lapse microscopy and TEM analysis of
vertical sections, we provide robust evidence for the induction of
HaCaT cell migration and crawling over underlying cells, result-
ing in the focus of infection. Using a well-established cell migra-

7928 jviasm.org

tion assay system (see Materials and Methods), we next addressed
whether there was evidence that these effects could be due to a
paracrine mediator (Fig. 7a). Target HaCaT cells were plated in
the upper chamber insert on a membrane support with defined
8-pm pores (Fig. 7b). The insert was then placed in a dish of test
cells (lower chamber) that were either mock infected or infected
with 100 or 1,000 PFU/dish. All cultures were in the presence of
neutralizing antibody to prevent infectious extracellular virus. We
confirmed that the upper target cells remained uninfected. Cell
migration was then monitored by the presence of cells on the
lower side of the membrane support by live cell staining. Only cells
on the lower side are detected because the membrane is impervi-
ous to the excitation wavelengths. The results demonstrated a very
clear increase in target cell migration with infected test cells com-
pared to uninfected test cells and that this increase showed a dose
response with increasing virus dose. This could be readily seen in
the images of target cell migration taken at low magnification to
avoid sample bias (Fig. 7c) and in the quantitation of the data (Fig.
7d). Identical results were obtained in repeat experiments, and in
experiments using inserts with a 3-pum pore size instead of 8 pm.
In some ways, this system is a more stringent test for paracrine
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FIG 7 Paracrine-induced migration of skin cells by HSV infection. (a) Schematic diagram of culture system used to analyze HaCaT cell migration. The upper
chamber (the insert) contains target cells plated onto a support with defined 8-pm pores. The support is impervious to light transmission. The lower chamber
(a conventional 35-mm dish) contains a monolayer of test cells that would be mock infected or infected with 100 or 1,000 PFU of HSV-1[17].ICP0-YFP/dish. The
cluster of red cells represents a developing plaque. The shading of the media indicates potential secretion of components that might induce cellular migration
through the pores onto the bottom side of the membrane, where they can be detected by live-cell fluorescence staining (Calcein AM). (b) Image of the insert base
support system showing Calcein AM signal through the pores of the membrane of the upper chamber. This represents the background signal. (c) Lower-chamber
cells were mock infected or HSV infected as indicated and incubated with the upper-chamber cells for 72 h; representative low-power images were then taken of
the bottom side of the upper-chamber membrane after staining with Calcein AM. The results show images of the target cells (I to III) for each of the test conditions
(indicated on the left-hand side). (d) Average total Calcein AM staining (pixel density) of target cells after thresholding to remove the defined background signal
(image in panel b). Values were obtained from three random low-power fields for each condition in each of the duplicated samples. The experiment was repeated

three times with similar results.

effects than that occurring during focus formation, since the cells
are not in direct contact with one another. We believe that the
results indicate that HSV-infected skin cells release a soluble me-
diator that can stimulate cell migration. This conclusion is consis-
tent with the observations during focus formation and indicates
that a paracrine effect, at least in part, accounts for the induced
migration of skin cells during virus infection and transmission.

DISCUSSION

Analysis of plaque formation in tissue culture models of infection
represents one of the most fundamental methods used to study
virus replication and cell-to-cell transmission. Notwithstanding
the relatively straightforward concept, the precise mechanisms of
intercellular transmission during plaque formation remain to be
fully understood. Furthermore, recent results show that there are
processes involved in cell-to-cell transmission that had previously
been unrecognized, such as virus surfing in vaccinia virus plaque
formation (17), or the induction of polarized cell-to-cell connec-
tions (14—-16), or possible intercellular transmission via nanotubes
(25). HSV plaque formation and cell-to-cell transmission has
been widely studied in several types of cell lines, generally resulting
in a cytocidal infection producing progeny viruses that efficiently
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spread across the monolayer. Infection produces extracellular vi-
rus which disseminates to surrounding cells, but the majority of
HSV remains cell associated and transmits across cell junctions
despite the presence of extracellular virus-neutralizing antibody,
which otherwise neutralizes extracellular virus. Cell-to-cell trans-
mission clearly represents many cumulative processes, including,
for example, efficiency of virus replication and assembly of infec-
tious particles, transport to the cell surface and potential reorga-
nization of cell-to-cell junctions, intercellular virus transport, and
possible restriction mechanisms that may resist infection (1, 8, 10,
19). However, it has been generally assumed that such transmis-
sion involves the propagation outward from the initially infected
single cell to adjacent surrounding cells and progressively onward
to form the resulting plaque in any particular situation. The re-
sults of the findings reported here indicate that we must add an-
other hitherto-unrecognized factor in describing and accounting
for the overall mechanisms of virus transmission, namely, the in-
duced migration of uninfected cells to the site of infection. Al-
though relatively simple in concept, our observations have signif-
icant implications (Fig. 8).

First, we noted an obvious difference in plaque formation that
generally results in a pronounced cytopathic response, cell lysis,
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FIG 8 Model of plaque progression and cell-to-cell transmission in HaCaT cells. The panels a to ¢ represent the temporal development of the plaque. After initial
infection, gray cell (circled 1), virus spreads intercellularly (circled 2). Additional signaling events, including a paracrine mechanism (circled 3), induce cell
migration (circled 4) to the developing focus of infection. It is possible that intercellular communication (circled 5) contributes to migration, in addition to the
paracrine mechanism. Uninfected cells migrate into and over uninfected cells, and cell-to-cell transmission occurs in reorganized clusters (circled 6 and 7) and,
at least initially, continue to amplify (circled 6) the paracrine signal. The duration of migration (circled 8) and of the paracrine stimulus (circled 9) may be
temporally regulated. This and further aspects of this process are discussed more fully in the text.

and a clear plaque center. In contrast, in HaCaT cells (and in an
independent telomerase-immortalized keratinocyte line, data not
shown), migrating cells crawled over the developing plaque, re-
sulting in a piled cluster and a “turbid” plaque. Although the
transverse electron miscroscopic analysis demonstrated obvious
cytopathic effects, the cells retained structure without overt lysis
and with abundant virus particles between the cells. It is notewor-
thy that previous studies have shown that with vaccinia virus, in
certain cell types, productively infected cells exhibit a general in-
crease in motility (26). Our results pertain to a paracrine stimula-
tion by infected cells of migration in uninfected cells to the site of
infection, although certain features of the underlying mechanism
could be similar. based on the time-lapse microscopy findings, it
would be generally expected that the base and outside layers of the
plaque would be cells in earlier stages of infection as the unin-
fected cells migrated inward. HSV employs several mechanisms in
the attempt to combat apoptosis pathways that are initiated by the
cell (27-31), although, notwithstanding such virus countermea-
sures, a cytocidal lysed plaque phenotype normally results. The
induced migration of skin cells that we observed here may be
unrelated to the relative longevity of the infected cells and forma-
tion of cell clusters, being more related to intrinsic properties of
the cells, e.g., lower capacity for apoptosis or more efficient anti-
apoptosis mechanisms effected by HSV. However, it is tempting
to speculate that the progressive migration of uninfected cells into
and over the infected cells could in some way be directly linked to
prolonged survival (see below). It could be that the association
between incoming uninfected skin cells migrating over infected
cells signals events which reduce cytopathic effects or promote
survival. Using markers for cell death that measure membrane
permeability such as Calcein AM/EthD-1 or trypan blue, we de-
tected little evidence of overt death in the HaCaT cell infected
clusters (data not shown). Clearly, there may be several explana-
tions, and the precise nature of the outcome of infection and re-
lationship to cell migration will be the subject of further study.
Second, the observations of induced cell migration were made
under conditions which restrict transmission by extracellular vi-
rus, i.e., the presence of neutralizing antibody. In additional work
(data not shown), we demonstrated that induced migration oc-
curred independently of the presence of antibody. We also dem-
onstrated in the assay for a paracrine mediator in the two-
chamber system that infected cells, in the presence of purified
immunoglobulin, released a mediator of migration, whereas un-
infected cells did not. Nevertheless, in the absence of antibody and
without semisolid media, the production and diffusion of extra-
cellular infectious virus overran inward cell migration, resulting in
extensive primary plaque formation generally with increased de-
struction in the center. Thus, while neither neutralizing antibody
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(or other serum components) are required for cell migration, the
presence of neutralizing antibody restricting transmission to cell-
to-cell spread revealed the process of migration. However, we be-
lieve that antibody could also somehow contribute to the more
prolonged survival or the reduced cytolytic events that we ob-
served in the skin cell clusters. Keratinocytes are migratory cells
and important players in immune mechanisms, secrete a large
number of other proinflammatory cytokines and chemokines,
and are involved in skin dendritic cell maturation (32-34). It is
possible therefore that skin cells carry out immune effector mech-
anisms or interact with antibody or antibody-virus complexes in
different ways from cells such as Vero or BHK cells. Indeed, it has
recently been shown that antibody-virus complexes can be taken
up by cells and effect intracellular antiviral responses (35, 36). It
will be interesting in future work to examine the contribution of
antibody in skin cells to HSV restriction and whether there is any
contribution by mechanisms other than neutralization of extra-
cellular virus to the phenotype we now observe in infected skin
cells, cell-to-cell transmission, and cell migration.

Finally, we consider two of the most important questions
which these findings raise, i.e., the mechanisms involved and the
importance of the process to virus transmission. With regard to
the mechanism, the two most straightforward explanations con-
cern either (i) a paracrine effect, wherein a soluble mediator se-
creted from infected cells signaled migration toward the highest
concentration at the developing plaque center, or (ii) some form
of structural or mechanochemical signal transmitted via intrinsic
cell-to-cell communication. We certainly do not rule out this lat-
ter possibility, but its investigation is currently beyond the scope
of this work. However, using a recognized method to explore
paracrine stimulation of migration, our results provide evidence
that such a mechanism contributes to the HSV-induced cell mi-
gration observed in this work. Several paracrine mediators, in-
cluding epidermal growth factor, transforming growth factor «,
insulin-like growth factor 1, and platelet-derived growth factor,
have each been shown to induce chemotaxis in keratinocytes (37—
40). Another mediator, keratinocyte growth factor (KGF or
FGF7), a member of the fibroblast growth factors family, is also a
known mediator of keratinocyte migration (41-43) and is a good
candidate for playing a role in orchestrating the activation of pro-
teins involved in keratinocyte cell migration. In terms of other
candidates, we have found no evidence for interferon in condi-
tioned medium from infected HaCaT cells (data not shown).
However, it may also be that HSV-encoded proteins are involved.
Other herpesviruses of the beta- and gammaherpesvirus classes
are known to encode soluble excreted proteins that bind to cellu-
lar chemokines to reduce chemotaxis (44, 45). However, they also
encode chemokine homologues, which, while generally proin-
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flammatory, are thought to act to aid dissemination via hemopoi-
etic cell recruitment (44, 46—48). Moreover, very recent study has
demonstrated that HSV gG (US4), either on the cell surface or as a
secreted product, can act as a potent inducer of chemokine activity
(49). It is therefore possible that HSV-encoded proteins are in-
volved in the skin cell migration that we observed here. Future
investigation will include a candidate approach to examine stim-
ulation of cell and virus factors, as well as an unbiased approach to
characterize the secretome of HSV-infected keratinocytes to iden-
tify and ultimately isolate the factor(s) responsible.

The most straightforward explanation for our results is that
induced cell migration represents one of several countermeasures
promoted by the cells to combat infection. It is possible that the
paracrine effectors observed here act on additional cells in the skin
in vivo, e.g., dendritic cells and that combined extrinsic and cell-
intrinsic mechanisms related to migration act to restrict infection.
However, it is possible, although less likely in our view, that virus
induced migration represents some way to increase the pool of
susceptible cells in the surroundings of neutralizing antibody that
otherwise effectively limits extracellular spread. In conclusion,
just as with many processes elucidated from tissue culture studies,
especially since our observations were obtained in cells of direct
physiological relevance, we propose that induced cell migration
will play an important role in in vivo virus transmission and virus-
host interactions. Although our results raise many questions, they
reveal a hitherto-unrecognized process that must now be taken
into account and investigated.
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