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CD8™" T lymphocytes and class I major histocompatibility complex (MHC-I) molecules profoundly influence
the severity of neuronal herpes simplex virus (HSV) infection in experimentally infected mice. Paradoxically,
neurons are classically regarded as MHC-I deficient. However, it is shown here that H2-encoded heavy chains
(aCs) and their associated light chain, 32 microglobulin, are present on the surfaces of primary sensory
neurons recovered from sensory ganglia within 1 to 2 weeks of HSV infection. During this time, some neurons
are found to be tightly associated with T cells in vivo. Prior data showed that termination of productive HSV
infection in the peripheral nervous system is not dependent on cell-mediated lysis of infected neurons.
Consistent with these data, immunogold electron microscopy showed that the density of cell surface H2 on
neurons is an order of magnitude lower than on satellite glia, which is predicted to favor a noncytolytic CD8

cell response.

Herpes simplex virus (HSV) infection has high community
impact as a result of the high prevalence of genital herpes and
its ability to cause life-threatening infections in immunocom-
promised hosts and sporadic cases of rapidly fatal encephalitis
(35). Consequently, the pathobiology of HSV infection is an
object of intensive study. During initial infection, the virus
spreads by retrograde axonal transport from the skin to pri-
mary sensory neurons, creating the potential for lethal spread
of the virus to the brain (36). Fortunately, neuronal infection is
usually controlled rapidly by timely development of an adap-
tive immune response (28). However, after recovery from pro-
ductive infection, clearance of virus from the host is not com-
plete. Rather, viral genomes persist in a nonreplicating state in
neuronal nuclei, creating a reservoir of infection that periodi-
cally gives rise to reactivations of disease (33).

Considerable progress has been made towards identifying
key components of the host response that terminate the po-
tentially lethal productive neuronal infection associated with
primary herpes simplex. In experimentally infected mice, genes
linked to class I major histocompatibility complex (MHC-I)
loci profoundly influence the severity of acute infection in
sensory nerve ganglia (26). Further, we showed previously that
transcription of MHC-I genes is rapidly upregulated in virtu-
ally all resident cells of an HSV-infected ganglion, including
neurons (20). These data strongly suggest that CD8" T lym-
phocytes, which recognize antigenic peptides in the context of
MHC-I molecules (12), play an important protective role. In
direct support of this proposal, it has been shown that mice
treated with anti-CD8 fail to clear the virus from the nervous
system (27).

Paradoxically, detection of H2 complexes on the surfaces of
neurons in HSV-infected ganglia was found previously to be
problematic (20). This finding reflects the conventional view
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that neuronal MHC-I expression is blocked in order to protect
this vital cell type against attack by cytotoxic CD8" T cells (6).
However, CD8™ cells can mediate their effector functions via
cytokine release rather than cytolysis (29). Further, cytokine-
mediated, noncytolytic responses may be associated with low-
density antigen recognition (1). Significantly, termination of
productive ganglionic HSV infection is not dependent on de-
struction of infected neurons (27), leading to the hypothesis
that prior difficulties in demonstrating neuronal MHC-I ex-
pression might be a result of an unusually low density, rather
than an absence, of H2 molecules at the cell surface.

Several features of the experimental system used to address
this hypothesis require introduction. First, mice were infected
by inoculation of flank skin (25), which results in acute gangli-
onic infection by centripetal spread of virus along sensory
nerve axons, resembling the spread of virus to human ganglia.
This process causes minimal disruption to the physical integrity
of the peripheral nervous system. Second, to distinguish clearly
between neuronal and glial cell surfaces, ganglia were enzy-
matically dissociated prior to labeling. To prevent loss of pu-
tative H2 expression ex vivo, cells were not cultured prior to
analysis. Third, three different techniques for MHC-I detection
were adapted for the present task, including dual-label flow
cytometry and a rosetting procedure shown to be up to 100
times more sensitive than cytotoxicity for detection of cell
surface MHC-I molecules (19, 23). Finally, immunoelectron
microscopy was used to obtain independent confirmation that
neuronal membranes were fully dissociated from satellite glia
and to compare the densities of MHC-I molecules induced on
different cell types.

It has been shown that H2-encoded heavy chains («Cs) and
the associated light chain, B2 microglobulin (82m), are present
on the surfaces of primary sensory neurons recovered from
sensory ganglia at times concurrent with, and several days
after, virus clearance. In contrast, neurons obtained from la-
tently infected ganglia were MHC-I negative. Induction was
widespread and outlasted detectable productive infection in
the vast majority of cells. Finally, the density of cell surface H2
was approximately 10-fold lower on neurons than on satellite
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glial cells. Nonetheless, T cells and neurons were detected in
close physical contact in vivo.

MATERIALS AND METHODS

Virus and infection of mice. HSV-1, strain SC16 (4), was grown and titrated in
Vero cells and stored at —70°C until required. SC16 is a well-characterized
low-passage oral isolate that is neuroinvasive and neurovirulent when inoculated
into mouse flanks (25). Female C57BL/10, C3H, CBA, BALB/c, and BALB/k
mice (Specific Pathogen Free Facility, Animal Resource Center, Perth, Western
Australia, Australia) were infected when they were more than 8 weeks old.

Experiments were done with a well-characterized murine model of HSV in-
fection that is described in detail elsewhere (25). Briefly, 2 X 10° PFU of SC16
was introduced into the peripheral nervous system by retrograde axonal trans-
port along spinal nerves after scarification of left mid-flank skin with a 27 gauge
needle through a 10-pl drop of virus suspension (2 X 107/ml).

Quantification of virus in ganglia. Ganglia (T8-T13) were homogenized in 1
ml of cell culture maintenance medium, and 10-fold dilutions of homogenate
were tested for infectious virus with a standard plaque assay (21), as previously
described (25).

Enzymatic dissociation of ganglia and enrichment of neurons. Thoracic gan-
glia (T8-T13) from which spinal nerves had been removed were dissociated by
incubation for 3 h at 37°C with collagenase and dispase (1 mg/ml in phosphate-
buffered saline [PBS] [Boehringer Mannheim]). Prior to rosetting and flow
cytometry, dissociated ganglionic cells were separated from axonal debris by
centrifugation (800 X g, 10 min, 4°C) in a 25 to 40% Percoll gradient. A two-step
procedure was used to enrich dissociated cells for neurons prior to electron
microscopy procedures: after removal of axonal debris, cells were fractionated
according to size by rate-zonal centrifugation (100 X g, 8 min, 4°C) in 30%
Percoll.

Antibodies. For flow cytometry, cells were labeled with 34-1-2S (anti-K9*/D9;
ATCC HB79) and/or rabbit anti-human PGP9.5 (Ultraclone, Isle of Wight,
United Kingdom), followed by a cocktail of phycoerythrin (PE)-conjugated anti-
mouse immunoglobulin G2b (IgG2b) (Caltag, South San Francisco, Calif.) and
fluorescein isothiocyanate (FITC)-conjugated anti-rabbit Ig (Zymed, South San
Francisco, Calif.). PGP9.5 (protein gene product 9.5) is a marker for all neurons
in the central and peripheral nervous systems. In rosetting reactions, the follow-
ing primary antibodies were used to detect aCs: 34-1-2S, SFI1-1.1 (anti-K%;
Pharmingen, San Diego, Calif.), and 36-7-5 (anti-K¥; Pharmingen). S19.8 (34)
was used to detect 2m. Primary antibodies used in immunohistochemistry were
as follows: to detect T cells, a rabbit anti-human serum to the teliologically
conserved cytoplasmic region of the CD3 epsilon chain (Dakopatts, Glostrup,
Denmark); to stain neurons, polyclonal rabbit anti-human PGP9.5 (Ultraclone).

Flow cytometry. After removal of axonal debris, dissociated ganglionic cells
were fixed in 2% paraformaldehyde and permeabilized with 0.1% saponin (22)
prior to labeling. Preparations were analyzed with a Coulter EPICS XL-MCL
flow cytometer (Coulter, Hialeah, Fla.).

Rosetting. The proportion of neurons expressing 32m and aCs on their sur-
faces was determined with a monoclonal antibody (MADb)-based rosetting pro-
cedure, using protein A-coated sheep erythrocytes (SRBC) as described (23).
Specificity was stringently controlled by studying the mouse strain distribution
pattern of reactivity between allele-specific antibodies and their targets. The
number of rosette-forming cells (RFCs) counted in order to ensure statistically
defensible accuracy was determined by the frequency of rosette formation.

Immunoelectron microscopy. Neurons were labeled with 34-1-2S (1 h, 4°C)
followed by protein A-gold (15-nm gold particles, 1 hr, 4°C) and fixed overnight
in 4% paraformaldehyde-0.25% glutaraldehyde in PBS containing 4% sucrose.
Preparations were processed according to standard methods for transmission or
scanning electron microscopy (TEM and SEM, respectively). For detection of
gold particles by SEM a back-scatter detector was used in conjunction with a
Philips XL 30 microscope.

Immunohistochemistry. Paraffin-embedded sections (5 pm thick) were stained
for the presence of lymphocytes with rabbit anti-human CD3. Prior to incubation
with antiserum, antigen was retrieved by a standard microwave procedure (10).
Binding of anti-CD3 was detected with biotinylated goat anti-rabbit Ig, followed
by streptavidin-peroxidase complex and 3,3’-diaminobenzidine containing 0.1%
H,O0, (all serological reagents were from Dakopatts). Antibody reactions were
45 min at room temperature, and sections were washed twice for 10 min in PBS
between steps. Slides were lightly counterstained with hematoxylin.

RESULTS

Termination of productive infection. Prior data indicated
that ganglionic infection in BALB/c mice infected with 2 X 10°
PFU of HSV-1, strain SC16, resolves 8 days after virus inocu-
lation. Productive infection of spinal ganglia is confined to
neurons between the 8th and 13th thoracic segments (T8-T13),
ipsilateral to the site of cutaneous inoculation (30). At the peak
of infection (day 5), viral antigens can be detected in up to 13%
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FIG. 1. Mean daily virus recovery from ganglia (T8-T13) of BALB/c mice
inoculated (day 0) with 2 X 10° PFU of HSV-1, strain SC16. No virus was
recovered on day 8.

of neurons, located mainly at T8 and T9 (30). After termina-
tion of productive infection, HSV DNA is not eliminated from
the PNS; rather, viral genomes persist in a latent nonreplicat-
ing state in approximately 1% of thoracic ganglionic neurons
(28). This is typical of infection in several experimental models.
Clearance kinetics were confirmed in the present mouse colony
by recovering infectious virus from spinal ganglia removed
daily from groups of 10 infected mice (Fig. 1). In terms of
ganglionic virus load, infection peaked 5 days after inoculation
and was terminated in all mice by day 8.

Colocalisation of H2K® and a neuronal antigen, PGP9.5.
Seven days after inoculation, density gradient and rate zonal
centrifugation steps were used to enrich 150 enzymatically
dissociated BALB/c (H2?) ganglia for cells with a diameter of
~20 pm or greater which, on the basis of their large size, were
presumed to be neurons. To confirm the identity of these cells
and determine whether H2 antigens could be detected on their
surfaces, flow cytometry was used to detect simultaneously a
neuron-specific cytoplasmic antigen, PGP9.5, and cell surface
H2K? (Fig. 2). Of the PGP9.5-positive cells, 62.9% were found
to coexpress H2K?. The mean PE (H2) fluorescence of
PGP9.5-positive cells (i.e., neurons) was 3.6 times lower than
that of PGP9.5-negative cells (i.e., principally glia), implying
that the density of H2 molecules on neuronal surfaces is lower
than on satellite cells.

Enumeration and characterization of MHC-I-specific RFCs.
Neuronal H2 expression was further characterized by roset-
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FIG. 2. Analysis of ganglionic cells by dual-label flow cytometry at 7 days
after inoculation. Conjugate controls are shown in the lefthand panel. In the
righthand panel, quadrants A and D represent cells stained with either HB79-
FITC (anti-H2) or PGP9.5-PE (a neuronal marker) alone. The intensity of PE
fluorescence of the majority of cells in quadrant A is very low, such that the signal
lies on the y axis. Heavy points represent 10 or more cells. Quadrant C shows
double-negative cells, whereas quadrant B shows HB79 and PGP9.5 double-
positive cells, i.e., H2-positive neurons. The mean HB79-PE fluorescence (H2) of
cells in quadrant A is 3.6 times that of those in quadrant B.
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FIG. 3. (a) Light micrograph of a neuronal rosette viewed under a coverslip
(diameter of sSRBC, 4.4 pm). RFCs were enumerated with a Neubauer counting
chamber. (b) TEM illustrating direct contact between membranes of sRBC
(black cells) and a rosette-forming neuron.

ting, which allowed us to confirm that H2 molecules were
present on neuronal membranes rather than on contaminating
fragments of glial cells. First, aC-specific neuronal rosettes
were formed by sequential incubation of dissociated ganglionic
cells with anti-H2 MAbs and protein A-coated sRBC. In the
first instance, cell suspensions were prepared from a group of
five BALB/c (H2K?) mice killed 8 days after HSV infection;
30.8% of neurons reacted (Fig. 3a) with MAb 34-1-2S (anti-
H2K**/D9), in contrast with neurons from a matched group of
uninfected mice, which were H2 negative in this test. To check
the specificity of rosetting, we determined the mouse strain
distribution pattern of reactivity between neurons and a panel
of reagents comprising 34-1-2S and two other allele-specific
anti-H2 antibodies, namely SF1-1.1 (anti-K“) and 36-7-5 (anti-
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TABLE 1. Mouse strain distribution pattern of reactivity between
anti-H2 antibodies and primary sensory neurons from HSV-
infected mice

Antibody specificity”

Mouse strain H2 type

Kp/pd K KX
C57BL/10 K°/DP + NT —
BALB/c KYD? + + -
CBA K*/D¥ — — +
C3H K¥/DX - — +
BALB/k K*/D¥ — NT +

“+, 15 to 30% specific rosette formation on neurons isolated from pooled
thoracic ganglia at 8 days after infection; —, no specific rosette formation; NT,
not tested.

K¥). Each antibody reacted only as expected, i.e., with cells of
the corresponding mouse haplotype (Table 1).

B2m is an integral component of the molecular complex
responsible for presenting antigens to CD8 T cells (5) and is
expressed at the cell surface only in association with MHC-I
heavy chains and antigenic peptides. Detection of cell surface
B2m was regarded as a surrogate marker of expression of
potentially functional MHC-I complexes.

To determine whether B2m was present on neuronal sur-
faces, groups of 10 C57BL/10 mice were killed 5, 8, and 13 days
after HSV infection and ganglionic cell preparations were re-
acted with MADb S19.8. The specificity of the reaction was
stringently controlled by exploiting the fact that S19.8 identifies
a unique allele of B2m expressed only by mice with the C57BL
genetic background (34).

Five days after inoculation, corresponding with the peak of
infection (Fig. 1) (25), p2m was not detected on neuronal
surfaces. By day 8 after inoculation, 30.1% of neurons from
C57BL/10 thoracic ganglia were B2m positive, closely resem-
bling the proportion of neurons on which aCs were detected by
rosetting at this time. By day 13, the proportion of ganglionic
neurons (T8-T13) which formed B2m-specific rosettes had
risen to 60%, approaching the proportion which had been
found to be aC positive by FACS on day 7. On this basis, FACS
appeared to be the more sensitive technique. In terms of the
specificity of rosetting, S19.8 did not react with neurons from
CBA, C3H, BALB/c, or BALB/k animals, from which it was
concluded that the rosetting reaction was specific for f2m.
These data were confirmed in several independently infected
groups of mice (data not shown).

In order to address the concern that detection of MHC-I
molecules on neuronal surfaces, whether by flow cytometry or
rosetting, could be an artifact resulting from failure to enzy-
matically disrupt the tight association between neurons and the
plasma membranes of surrounding satellite glia (18), RFCs
were fixed and their ultrastructure was examined at high res-
olution by electron microscopy (Fig. 3b). Rosettes were found
to be formed by direct interaction between neuronal surfaces
and sRBC, from which it was concluded that primary sensory
neurons are capable of expressing MHC-I molecules at the cell
surface.

Direct contact between neurons and T cells. To determine
whether T cells in HSV-infected ganglia make direct contact
with neurons, ganglia were removed 7 days after inoculation
(five mice) and tissue sections were stained with anti-CD3
antibody. T cells were abundant, comprising the majority of
infiltrating inflammatory cells at this time (Fig. 4A). Unexpect-
edly, some cells which would have been regarded in hematox-
ylin-stained sections as satellite glia on the basis of their prox-
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FIG. 4. HSV-infected ganglion stained for CD3-positive cells, showing close direct contact between a primary sensory neuron and a flattened T cell (arrow),
disclosed by the presence of cytoplasmic CD3. The section (5 pm thick) was lightly counterstained with hematoxylin.

imity to neurons and flattened appearance were CD3 positive
(e.g., Fig. 4B). It was concluded that T cells were tightly asso-
ciated with neurons concurrent with termination of infection.
At earlier times after inoculation, T cells comprised only a
minor fraction of infiltrating inflammatory cells, and contact
between T cells and neurons could not be detected.

Neuronal MHC-I expression is not maintained in latently
infected ganglia. To determine whether cell surface MHC-I
expression is maintained by the restricted viral transcription
associated with HSV latency (33), five mice were killed 64
weeks after infection and fractionated ganglionic neurons were
tested by rosetting for the presence of cell surface f2m. In
concordance with the previous failure to detect MHC-I tran-
scripts by in situ hybridization during latency (20), $2m mole-
cules were not detected on neurons from latently infected mice
or uninfected controls. From these data, it was concluded that
latent infection does not stimulate continued expression of
MHC-I molecules on neuronal surfaces. It remains to be
shown whether this is related to the host’s inability to eradicate
the virus.

Surface density of MHC-I is lower on neurons than on
satellite glia. FACS analysis had implied that satellite glia
express a greater number of MHC-I molecules per unit of
surface area than do neurons. However, direct assessment of
the relative amounts of H2 on each cell type was not felt to be
possible by this technique, as a result to the perceived potential
problem of artifacts created by a small proportion of neurons
to which glial membranes remain attached.

Therefore, to quantify the density of H2 on the surfaces of
neurons (Fig. 5a) and satellite glia (Fig. 5b), immunogold TEM
was used to localize 34-1-2S (H2K") epitopes on the surfaces of
cells dissociated from BALB/c ganglia removed 7 days after
infection. In some preparations, ganglia were dissociated par-
tially by shorter exposure to collagenase and dispase (e.g., Fig.
5b), allowing positive identification of satellite glia by their
attachment to neurons. The number of gold grains per unit of
length of the cell membrane was 17 * 2.1 (mean * standard
deviation) for satellite cells and 1.8 * 0.2 for neurons. The
surface density of H2 molecules on neuronal surfaces was
therefore estimated to be ~10 times lower than on surround-
ing satellite glia.

Immunogold SEM with back-scatter showed that epitopes
identified by 34-1-2S were distributed evenly over the neuronal
surface (Fig. 6). On random cuts of the SEM images, the

density of gold grains detected by SEM correlated well with
that measured by TEM (data not shown).

We estimate that neurons have on average a surface area
~10 times that of satellite glia, based on their diameters when
dissociated. On this basis, it is likely that the numbers of
MHC-I molecules synthesized by each cell type are similar.

DISCUSSION

Under normal conditions, lack of neuronal MHC-I expres-
sion is primarily the result of constraints on the transcription of
genes encoding aCs, 32m, and the transporter associated with
antigen processing (TAP) (6). Previously, we showed that these
constraints are relaxed in response to HSV infection (20);
here, we show that class I molecules are expressed on neuronal
surfaces. These data address a long-standing controversy re-
garding the ability of neurons to express MHC-I molecules.
CD8" cells, which must be presented with antigens by MHC-1
molecules (12), were shown previously to play a critical role in
terminating productive ganglionic infection (27). This finding,
in conjunction with the present observations, suggests strongly
that HSV infection restores the capacity of primary sensory
neurons to interact directly with lymphocytes.

Prior data indicating that neurons are able to express
MHC-I molecules are limited, and many reports indicate that
they do not (e.g., references 2, 6, 13, and, a review, 16). How-
ever, it has been reported that peripheral sensory neurons are
susceptible, at very high effector-to-target ratios (ca. 100:1), to
lysis by alloreactive T cells (7). Paradoxically, cell surface
MHC-I molecules were not detected directly, perhaps, as sug-
gested by the present study, because their density is unusually
low. In addition, MHC-I expression by central nervous system
motor neurons has been reported after peripheral nerve sec-
tion (11). More recently, electrically silent neurons in culture
were shown to express MHC-I in a gamma interferon (IFN-vy)-
dependent manner (14), although there is no reason to sup-
pose that HSV causes widespread down-regulation of neuronal
activity in an infected ganglion. The molecule responsible for
neuronal MHC-I induction in response to HSV is therefore
not known, but prior studies have suggested that it arises from
infected neurons (20). A neuronally derived molecule that is
similar, but not identical, to IFN-y has been reported by two
groups (8, 17) and remains a strong candidate. It has also been
suggested that normal sensory neurons may synthesize conven-



6488 PEREIRA AND SIMMONS J. VIROL.

(b)

FIG. 5. (a) Immunoelectron micrograph showing part of a primary sensory neuron isolated from a preparation of BALB/c ganglia at 7 days after HSV inoculation
and stained with HB79 (anti-H2%) and 15-nm protein A-gold. Gold particles (arrowheads and enlarged inset) mark the locations of H2¢ molecules on the neuronal
surface, which were enumerated per unit of length of plasma membrane. (b) Part of a neuron incompletely dissociated from surrounding glia, demonstrating the
relatively high density of H2 molecules (clusters of gold particles [arrowheads]) on satellite cells.

tional IFN-y (15), and IFN-y has recently been shown to reg- with the disappearance of infectious virus. Therefore, the great
ulate the phenotype of HSV in vivo (9). majority of the neurons on which MHC-I molecules could be

The time course of MHC-I induction merits discussion. H2 detected in the present study were not, at the time analyzed,
antigens were first detected 7 days after infection, coincident productively infected. There are two possible implications of

FIG. 6. Immunogold SEM showing part of the surface of a single neuron recovered from a ganglion at 7 days after HSV inoculation. (Left) Conventional image
to confirm that the cell surface was devoid of glial debris. (Right) Back-scatter image to detect the presence of gold on the plasma membrane. There is widespread
random distribution of gold-tagged H2 molecules (bright spots) over the cell surface. The diameter of the cell was ~60 wm.
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these data. First, neuronal infection may be terminated rapidly
as a direct result of the appearance of MHC-I molecules on the
surfaces of infected neurons. In support of this hypothesis, it
was recently shown that termination of HSV infection in spinal
ganglia of C57BL/10 mice, judged by the disappearance of
antigen-positive neurons, is precipitous, taking only 8 to 16 h
(32). Perhaps productively infected neurons are sought out and
destroyed by MHC-I-restricted cytotoxic T cells, but at least
three observations do not support this hypothesis: (i) termina-
tion of productive infection is not dependent on neuronal
destruction (27); (ii) expression of HSV «-47 is known to turn
off the TAP, particularly in human fibroblasts (3); and (iii) the
relatively low density of H2 on neurons compared with glia is
predicted to favor a noncytolytic response. A second possibility
is that virus structural antigens are displayed at the neuronal
surface for perusal by CD8" T cells immediately following
virus uptake, allowing immune intervention prior to the onset
of virus gene expression. This may serve a purpose unrelated to
clearance of HSV from productively infected ganglia; specifi-
cally, it might inhibit virus spread and even enhance establish-
ment of latency in neurons adjacent to those infected produc-
tively (31).

Ganglionic infection peaked 5 days after inoculation, and
clearance of infectious virus commenced 6 to 7 days after
inoculation and was complete by day 8. At the peak of infec-
tion, three or four of the six spinal ganglia studied (T8-T13)
contain productively infected neurons, judged by the presence
of infectious virus or viral antigens (30). In the current work,
H2 molecules could be detected by rosetting on the surfaces of
60% of neurons 13 days after inoculation, which most likely
comprises virtually all neurons recovered from productively
infected ganglia in the sample. In support of this proposal,
upregulation of MHC-I transcription was demonstrated previ-
ously in all neurons in approximately two-thirds of ganglionic
profiles studied by in situ hybridization (20).

In summary, we have shown that sensory neurons not only
transiently express MHC-I molecules at the cell surface in
response to viral infection but also make close direct contact
with T cells in vivo. The major implication of these data is that
neurons are not as invisible to the immune system as previously
thought.
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