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Modulation of host immune responses has emerged as a common strategy employed by herpesviruses both
to establish life-long infections and to affect recovery from infection. Herpes simplex virus 1 (HSV-1) blocks the
major histocompatibility complex (MHC) class I antigen presentation pathway by inhibiting peptide transport
into the endoplasmic reticulum. The interaction of viral gene products with the MHC class II pathway,
however, has not been thoroughly investigated, although CD4� T cells play an important role in human
recovery from infection. We have investigated the stability, distribution, and state of MHC class II proteins in
glioblastoma cells infected with wild-type HSV-1 or mutants lacking specific genes. We report the following
findings. (i) Wild-type virus infection caused a decrease in the accumulation of class II protein on the surface
of cells and a decrease in the endocytosis of lucifer yellow or dextran conjugated to fluorescein isothiocyanate
but no decrease in the total amount of MHC class II proteins relative to the levels seen in mock-infected cells.
(ii) Although the total amount of MHC class II protein remained unchanged, the amounts of cell surface MHC
class II proteins were higher in cells infected with the UL41-negative mutant, which lacks the virion host shutoff
protein, and especially high in cells infected with the �134.5-negative mutant. We conclude that infected cells
attempt to respond to infection by increased acquisition of antigens and transport of MHC class II proteins
to the cell surface and that these responses are blocked in part by the virion host shutoff protein encoded by
the UL41 gene and in large measure by the direct or indirect action of the infected cell protein 34.5, the product
of the �134.5 gene.

Herpes simplex virus 1 (HSV-1) has evolved numerous
mechanisms to evade or counteract innate and specific host
immune responses (reviewed in references 23, 28, and 51).
These strategies promote escape from phagocytes, comple-
ment, NK cells, and cytotoxic T cells (CTL). In particular, CTL
have been shown to be crucial for control of both productive
and latent virus infections, and this is mirrored in the plethora
of mechanisms which members of the Herpesviridae family
have adopted to evade major histocompatibility complex
(MHC) class I-mediated immune responses (39). HSV-1 and
HSV-2 encode at least one protein, the infected cell protein
(ICP) 47, which is dedicated to the evasion of CTL-mediated
responses to infection (53). ICP47 disrupts normal peptide
loading of MHC class I molecules by disabling peptide trans-
port mediated by TAP1/TAP2 (13, 19). However, the extent to
which HSV-1 can interfere directly with the MHC class II
antigen presentation pathway is not known, despite the role of
CD4� T cells in coordinating immune responses and in limit-
ing HSV-1 replication and spread.

The protective capacity of the CD4� T-lymphocyte subset
has been described for several model systems. Mice deficient in
CD4� T cells exhibit increased susceptibility to cutaneous
HSV-induced lesions, implicating these cells in the control of
zosteriform disease (29). Furthermore, MHC class II-mediated

immune responses are critical in the protection of mice from
ocular or intraperitoneal challenge after vaccination (15, 35).
Importantly, CD4� T cells also act to control HSV infection in
the central nervous system and trigeminal ganglia. In the mu-
rine model of infection, either CD4� T or CD8� T cells alone
can clear virus from the trigeminal ganglia, suggesting that
both subsets operate to promote the establishment of latency
(16), and mice depleted of CD4� T cells experience more
severe infections of the nervous system (37). Furthermore,
CD4� cells are also implicated in limiting latent infection fol-
lowing challenge in a replication-defective vaccination model
(35).

A pathogenetic function also ascribed to CD4� T cells dur-
ing HSV-1 keratitis is the induction of a bystander inflamma-
tory response and the induction of cytokines in both human
and murine infections (14, 38). In humans, virus-reactive
CD4� T cells have been shown to localize to the cornea and
are implicated in an immunopathological role in keratitis eti-
ology (24). Also, mononuclear infiltrates in murine models of
HSV encephalitis comprise both CD4� and CD8� T cells,
which have been implicated in immune-mediated pathology (7,
22, 36).

The contribution of CD4� T cells to the immune control of
virus infections and to disease exacerbation can be attributed
to the release of cytokines, direct contact with other lympho-
cytes, or cytotoxic activity. In addition to direct antiviral effects
associated with the release of gamma interferon, the release of
cytokines is critical to the stimulation of cytotoxic CD8� T
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cells, the activation of B cells and the development of virus-
specific antibody, and the activation of nonspecific immune
cells such as NK and macrophages. Thus, CD4� T cells play an
important role in coordinating and promoting immune re-
sponses.

Because CD4� T cells are believed to exert both protective
and pathogenic roles during HSV infections, attenuation or
modulation of CD4� T-cell function may represent an obvious
and potentially critical requirement of this highly successful
pathogen. Recent studies have shown that HSV-1 can diminish
the T-cell stimulatory capacity of dendritic cells, B lymphoblas-
toid lines, and macrophages (3, 20, 25, 46). However, these
studies indicated that HSV-1 does not directly target MHC
class II cell surface expression.

We sought to determine whether HSV-1 could interfere with
antigen presentation via the MHC class II pathway. The stud-
ies were done with U373-MG glioblastoma cells stably trans-
fected with the major MHC class II transcriptional activator
(CIITA). This system is relevant in that glial cells, from which
the malignant glioblastomas are derived, are a natural MHC
class II protein-expressing cell type infected by HSV-1 in vivo
(30). U373 cells normally produce low levels of MHC class II,
which can be upregulated upon exposure to interferons. U373
lines stably expressing CIITA synthesize levels of MHC class II
required for biochemical and fluorescence-activated cell sorter
(FACS) analysis and are capable of presenting antigens to
CD4� T cells in vitro (50). Furthermore, unlike many immor-
talized B-lymphocyte lines used in MHC class II analyses,
those used in our studies were not complicated by underlying
latent infections with Epstein-Barr virus. We present evidence
that HSV-1 can downmodulate MHC class II cell surface ex-
pression in glioblastoma cells. Furthermore, HSV-1-infected
cells undergo a cellular response resulting in elevated class II
surface expression and increased endocytosis, and HSV-1 dis-
ables this cellular response through a mechanism dependent
on expression of the �134.5 gene product.

MATERIALS AND METHODS

Cells and viruses. The U373-MG HisCIITA human glioblastoma lines His16
and His28 were described elsewhere (50). The cell lines were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum.

HSV-1(F) is the prototype HSV-1 strain used in this laboratory (11). The
following mutant strains were used in these analyses: R3616, which lacks 1 kbp
in both copies of the �134.5 gene (8); R325, which lacks the carboxyl-terminal 200
codons of the ICP22 gene (41); R7041, which lacks codons 69 to 357 of the US3
gene (42); R7356, which lacks codons 155 to 412 of the UL13 gene (43); R2621,
in which the Escherichia coli lacZ replaced the UL41 open reading frame encod-
ing the virus host shutoff (vhs) protein (40); and R7032, which lacks the gene
encoding the US8 open reading frame (ORF) (32). Viruses were propagated in
HEp-2 or Vero cells obtained from the American Type Tissue Collection and
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum (HEp-2) or newborn calf serum (Vero). The titers of the viruses
were determined on Vero cells.

Antibodies. The following antibodies were used in these studies: monoclonal
antibody DA6.147, which recognizes HLA-DR� chains, and monoclonal anti-
body PIN.1, which is specific for invariant chain (gifts from P. Cresswell, Yale
University); and fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-con-
jugated anti-HLA-DR (clone TÜ36), anti-HLA-A, -B, and -C (clone G46-2.6),
and anti-CD71 (transferrin receptor, clone M-A712) antibodies, which were
purchased from BD PharMingen.

FACS analysis of cell surface proteins and endocytic uptake of fluorescent
tracers. Cells grown in 25-cm2 flasks were exposed to 10 PFU of virus per cell
and incubated at 37°C. At the times indicated in Results, cells were dislodged
from the plastic surface with versene, chilled to 4°C, rinsed three times with cold

phosphate-buffered saline (PBS), fixed in 2% paraformaldehyde, rinsed again
three times with cold PBS, reacted with FITC- or PE-conjugated anti-HLA-DR,
anti-HLA-A, -B, and -C, or anti-CD71 antibodies according to the manufactur-
er’s recommendations, rinsed again with cold PBS, and analyzed in a FACscan
II (Becton-Dickinson). The data were analyzed with the aid of CellQuest (Bec-
ton-Dickinson) software. Alternatively, mock- and virus-infected cells were har-
vested as described above, reacted with antibodies, rinsed in PBS, and analyzed
directly or fixed in 2% paraformaldehyde prior to analysis. In double-stain
experiments, single-stained controls were used to appropriately adjust fluoro-
chrome compensation levels. Channel FL1 was used for FITC, and FL2 was used
for PE. To test the effect of the proteasomal inhibitor MG132 on cell surface
class II protein accumulation, the medium from infected cells was replaced at the
times indicated in Results with fresh medium or fresh medium supplemented
with 5 �M MG132 (BioMol) or 20 �M carboxybenzyl-leucyl-leucyl-leucine vinyl
sulfone (Z-L3-VS; obtained from H. Ploegh, Harvard University) (5). Cells were
harvested for FACS analysis as described above. For endocytosis studies, cells
grown in 150-cm2 flasks and exposed to 10 PFU of virus per cell were harvested
by trypsin digestion at the times indicated in Results. The dislodged cells were
rinsed and resuspended in prewarmed medium containing 1 mg of FITC-conju-
gated dextran (Mr, 40,000; lysine fixable) per ml or lucifer yellow (potassium salt)
(Molecular Probes). Cells were exposed to the fluorescent tracers for 15 or 30
min at 37°C with rotation, rinsed three times with cold PBS containing 2% fetal
bovine serum and one time in cold PBS, fixed, and subjected to FACS analysis
as described above. The background for each sample was determined by the
inclusion of a duplicate maintained at 4°C during the exposure time.

Preparation of cell lysates and immunoblotting. Cells grown in 25-cm2 flasks
were harvested 12 h after exposure to 10 PFU of virus per cell, rinsed with PBS,
and fractionated in lysis buffer containing 25 mM Tris, 250 mM NaCl, 5 mM
EDTA, 0.1% Triton X-100, and 1% (vol/vol) protease inhibitor cocktail (Sigma).
Lysates were rotated at 4°C for 1 h, and nuclei were pelleted by centrifugation.
Seventy-five micrograms of protein from the cytoplasmic fractions was subjected
to electrophoresis in sodium dodecyl sulfate (SDS)-polyacrylamide gels, trans-
ferred to a nitrocellulose sheet, and reacted with antibody DA6.147 and then
with horseradish peroxidase-conjugated goat anti-mouse antibody (Sigma).
Bound antibodies were visualized by chemiluminescence (ECL, Amersham
Pharmacia Biotech UK).

[35S]methionine labeling and immunoprecipitation. Replicate 25-cm2 flask
cultures were radiolabeled with [35S]methionine-cysteine (110 �Ci/1 � 106 to
3 � 106 cells) for 2 h immediately before or after exposure to 10 PFU of virus per
cell, rinsed extensively with unlabeled media, replaced with unlabeled media, and
harvested at the intervals stated in Results. To test the effects of the proteasomal
inhibitor MG132, cells were labeled for 2 h immediately after infection, exposed
to medium containing 5 �M MG132 at 4 h after infection, and harvested at 2, 4,
8, or 12 h after infection. In all experiments, cell lysates were precleared with 20
�l of rehydrated protein A beads and class II complexes were immunoprecipi-
tated with antibody DA6.147 from pooled replicate cultures disrupted with 1%
digitonin lysis buffer as described elsewhere (50). Antigen-antibody complexes
were captured with 50 �l of rehydrated protein A beads preincubated with
unlabeled lysate from mock-infected cells. During the last rinse, each sample was
divided into two aliquots and resuspended in loading buffer containing 2% SDS
and 5% �-mercaptoethanol. One aliquot was boiled for 5 min, and the replicate
was left at room temperature. Samples were separated by SDS-polyacrylamide
gel electrophoresis. Gels were fixed in a mixture of methanol, acetic acid, and
water (2:1:7) and dried, and radiolabeled proteins were visualized by autoradiog-
raphy.

Invariant chain analyses were performed as described elsewhere (50). In brief,
cells were pulsed with [35S]methionine-cysteine 2 h prior to infection, and cells
were harvested 12 h after infection or in a second experiment at 0 or 12 h after
infection. To immunoprecipitate total invariant chain, cells were solubilized in
Tris-buffered saline (TBS; 25 mM Tris [pH 7.4], 150 mM NaCl) with 1% SDS
and protein complexes were denatured by incubating lysates at 95°C for 10 min.
Lysates were diluted 10-fold in TBS containing 1% NP-40 prior to immunopre-
cipitation with antibody PIN.1. MHC class II-associated invariant chain was
analyzed first by disruption of cells in digitonin lysis buffer and immunoprecipi-
tation with antibody DA6.147. MHC class II protein complexes were eluted in
TBS containing 1% SDS. Complexes were denatured by heating at 95°C for 10
min, diluted 10-fold in TBS containing 1% NP-40, and reimmunoprecipitated
with antibody PIN.1. After electrophoretic separation of immunoprecipitated
proteins, the gels were fixed, dried, and visualized by autoradiography or trans-
ferred to nitrocellulose prior to visualization by autoradiography. To control for
the specificity and efficacy of total and sequential immunoprecipitations, the
blots also were probed with DA6.147 or PIN.1 and the bands were visualized by
chemiluminescence.
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RESULTS

Decreased cell surface MHC class II in HSV-1-infected gli-
oblastoma cells. To test whether HSV-1 can interfere with or
modulate antigen presentation via the MHC class II pathway,
we analyzed the consequences of viral infection of two clones
of U373-MG glioblastoma cells stably transfected with CIITA,
the major MHC class II transactivator. These were the U373-
His28 and U373-His16 cell lines, which express high and mod-
erate levels of MHC class II proteins, respectively. In this
series of experiments, replicate cultures of His28 and His16
cells grown in 25-cm2 flasks were exposed to 10 PFU of virus
per cell. At 12 and 16 h after infection, the cells were dislodged
from the plates, fixed in paraformaldehyde, and reacted with
fluorescently conjugated HLA-DR-specific antibody (clone

TÜ36). This antibody reacts with the class II� chain of class II
complexes and does not detect isolated class II� chains. The
percentage of cells expressing cell surface HLA-DR molecules
and the mean fluorescence of the cell population in which class
II complexes were detected were quantified by FACS analysis.

As shown in Fig. 1 and Table 1, there was a clear shift toward
decreased MHC class II surface expression at 12 and 16 h after
infection in both cell lines compared to the results for mock-
infected cultures. By 12 h after infection, the mean fluores-
cence in HSV-1(F)-infected cells was approximately twofold
lower than those observed in mock-infected cells in both the
high- and moderate-level MHC class II-expressing lines. The
diminished mean fluorescence also correlated with a decrease
in the percentage of cells with detectable MHC class II protein
at the cell surface. In the high-level class II-expressing His16
line, the small decrease in the percentage of cells expressing
detectable class II observed at 12 h was magnified at 16 h after
infection, when 37% fewer cells expressed detectable surface
class II protein (Table 1). A similar loss was observed in in-
fected His28 cells. In the second experiment, 19% fewer cells
expressed detectable cell surface levels of MHC class II by 13 h
after infection in both cell lines.

To test whether the loss of cell surface MHC class II pro-
teins in infected cells was due to enhanced degradation of
these proteins by the ubiquitin proteasome-mediated pathway,
MHC class II surface levels were measured after treating cells
with proteasomal inhibitors. In the next series of experiments,
His16 cells and His28 cells were mock infected or exposed to
10 PFU of HSV-1(F) per cell. At 8 h after infection, the
medium was replaced with fresh medium or medium contain-
ing 5 �M MG132. In a second experiment (His16 only), me-
dium was replaced 6 h after infection with fresh medium or
medium supplemented with either 5 �M MG132 or 20 �M
Z-L3-VS. At 12 or 14 h after infection, the cells were harvested,
reacted with anti-HLA-DR antibodies, and analyzed by FACS.
As shown in Fig. 2 and Table 2, exposure to proteasomal
inhibitors did not result in increased accumulation of MHC
class II protein at the cell surface. Furthermore, the absence of
an effect on the MHC class II surface phenotype could not be
ascribed to low permeability of the drug under these condi-
tions, as treatment with Z-L3-VS has been previously shown to
act in U373-MG cells (50).

FIG. 1. Histograms of cell surface MHC class II levels in mock- and
HSV-1(F)-infected CIITA-transfected U373-MG cells analyzed by
FACS. Replicate 25-cm2 flask cultures were mock infected or exposed
to 10 PFU of HSV-1(F) per cell, harvested at 12 or 16 h after infection,
fixed in paraformaldehyde, and analyzed for cell surface MHC class II
expression by FACS. Histograms are shown for high-level class II-
expressing His16 or moderate-level class II-expressing His28 cells at
16 h after infection reacted with PE-conjugated anti-HLA-DR anti-
body.

TABLE 1. Cell surface MHC class II expression in mock- and F-infected glial cellsa

Cell line Virus
12–13 h after infection 16 h after infection

% Positive Mean fluorescence % Positive Mean fluorescence

Expt 1 His16 Mock 99 181 99 132
HSV-1 (F) 91 92 62 60

His28 Mock 56 130 50 103
HSV-1(F) 37 59 14 46

Expt 2 His16 Mock 96 � 0.4 139 � 9.7 ND ND
HSV-1(F) 77 � 3.0 66 � 4.0 ND ND

His28 Mock 40 � 2.8 72 � 4.1 ND ND
HSV-1(F) 21 � 0.8 41 � 0.7 ND ND

a Cells were reacted with PE-conjugated anti-HLA-DR antibodies and subjected to FACS analyses as described in Materials and Methods. ND, not determined. In
experiment 1, replicate 25-cm2 cultures were harvested, combined, and analyzed at 12 and 16 h after infection. In experiment 2, triplicate 25-cm2 flasks were harvested
at 13 h after infection and standard deviation values are included.
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HSV-1 gene products affect MHC class II expression. A
possible explanation for the loss of MHC class II molecules on
cell surfaces is that the synthesis of these proteins ceases after
infection. One potential culprit is the vhs protein, the product
of the UL41 ORF. This protein induces a nonspecific degra-
dation of mRNA early in infection. To test this hypothesis,
replicate cultures of His16 cells grown in 25-cm2 flasks were
exposed to 10 PFU of HSV-1(F) or R2641 (�UL41) per cell.
At 4, 8, and 12 h after infection, the cells were harvested and
cell surface class II levels were quantified by FACS analysis as
described in Materials and Methods. The results (Fig. 3) were
as follows. The mean fluorescence reflecting the presence of
MHC class II proteins in HSV-1(F)-infected cells decreased by
as early as 8 h (1.3-fold lower than values for mock-infected
cells), and surface class II levels continued to fall such that by
12 h, mean fluorescence was approximately 1.6-fold lower than
mock values. In contrast, the mean fluorescence of cells ex-
posed to R2641 was approximately 1.5-fold higher than that of
mock-infected cells at both 8 and 12 h after infection.

In the second series of experiments, we set out to determine
if additional virus gene products could influence cell surface
levels of MHC class II. His16 and His28 cells grown in 25-cm2

flasks were exposed to 10 PFU of wild-type parent HSV-1(F)
or the deletion mutants R3616 (��134.5), R325 (��22), R7041
(�US3), or R7356 (�UL13) per cell. The cells were harvested
at 14 h after infection and subjected to FACS analysis as
described in Materials and Methods. The results (Fig. 4) were
as follows.

(i) In both His16 and His28 cell lines, the accumulation of
cell surface MHC class II proteins 14 h after infection with
wild-type HSV-1(F) decreased by between 50% (His16) and
30% (His28).

(ii) In cells infected with R3616 (��134.5 mutant), there was
a twofold increase in the amount of cell surface MHC class II
proteins compared to that of mock-infected cells and as much
as a three- to fourfold increase compared to that of HSV-1(F)-
infected cells. The percentage of His28 cells in which MHC
class II was detected rose from 46% (mock-infected) to 86%
(R3616-infected).

(iii) In cells infected with the R325 (��22), R7041 (�US3),
or R7356 (�UL13) mutants, MHC class II cell surface protein
levels were either similar to those of mock-infected cells (�US3
or �UL13 mutants) or reproducibly slightly elevated (��22
mutant).

FIG. 2. Histograms of cell surface MHC class II levels in mock- and HSV-1(F)-infected CIITA-transfected U373-MG cells treated with
proteasomal inhibitors and analyzed by FACS. Replicate 25-cm2 flask cultures of His16 cells were mock infected (thin lines) or exposed to 10 PFU
of HSV-1(F) per cell (thick lines) and treated with the proteasomal inhibitors MG132 or Z-L3-VS at 6 h after infection. The cells were harvested
at 12 h after infection, fixed in paraformaldehyde, and analyzed for cell surface MHC class II expression by FACS. Histograms are shown for
high-level class MHC II-expressing His16 cells reacted with PE-conjugated anti-HLA-DR.

TABLE 2. Effect of proteosomal inhibitors on surface class II expressiona

Cell line Virus
No treatment MG132 Z-L3-VS

% Positive Mean fluorescence % Positive Mean fluorescence % Positive Mean fluorescence

Expt 1b

His16 Mock 99 264 99 299 NDd ND
HSV-1(F) 98 137 98 150 ND ND

His28 Mock 50 139 51 144 ND ND
HSV-1(F) 36 88 35 71 ND ND

Expt 2c

His16 Mock 83 71 89 74 88 80
HSV-1(F) 46 48 60 54 49 45

a Cells were reacted with PE-conjugated anti-HLA-DR antibodies and subjected to FACS analyses as described in Materials and Methods.
b Cells were treated with MG132 8 h after infection and harvested for analysis at 12 (His16) or 14 (His28) h after infection.
c Cells were treated with MG132 or Z-L3-VS 6 h postinfection and harvested for analysis 12 h after infection. The lower basal levels of surface class II in experiment

2 reflect the use of higher-passage cells in this experiment.
d ND, not determined.

VOL. 76, 2002 CELL SURFACE MHC CLASS II PROTEIN REGULATION 6977



The changes in MHC class II cell surface expression in
infected cells could not be attributed to the reaction of anti-
bodies with intracellular antigen. Analyses of unfixed cells
yielded the same distribution of MHC class II surface proteins
as that obtained on fixed cells reacted with antibody (data not
shown). Furthermore, cells infected with a mutant harboring a
disruption of the US8 gene, which encodes gE, exhibited the
same loss of cell surface MHC class II levels as did wild-type-
infected cells (data not shown). Thus, the Fc binding proper-
ties of gE/gI also are unlikely to account for the elevated cell
surface MHC class II levels in R3616 (��134.5)- and R2621
(�UL41)-infected cells.

We conclude from these studies that the accumulation of
MHC class II proteins on the surface of infected cells is reg-
ulated by viral gene products. A central question arising from
these results is whether the cell surface MHC class II levels in
cells infected with these viruses reflect a change in the total
amount of MHC class II protein or a redistribution of the
proteins in cellular compartments.

The decrease in MHC class II proteins on the surface of
infected cells does not reflect a decrease in the total amounts
of the proteins. To test whether the levels of MHC class II
proteins at the cell surface reflect changes in the total amounts
of class II present in the infected cells, 25-cm2 flask cultures of
His16 cells were mock infected or exposed to 10 PFU of HSV-
1(F) parent or deletion mutant virus per cell. The cells were
harvested at 12 h after infection, solubilized, subjected to elec-
trophoresis in a denaturing polyacrylamide gel, transferred to
a nitrocellulose sheet, and reacted with antibody to DA6.147,
which specifically recognizes MHC class II� chains. The re-
sults, shown in Fig. 5, indicate that the amounts of MHC class
II� chains in mock-infected cells were not significantly differ-
ent from those present in lysates of cells infected with the
wild-type or mutant viruses. Analyses of MHC class II� chain
levels in lysates of mock- or virus-infected His28 cells yielded
similar results (data not shown). These results indicate that the
decrease in the cell surface MHC class II protein was the
consequence of redistribution rather than a substantial loss or
gain of these proteins.

The increase in MHC class II proteins in cells infected with
R3616 (��134.5) or R2621 (�UL41) is not due to a general
increase in the accumulation of cell surface proteins. One
hypothesis that could explain the results obtained with the
R3616 and R2641 deletion mutants is that the increased accu-
mulation of MHC class II proteins reflects a general increase
in the accumulation of cellular proteins on the cell surface. To
test this hypothesis, replicate 25-cm2 flask cultures of His16 or
His28 cells were harvested at 13 h after mock infection or
exposure to 10 PFU of wild-type parent or R3616 or R2621
mutant virus per cell. Cells were reacted with antibodies to
MHC class II or class I proteins or the transferrin receptor and
subjected to FACS analysis. The results for both cell lines (Fig.
6) were as follows.

(i) In mock-infected cells, cell surface MHC class I and II
molecules were expected to exhibit similar stability over the
time period used in this experiment, and thus, analysis of MHC
class I molecules served as a useful control. Cell surface MHC
class I levels were diminished in R3616-, R2621-, and HSV-
1(F)-infected His28 cells relative to those observed in mock-
infected cells. A similar pattern was observed in the His16
cells, with the exception of R2621-infected cells, which exhib-

FIG. 3. Effect of the virus host shutoff function on accumulation of
cell surface MHC class II levels in infected cells. Replicate 25-cm2 flask
cultures of His16 cells were mock infected (diamonds) or exposed to 10
PFU of HSV-1(F) (squares) or R2621 (triangles) per cell. Cells were
harvested at 4, 8, and 12 h after infection, fixed in paraformaldehyde,
and analyzed for cell surface MHC class II expression by FACS. Mean
fluorescence values are shown for high-level MHC class II-expressing
His16 cells reacted with PE-conjugated anti-HLA-DR.

FIG. 4. Effects of various virus gene deletions on accumulation of
cell surface MHC class II in infected CIITA-transfected U373-MG
cells. Replicate 25-cm2 flask cultures of His16 (A) or His 28 (B) cells
were mock infected or exposed to 10 PFU of the indicated viruses per
cell. The genes disrupted in each virus strain are indicated above the
bars. At 14 h after infection, cells were harvested, fixed in paraformal-
dehyde, and analyzed for cell surface MHC class II expression by
FACS. MHC class II cell surface mean fluorescence values are shown
for cells reacted with PE-conjugated anti-HLA-DR.
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ited MHC class I surface levels comparable to those of mock-
infected cells.

(ii) The levels of transferrin receptor detected at the cell
surfaces were slightly elevated in most infected cells and were
highest in R2621-infected cells. This pattern suggests the pos-
sibility that in wild-type-virus-infected cells, there is a turnover
of transferrin receptor without replenishment by new biosyn-
thesis due to the activity of the vhs protein.

(iii) Compared to those of mock-infected cells, MHC class II
cell surface levels were elevated in R3616- and R2621-infected
cells but were diminished in wild-type-virus-infected cells.

These results demonstrate that the three cell surface pro-
teins examined in this study exhibited distinct patterns of mod-
ulation upon infection. On the basis of these results we con-
clude the following. First, increased surface levels of MHC
class II proteins in cells infected with the R3616 (��134.5)
mutant do not reflect an overall increase in the accumulation
of cell surface proteins in infected cells. Second, vhs appears to
cause a reduction in the accumulation of MHC class II proteins
on infected cell surfaces.

Differential synthesis and maturation of class II complexes
in infected cells. In this series of experiments, pulse-chase
radiolabeling and immunoprecipitation experiments were per-
formed with an anti-class II DR� antibody, DA6.147. This
antibody efficiently precipitates mature, peptide-loaded class II
complexes as well as immature class II complexes associated
with invariant chain or invariant chain cleavage products. In
these experiments, the biosynthesis and maturation of class II
complexes were compared among CIITA-transfected
U373-MG cells that were mock infected or exposed to 10 PFU
of HSV-1(F), R3616 (��134.5), or R2621 (�UL41) per cell.

In the first experiment (Fig. 7) the cells were radiolabeled

with a [35S]methionine-cysteine mixture for 2 h immediately
after infection. After the labeling period, the cells were rinsed
extensively with prewarmed unlabeled medium and incubated
in unlabeled medium for chase periods of 0, 2, and 6 h. At
these times, cells were harvested and solubilized and MHC
class II complexes were immunoprecipitated. During the last
rinse, antigen-antibody complexes bound to beads were di-
vided into two equal aliquots. One aliquot was boiled for 5 min
to disrupt SDS-stable peptide-loaded complexes. Both the
boiled and unboiled samples were subjected to electrophoresis
in denaturing polyacrylamide gels, and MHC class II com-
plexes and their constituent molecules were visualized by au-
toradiography. The generation of SDS-stable peptide-loaded
complexes was evaluated by comparing boiled and unboiled
samples from mock- and virus-infected lysates. The results
were as follows.

(i) A general comparison of the MHC class II biosynthetic
profiles shown in Fig. 7A (2 h after infection, no chase period)

FIG. 5. Phosphorimage of electrophoretically separated cell lysates
reacted with antibody recognizing MHC class II� chains. Replicate
25-cm2 flask cultures of His16 cells were mock infected or exposed to
10 PFU of the indicated viruses per cell, harvested 12 h after infection,
and solubilized. Equivalent amounts of protein from each lysate were
electrophoretically separated in a denaturing gel, electrically trans-
ferred to a nitrocellulose sheet, and reacted with antibody DA6.147.

FIG. 6. Effects of various gene deletions on accumulation of cell
surface MHC class I and II and transferrin receptor levels in infected
CIITA-transfected U373-MG cells. Replicate 25-cm2 flask cultures of
His16 (A) and His 28 (B) cells were mock infected or exposed to 10
PFU of the HSV-1(F), ��134.5, or �UL41 viruses per cell. In a second
experiment, triplicate 25-cm2 flask cultures were infected as described
above. At 13 h after infection, cells were harvested, fixed in parafor-
maldehyde, reacted with appropriate antibodies, and analyzed by
FACS. Cells were reacted with PE-conjugated anti-HLA-DR and
FITC-conjugated anti-HLA-A, -B, or -C or PE-conjugated anti-
HLA-DR and FITC-conjugated anti-CD71. Cell surface mean fluo-
rescence values for MHC class II (hatched bars), MHC class I (dotted
bars), and transferrin receptor (unfilled bars) were normalized to mock
levels. Standard deviation values were calculated from four indepen-
dent samples derived from two experiments for each cell line.
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revealed substantial differences in the incorporation of the
radiolabeled amino acids into MHC class II complexes in in-
fected cells. In HSV-1(F)-infected cells (lanes 3, 4, 11, and 12),
much lower levels of class II�, class II�, and invariant chains
were observed compared to those of mock-infected cells (lanes
1, 2, 9, and 10). In R2621-infected cells (lanes 7, 8, 15, and 16),
class II protein levels were slightly higher than those observed
in mock-infected cells. In R3616-infected cells, the levels of
newly synthesized class II complex constituents were similar to
(His28) or somewhat lower than (His16) those observed in
HSV-1(F)-infected cells. This was consistent, at least in part,
with the expression of the vhs protein in cells infected with the
R3616 (��134.5) virus mutant.

(ii) After a 2-h labeling period, class II� and -� chains in all
samples were typical of newly synthesized molecules in the
endoplasmic reticulum, with each chain generally appearing as
a single band, except the class II� chain, which appeared as a
doublet (Fig. 7A, no chase, bands a and b). In mock-infected
cells at 8 h after infection (Fig. 7B, 6-h chase), modified forms
of class II� and -� and invariant chains appeared (Fig. 7B,

lanes 1, 2, 9 and 10, bands a	 and b	). MHC class II� and -�
chain profiles in R2621-infected cells were similar to profiles in
mock-infected cells at this time (Fig. 7B, lanes 7, 8, 15, and 16).
In cells infected with HSV-1(F), class II� and -� chains were
predominantly in faster-migrating forms than those observed
in mock-infected cells (compare lanes 1 and 2 to 3 and 4, bands
a versus a	 and b versus b	). Very little monomeric � and �
chains of the MHC class II complex were visible at 8 h after
infection with the R3616 mutant (lanes 5, 6, 13, and 14).

(iii) At 2 h after infection (Fig. 7A, 0-h chase), stable, pep-
tide-loaded class II complexes had not yet formed in either cell
line. By 8 h after infection, the presence of mature � and �
chains also correlated with the appearance in mock-infected
cells of SDS-stable �� dimers loaded with peptides. The ��
dimers were disrupted upon boiling (Fig. 7B, lanes 1 and 2).
SDS-stable dimers also were observed in R2621-infected cells
(Fig. 7B, lane 7). In HSV-1(F)- and R3616-infected cells, the
absence of detectable stable dimers could have been related to
the general decrease in the amount of radiolabel incorporated
into the MHC class II complexes or the generation of peptide-
loaded complexes that were not resistant to SDS (Fig. 7B,
lanes 3 to 6 and 11). Thus, it was not possible to assess the
impact of these infections on class II peptide-loaded dimer
formation when using these labeling conditions.

(iv) At 2 h after infection, invariant chain (Ii) isoforms are
efficiently immunoprecipitated with class II complexes in
mock- and virus-infected cells. In human cells, four Ii isoforms
can be synthesized: two are differentiated by alternately spliced
forms (p33 and p41), and the other two are differentiated by
alternate translation initiation sites (p35 and p43). In mock-
infected cells at 8 h after infection, the p33 isoform migrated
slightly faster than class II� chains (Fig. 7B, band c), whereas
the p35 isoform and modified p33 isoforms could not be un-
ambiguously differentiated from class II� chains. The p41 iso-
form was clearly observed (band d). The amounts of Ii chains
correlated with the overall level of radiolabel incorporation in
the different infections. The exception to this pattern was the
loss of p41 Ii associated with class II complexes at 8 h after
infection in R3616-infected cells (compare Fig. 7A, band d,
lanes 5 and 6 to Fig. 7B, lanes 5 and 6).

MHC class II� and -� and Ii chain bands appeared dimin-
ished at 8 h compared to those at 2 h after infection in HSV-
1(F)- and R3616-infected cells. To test whether the diminished
levels of the constituent molecules of the class II complex at 8 h
could be attributed to proteasomal degradation, cells were
infected and labeled as described above, treated with MG132
at 4 h after infection, and harvested at the times indicated. The
results (Fig. 8, 8 h after infection) showed that exposure of cells
to MG132 did not change the profiles of accumulated proteins
(compare lanes 1 and 2 to 3 and 4, 5 and 6 to 7 and 8, 9 and 10
to 11 and 12, and 13 and 14 to 15 and 16). Therefore, the
discrepancy in the levels of monomeric chains between 2 and
8 h after infection shown in Fig. 7 could not be attributed to
degradation of class II complexes by a ubiquitin-mediated pro-
teasomal pathway.

Maturation of class II complexes synthesized prior to infec-
tion. Maturation of MHC class II protein complexes also was
followed in cells pulse-labeled with [35S]methionine for 2 h
prior to infection in order to control for the variable levels of
class II synthesis after infection. In this experiment, proteins

FIG. 7. Autoradiographic image of electrophoretically separated
MHC class II complexes immunoprecipitated with antibody DA6.146
from mock- or virus-infected cell lysates. Replicate 25-cm2 flask cul-
tures of His16 and His28 cells were mock infected or exposed to 10
PFU of the HSV-1(F), ��134.5, or �UL41 viruses per cell. To radio-
label proteins, cells were incubated in the presence of [35S]methionine
for 2 h after infection. Cultures were washed with unlabeled media,
and at 2 h (panel A, no chase period), 4 h (2-h chase period, data not
shown), or 8 h (panel B, 6-h chase period) after infection, the cells
were harvested and solubilized. MHC class II complexes were immu-
noprecipitated with DA6.147 antibody, separated in 10% denaturing
gels, and visualized by autoradiography. Plus and minus signs indicate
whether or not samples were boiled. MHC class II� and -� chains,
SDS-stable dimers, and p33 and p41 invariant chain isoforms are
indicated on the left with arrowheads. The positions of the molecular
weight markers are indicated on the right.
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were radiolabeled for 2 h immediately preceding infection.
After the labeling period, cells were rinsed extensively with
prewarmed unlabeled medium and exposed to 10 PFU of the
indicated viruses per cell for 1 h, incubated in unlabeled me-
dium for 8 or 12 h (9- or 13-h chase period, respectively), and
processed as described above. The results for His16 (Fig. 9A)
and His28 (Fig. 9B) were as follows.

(i) As expected, the overall levels of [35S]methionine incor-
poration were similar in mock- and virus-infected cells under
these conditions. Differences in the amounts of label incorpo-
rated between the two cell lines reflect different levels of MHC
class II proteins synthesized in the high (His16) and moderate
(His28) lines (Fig. 9).

(ii) Peptide-loaded SDS-stable MHC class II dimers ap-
peared in mock-, HSV-1(F)-, R3616-, and R2621-infected cells
at both time points (Fig. 9, band a). Because not all peptide-
loaded complexes are stable in the presence of SDS, the total
levels of peptide-loaded MHC class II dimers could not be
compared directly.

(iii) MHC class II complexes still associated with Ii or Ii
fragments are sensitive to SDS, and therefore, full-length Ii
chain molecules and fragments of Ii should be similar in boiled
and unboiled samples. As expected, disruption of peptide-
loaded SDS-stable dimers by boiling led to an increase in
mature monomeric � and � chains in immunoprecipitations in
all samples analyzed (Fig. 9, compare boiled and unboiled
lanes, bands b and c). There were two important differences
among these virus infections. First, compared to the levels in

mock-infected, HSV-(F)-infected, and R2621-infected cell ly-
sates, there was a greater increase in mature monomeric forms
of class II� and -� chains upon boiling, especially at 12 h after
infection (lanes 5, 6, 13, and 14, band a), in both His16 and
His28 cells infected with R3616. Second, full-length p41 Ii was
diminished in MHC class II complexes in R3616-infected ly-
sates, consistent with sequential cleavage of Ii that precedes
the loading of complexes with peptide antigens.

Altered invariant chain isoforms associated with class II
complexes in infected cells. MHC class II complexes associate
with invariant chains in the ER as a nonameric complex (three
Ii chains and three �� dimers) and ultimately localize to an
endosomal compartment where Ii is cleaved in a stepwise pro-
cess prior to the loading of peptide antigens in the binding
groove of the MHC class II dimer. The isoforms associated
with class II complexes can influence the route of complexes to
early endosomes (52) and can potentially influence the activity
of proteases in endosomal compartments (4, 12). The results of
experiments described earlier in the text suggest that at later
times in infection (8 to 12 h), MHC class II protein complexes
in R3616-infected lysates exhibited diminished association with
full-length p41 Ii compared to those of mock-, HSV-1(F)-, and
R2621-infected lysates. To confirm the loss of full-length Ii
with MHC class II complexes in R3616-infected cells, total Ii
and class II-associated Ii were compared in infected cells
pulsed with [35S]methionine for 2 h prior to infection. After the
labeling period, cells were rinsed extensively with prewarmed
unlabeled medium and cultures were exposed to 10 PFU of the

FIG. 8. Autoradiographic image of electrophoretically separated MHC class II complexes immunoprecipitated with antibody DA6.146 from
mock- and virus-infected cells treated with the proteasomal inhibitor MG132. Quadruplicate 25-cm2 flask cultures of His16 cells were mock
infected or exposed to 10 PFU per cell of the HSV-1(F), ��134.5, or �UL41 viruses per cell. To radiolabel proteins, cells were incubated in the
presence of [35S]methionine for 2 h after infection. MG132 was administered to one half of the cultures at 4 h after infection. Cells were harvested
at 2, 4, 8, or 12 h after infection, and results from the 8-h time point are shown. At each time point, cells were harvested and solubilized and class
II complexes were immunoprecipitated with DA6.147 antibody. Proteins were separated in 10% denaturing gels and visualized by autoradiography.
Plus and minus signs indicate the presence and absence of MG132 and whether or not samples were boiled. MHC class II� and -� chains,
SDS-stable dimers, and p33 and p41 invariant chain isoforms are indicated on the left with arrowheads. The positions of the molecular weight
markers are indicated on the right.
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indicated viruses per cell for 1 h and then incubated in unla-
beled medium for an additional 12 h. At these times, cells were
harvested and solubilized. MHC class II complexes were de-
natured, and total Ii chains were immunoprecipitated with
antibody PIN.1. From replicate samples not subjected to de-
naturing conditions, class II complexes were immunoprecipi-
tated and denatured and MHC class II-associated Ii were im-
munoprecipitated with antibody PIN.1.

SDS-polyacrylamide gel electrophoresis analyses of total ly-
sates showed that all samples incorporated equivalent amounts
of label (data not shown). The results (Fig. 10) indicated that
although the total Ii levels were similar in the various lysates
(lanes 1 to 3), lower levels of full-length Ii were associated with
class II complexes in R3616-infected lysates than in mock- and
HSV-1(F)-infected lysates at 12 h after infection (lane 6 versus
lanes 4 and 5; note bands a and c). Rather, recently synthesized
MHC class II complexes in lysates from cells infected with the

�134.5 mutant were predominately associated with a band mi-
grating at an Mr of approximately 35,000. This band was most
likely the p35 Ii isoform (band b).

From analysis of MHC class II complex biosynthesis and
maturation in mock- and HSV-1(F)-infected cells, we conclude
the following. (i) MHC class II protein accumulation in HSV-
1(F)-infected cells was restricted in a manner independent of
the ubiquitin-proteasome pathway but dependent on the vhs
function encoded by the UL41 gene product. (ii) There ap-
peared to be a block in processing or transport of class II� and
-� chains synthesized after infection. Finally, (iii) infection did
not disrupt the maturation of previously synthesized class II
complexes. In contrast to what was found in HSV-1(F)-in-
fected cells, very little monomeric MHC class II� and -� chains

FIG. 9. Autoradiographic image of electrophoretically separated
MHC class II complexes synthesized prior to infection and immuno-
precipitated with antibody DA6.146 from mock- and virus-infected
cells. Replicate 25-cm2 flask cultures of His16 (A) and His28 (B) cells
were incubated in the presence of [35S]methionine for 2 h immediately
preceding infection to label cellular proteins. Cultures were washed
with unlabeled media and mock infected or exposed to 10 PFU of the
HSV-1(F), ��134.5, or �UL41 viruses per cell. At 8 h (9-h chase
period) or 12 h (13-h chase period) after infection, cells were harvested
and solubilized and MHC class II complexes were immunoprecipitated
with DA6.147. The proteins were separated in 10% denaturing gels
and visualized by autoradiography. Plus and minus signs indicate
whether or not samples were boiled. MHC class II� and -� chains,
SDS-stable dimers, and p33 and p41 invariant chain isoforms are
indicated on the left with arrowheads. The positions of the molecular
weight markers are indicated on the right.

FIG. 10. Autoradiographic image of electrophoretically separated
total cellular and MHC class II-associated invariant chain isoforms.
Quadruplicate 25-cm2 flask cultures of His16 cells were incubated in
the presence of [35S]methionine for 2 h immediately preceding infec-
tion to label cellular proteins. Cultures were rinsed with unlabeled
media and mock infected or exposed to 10 PFU of the HSV-1(F),
��134.5, or �UL41 viruses per cell. At 12 h after infection, cells were
harvested and solubilized. Total invariant chain was immunoprecipi-
tated with antibody PIN.1. In replicate samples, MHC class II com-
plexes were immunoprecipitated with antibody DA6.147. Subse-
quently, MHC class II complexes were isolated and denatured, and
samples were subjected to a second immunoprecipitation with anti-
body PIN.1. The proteins were separated in 10% denaturing gels and
visualized by autoradiography. The positions of the molecular weight
markers are indicated on the right.
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were evident in R3616-infected lysates in which proteins were
labeled prior to infection and in which SDS-stable peptide-
loaded dimers were not disrupted (unboiled) at 12 h after
infection. Monomeric � and � chains became apparent upon
disruption of SDS-stable dimers. Also in contrast to HSV-1(F)-
infected cells, the amounts of MHC class II-associated full-
length invariant chain isoforms were decreased in R3616-in-
fected cells, suggesting that invariant chain was cleaved in this
population of class II complexes. One interpretation of these
results is that the majority of MHC class II complexes synthe-
sized prior to infection in R3616-infected cells were loaded
with peptide by 12 h after infection.

Altered endocytic capacity in infected cells correlates with
the class II surface phenotype. MHC class II complexes are
typically loaded with exogenously derived peptides derived
from antigens captured by endocytosis in antigen-presenting
cells. The rate of antigen uptake through endocytosis is con-
trolled in professional antigen-presenting cells. To determine
whether the cellular changes observed in cells infected with
R3616 included the regulation of endocytic capacity, the up-
take of fluorescent tracers was monitored in infected cells.
His28 cells in 150-cm2 flasks were mock infected or exposed to
10 PFU of HSV-1(F) or R3616 per cell, harvested at 13 h after
infection, and divided into replicate samples and exposed for
15 or 30 min at 37°C to untreated medium or medium con-
taining the fluorescent tracers lucifer yellow or FITC-dextran.
At the end of the exposure interval the cells were rinsed and
analyzed by FACS. Lucifer yellow is a hydrophilic dye taken up
exclusively through macropinocytosis (fluid-phase endocytosis)
in dendritic cells. FITC-conjugated dextran is taken up pre-

dominantly through macropinocytosis but can also enter cells
through receptor-mediated endocytosis by binding the man-
nose receptor (47).

As shown in Tables 3 and 4, at 13 h after infection the uptake
of both tracers was diminished in HSV-1(F)-infected cells
compared to that in mock-infected cells. Because low levels of
lucifer yellow were measured, uptake was evaluated according
to the percentage of cells exhibiting positive fluorescence (Ta-
ble 3). Uptake and quantification of FITC-dextran were effi-
cient, with 86 to 88% of cells exhibiting positive fluorescence
after a 30-min exposure interval, and thus, mean fluorescence
values were compared for this tracer (Table 4). Interestingly,
endocytosis of these tracers was elevated in cells infected with
the �134.5 mutant. In these cells, the mean fluorescence of
endocytosed FITC-dextran was almost threefold greater than
that of mock-infected cells and fourfold greater than that of
HSV-1(F)-infected cells after the 30-min pulse. These results
show that virus infection altered the capture of antigens
through endocytic pathways in a manner that correlated with
changes in cell surface MHC class II levels in glioblastoma cells
infected with wild-type and �134.5 mutant viruses.

DISCUSSION

Suppression of cell-mediated immune responses appears to
be critical for viral pathogens which establish latent infections.
For the members of the Herpesviridae family of viruses, this is
underscored by the number and diversity of mechanisms which
have evolved to counteract MHC class I-mediated immune
responses. Strategies to evade or disrupt MHC class II-medi-
ated T-cell responses also have been reported for HSV-1 (27),
varicella-zoster virus (1), Epstein-Barr virus (21, 48), and hu-
man herpesvirus 8 (10) but have been most thoroughly char-
acterized for the cytomegaloviruses. Human cytomegalovirus
protein US2 mediates degradation of HLA-DR� and HLA-
DM� chains, leading to inhibition of antigen-presenting cell
function (50). Human and murine cytomegaloviruses also dis-
rupt signaling pathways that interfere with the transcription of
MHC class II molecules (18, 34), and infection with murine
cytomegalovirus results in downmodulation of class II expres-
sion through the induction of interleukin 10 (44). In addition,
infection of dendritic cells by murine cytomegalovirus disturbs
endocytic and antigen-presenting cell functions (2). The extent
to which HSV may modulate MHC class II-mediated antigen-
presenting cell functions was not known. In the studies pre-
sented in this report, we analyzed the status of MHC class II
components in U373-MG glioblastoma cells stably transfected

TABLE 3. Uptake of lucifer yellow in infected cellsa

Virus Tracer Pulse time (min) % Positiveb

Mock LY 15 16.7
HSV-1(F) LY 15 12.9
R3616 LY 15 33.8

Mock LY 30 NDc

HSV-1(F) LY 30 19.2
R3616 LY 30 33.5
Mock None 30 1.5d

a Cells exposed to LY were fixed and analyzed for fluorescence as described in
Materials and Methods.

b The percentage of cells positive for LY fluorescence was determined by
subtracting the percentage of positive cells pulsed at 4°C from the percentage of
positive cells pulsed at 37°C.

c ND, not determined.
d The percentage of positive cells was only determined after 37°C pulse.

TABLE 4. Uptake of FITC-dextran in infected cellsa

Virus Tracer Pulse time (min) % Positive at 37°C Mean fluorescence Mean fluorescence
4°C 37°C

Mock FITC-dextran 15 74 91 88
HSV-1(F) FITC-dextran 15 78 46 63
R3616 FITC-dextran 15 82 58 230

Mock FITC-dextran 30 86 42 106
HSV-1(F) FITC-dextran 30 86 48 74
R3616 FITC-dextran 30 88 46 294

a Cells exposed to FITC-dextran were fixed and analyzed for fluorescence as described in Materials and Methods.
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with CIITA and infected with wild-type or mutant HSV-1. We
report the following findings.

(i) MHC class II protein synthesis was shut off in wild-type-
virus-infected cells compared to those in mock-infected cells or
cells infected with the �UL41 mutant. A similar or even more
pronounced shutoff of synthesis of MHC class II proteins was
observed in cells infected with the ��134.5 mutant.

(ii) While the total amounts of MHC class II proteins were
relatively similar in mock-infected cells and cells infected with
the wild-type and mutant viruses, there was a drastic decrease
in the accumulation of cell surface MHC class II proteins in
wild-type-virus-infected cells. In contrast, there was an increase
in the accumulation of MHC class II proteins on the surface of
cells infected with the �UL41 mutant and especially on the
surface of cells infected with the ��134.5 mutant.

(iii) Endocytosis of two marker compounds, lucifer yellow
and FITC-conjugated dextran, was significantly increased in
cells infected with the ��134.5 mutant and reduced in wild-
type-virus-infected cells relative to that observed in mock-in-
fected cells.

(iv) In wild-type-virus-infected cells, MHC class II protein
complexes synthesized after infection appeared to be blocked
in processing or transport. MHC class II protein complexes
synthesized prior to infection in R3616-infected cells exhibited
a strikingly different profile at 12 h after infection compared to
those of wild-type- and R2621-infected cells. Specifically, a
large increase in monomeric MHC class II� and -� chains was
observed upon disruption of SDS-stable dimers, and there was
a relative loss of full-length invariant chain isoforms. One
possibility to account for these findings that is consistent with
the increase in cell surface MHC proteins is that the majority
of MHC class II complexes synthesized prior to infection are in
peptide-loaded form in lysates of ��134.5-infected cells.

We conclude from these studies the following. Cells infected
with wild-type virus attempt to stimulate the MHC class II
response by at least enhancing the transport of MHC class II
complexes to the cell surface and increasing endocytosis. These
cellular responses are blocked as a consequence of the expres-
sion of at least two viral genes, UL41 and �134.5. vhs, the
product of the UL41 gene, acts early in infection to block the
de novo synthesis of MHC class II proteins. ICP34.5, the prod-
uct of the �134.5 gene, enables the synthesis of one or more
viral products made late in infection. The net effects of the
function of vhs protein and of ICP34.5 is the inhibition of
accumulation of MHC class II proteins on the cell surface.
Related to these conclusions are the following considerations.

(i) vhs protein causes nonspecific degradation of mRNA
accumulating during the early stages of infection (reviewed in
reference 45). This effect largely disappears at late stages of
infection. Therefore, vhs protein may act to limit the ability of
the cells to respond to infection by destroying cellular tran-
scripts upregulated at early stages of infection. In addition,
there is a slight increase in the accumulation of MHC class II
proteins during the first 8 h after infection with the R2621
mutant compared with those after the wild-type and mock
infections, possibly due to the response of infected cells to viral
gene products. One possibility is that increased synthesis of
MHC class II proteins during the early hours after infection
with the �UL41 virus contributes to the increase in cell surface
MHC class II levels. In essence, the observed phenotype of

�UL41 virus is consonant with the known functions of vhs
protein.

(ii) The phenotype of the ��134.5 virus-infected cells de-
scribed in this report is not predicted by the known functions of
ICP34.5. The major manifestation of the ��134.5 mutant is the
shutoff of protein synthesis as a consequence of phosphoryla-
tion of the � subunit of the translation initiation factor 2
(eIF-2�) (9, 17). This event is dependent on the initiation of
viral DNA synthesis and extrapolates to approximately 5 h
after infection. However, the rather dramatic decrease in the
synthesis of MHC class II proteins during the first 2 h after
infection may also be due to the phosphorylation of eIF-2�.
Thus, in the absence of ICP34.5, the phosphorylation of eIF-2�
dramatically decreases the synthesis of late (�) viral proteins.
The consequence of this reduction in the accumulation of �
proteins may be twofold. First, it may account for the failure of
the mutant to preclude the accumulation of MHC class II
complexes at the surface of the infected cell and the increase in
endocytosis characteristic of ��134.5 mutant infection. Second,
the absence or delay in the synthesis of �TIF (VP16) may
prolong the interval of time during which the vhs protein
brought into the cell during infection is effective in degrading
mRNA. In cells infected with wild-type virus, newly synthe-
sized �TIF binds to the vhs protein and blocks further degra-
dation of mRNA (26).

In cells infected with the ��134.5 mutant virus, the total
amount of MHC class II proteins was not altered substantially
compared to those of wild-type- or mock-infected cells, yet
there was considerably more MHC class II at the cell surface.
It is likely that in cells infected with the ��134.5 virus, there is
increased transport of MHC class II complexes from cytoplas-
mic pools to the cell surface. This increase may be a conse-
quence of increased exocytosis of class II proteins from pep-
tide-loading compartments or other post-Golgi compartments.
Endocytosis of specific fluorescent tracers also was increased in
R3616-infected cells. This raises the question as to whether
endocytosis of MHC class II molecules is similarly elevated in
cells infected with the ��134.5 mutant virus. One working
model to account for these observations is that both increased
transport of intracellular pools to the cell surface and en-
hanced endocytosis and recycling contribute to a net increase
in the accumulation of MHC class II molecules on the cell
surface. Wild-type HSV-1 appears to block these processes,
possibly by expression of unidentified late gene products and
through destruction of cellular mRNAs by vhs protein.

The accumulation of cell surface MHC class II proteins also
may be affected by intracellular regulatory events. In support
of this hypothesis, radiolabel pulse-chase and immunoprecipi-
tation experiments suggest differential processing or transport
of MHC class II and invariant chain proteins in wild-type-
infected cells compared to those in ��134.5 mutant-infected
cells.

In some respects, the response of glioblastoma cells to in-
fection with the ��134.5 mutant resembles the activation of
mature dendritic cells (33). For example, cell surface MHC
class II protein levels increase in dendritic cells in response to
specific activating agents (6). The professional antigen-pre-
senting dendritic cells migrate from peripheral tissues to sec-
ondary lymphoid organs. Endocytosis is turned off during mi-
gration to ensure that antigens captured in the periphery are
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efficiently presented in the secondary lymphoid compartments
(47). In contrast, the results presented in this report suggest
that glioblastoma cells may exhibit enhanced endocytosis in the
absence of viral inhibitory factors that are lacking in ��134.5
mutant-infected cells. As glial cells do not migrate to lymphoid
tissues, the increased endocytic capacity would serve to con-
centrate antigen in activated glial cells, which in turn would
promote efficient antigen presentation in neuronal tissue. Sim-
ilarly, the block in endocytosis observed in wild-type-infected
cells would limit peptide loading and presentation of MHC
class II proteins. Diminished endocytic function also has been
described in cells infected with pseudorabies virus (49). How-
ever, endocytosis of transferrin is unaffected in HSV-1(F)-
infected epithelial cells (31). Although this may reflect cell-
specific modulation of the endocytic machinery by HSV-1,
another possibility is that HSV-1 specifically disrupts fluid-
phase uptake (macropinocytosis) but not receptor-mediated
endocytosis.

The consequences of viral infections with the mutants de-
scribed in this report on the stimulation of CD4� T-cell re-
sponses remain to be investigated. Earlier studies have shown
that immunostimulatory capacity is diminished in dendritic
cells, B-lymphoblastoid lines, and macrophages infected with
wild-type HSV-1 (3, 20, 25, 46). However, the significance of
infections in these cell types is not clear, as they do not rep-
resent the primary target cells of HSV-1 in human infections.

The results presented here demonstrate a previously un-
known series of cellular changes that constitute a novel re-
sponse to infection in glioblastoma cells. Characterization of
the factors that trigger or suppress the activation of glioblas-
toma cells may significantly advance our understanding of
HSV infections of the nervous system, the development of
therapeutic approaches for HSV infections, especially HSV
encephalitis, and the appropriate utilization of HSV for gene
delivery or for tumor therapy.
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