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Abstract

It has been reported that certain polypeptides derived from aggregation-prone cellular proteins can turn soluble
green fluorescent protein (GFP) into aggregates. Here we report our finding that a short peptide derived from a
viral gene, ICP10 of herpes simplex virus (HSV)-2, also possesses such a property. A sequence as short as 13
amino acids from the middle region of the gene can convert GFP into an aggregation-prone toxic protein once
it is fused to the C terminus. Moreover, this short peptide can direct a surrogate tumor antigen into the
autophagosome/lysosome degradation pathway, drastically increasing both MHC class I and class II antigen
presentation. The simultaneous induction of both arms of the T cell immune response to the tumor antigen
effectively protects the immunized animals from tumor challenge. Designated VIPA (i.e., viral inducer of protein
aggregation), this unique viral sequence may represent an attractive candidate as a molecular adjuvant for
cancer immunotherapy and for other immunologically preventable diseases.

Introduction

The ICP10 gene of type 2 herpes simplex virus (HSV-2)
encodes the large subunit (R1) of ribonucleotide reduc-

tase (RR). As compared with R1 from eukaryotes (eR1), the
virus-encoded R1 subunit (vR1) is substantially larger (see
Fig. 1A). In addition to the 745-amino acid C-terminal RR
domain, vR1 contains a long N-terminal domain, about 400
amino acids long, which has been shown to be dispensable for
RR functionality (Conner et al., 1992; Massie et al., 1995).
Consequently, several non-RR-related functions have been
speculated for vR1, especially for this N-terminal region. For
example, several groups have reported that vR1 encoded by
HSV-2 can protect cells from death receptor-induced apo-
ptosis, implying that it may function in contributing to viral
propagation by preventing apoptosis induced by virus rep-
lication or the host’s immune system (Langelier et al., 2002;
Perkins et al., 2002). Another non-RR-related function that has
been ascribed to the ICP10 gene concerns a stretch within the
N-terminal region showing a weak similarity to the a-
crystallin domain of the small heat shock proteins (HSPs),
which suggests that vR1 may have chaperone activity similar

to HSP27. This may be part of the reason why this protein has
antiapoptotic activity (Chabaud et al., 2003). Last, some earlier
studies have suggested that the N-terminal region of ICP10
has intrinsic protein kinase activity (Chung et al., 1989; Paradis
et al., 1991; Cooper et al., 1995). However, subsequent studies
from some of the same groups have ruled out this claim
(Langelier et al., 1998; Conner, 1999). Nevertheless, the N-
terminal region of vR1 has been shown to play an important
role in facilitating virus replication. HSV-2 mutants deleted
for this region have dramatically reduced toxicities (Smith
et al., 1998, 2000) and have been subsequently demonstrated
to have the potential to act as live HSV vaccines (Aurelian et al.,
1999; Casanova et al., 2002) or as an oncolytic virus for cancer
treatment (Fu et al., 2006, 2007).

Here we report our accidental discovery of yet another
non-RR function associated with vR1, that is, the ability to
convert soluble green fluorescent protein (GFP) into aggre-
gates. This finding was made during our construction of the
oncolytic HSV-2 mutant, FusOn-H2, in which the GFP gene
was inserted into to the N-terminal region of the ICP10 gene
(Fu et al., 2006). We found that a sequence as short as 13
amino acids from the middle region of the ICP10 gene,
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designated VIPA for viral inducer of protein aggregation,
could convert GFP into an aggregation-prone form once it is
fused to the C terminus. Moreover, the N-terminal region of
ICP10 contains a signal sequence that dictates the location of
aggregate formation.

Traditionally, major histocompatibility complex (MHC)
class I presents endogenously synthesized antigens through
proteasomal processing whereas MHC class II presents an-
tigens taken externally by lysosomal degradation. However,
under certain conditions, intracellular antigens can gain ac-
cess to the lysosomal degradation pathway. One such ex-
ample is by autophagy, which serves as one of the major
intracellular protein degradation systems and is frequently
induced by protein aggregation (Mizushima and Klionsky,
2007). To examine whether the aggregation induced by VIPA
can guide antigens to lysosomal degradation for enhanced
presentation, we linked a surrogate tumor antigen (chicken
ovalbumin, OVA) together with GFP and VIPA. Addition of
VIPA to the fusion protein indeed led to aggresome forma-
tion as revealed by GFP visualization. The immune response
to OVA was greatly elevated, which led to efficient rejection
of tumor cells that had been transduced with the OVA gene.
These data suggest that VIPA can function as an adjuvant by
guiding an antigen to the lysosomal degradation pathway by
inducing protein aggregation.

Materials and Methods

Cells

Vero cells (African green monkey kidney fibroblasts), 293-
T cells, human tumor cell lines Skov-3 (ovarian cancer cells)
and U20S (osteosarcoma cells), and murine melanoma B16
cells were obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA). B16-OVA was a kind gift
from S.-Y. Chen (Center for Cell and Gene Therapy, Baylor
College of Medicine, Houston, TX). The cell lines were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS).

Plasmid construction

The construction of pcDNA-PKF-2 has been described (Fu
et al., 2006). It contains a GFP gene that is fused in-frame to
the amino acid 403–774 region of ICP10 and the fusion gene
is driven by the cytomegalovirus (CMV) promoter (see Fig.
1A). The construction strategy of the following five plasmids
is shown in Fig. 2A (see below). Briefly, pcDNA-PKF-M3
(containing the amino acid 403–548 region of ICP10) was
constructed by deleting the 30 region of ICP10 sequence from
pcDNA-PKF-2 by digestions with PshAI and XbaI, followed
by religation. pcDNA-PKF-M4 (containing the amino acid
403–415 region of ICP10) was constructed by further deletion
of the 30 region of the ICP10 sequence from pcDNA-PKF-M3
by digestion with HpaI, followed by religation. pcDNA-PKF-
M5 was constructed by removing the entire ICP10 sequence
from pCDNA-PKF-2. pcDNA-PKF-M1 was constructed by
introducing a stop codon between the GFP and ICP10 se-
quences in pCDNA-PKF-2. pcDNA-M4-PKF was constructed
by inserting 13 amino acids (TPYHLREYATRLV) of the
ICP10 sequence at front of GFP. The construction of pCDNA-
CDD-M4 and pCDNA-PK-M4 is depicted in Fig. 4A (see
below). Briefly, pcDNA-CDD-M4 was constructed by replac-

ing the amino acid 403–774 ICP10 sequence in pcDNA-
PKF-2 with the N-terminal amino acid 303–415 sequence,
and pcDNA-PK-M4 was constructed by replacing the region
with the N-terminal amino acid 1–415 sequence. pGFP-M4-
OVA was constructed by cloning a truncated OVA fragment
(amino acids 138–386) from the pOVA plasmid (kindly
provided by Dr. Z. You, University of Pittsburgh School of
Medicine) into pcDNA-PKF-M4 to fuse it in-frame with the
other two components. All plasmid DNA was obtained by
alkaline lysis of bacterial culture and purified by passage
through a QIAGEN-tip 500 column (Qiagen, Valencia, CA).

Cell transfection and visualization
of aggregate formation

Cell seeded in 6-well plates were transfected with plasmid
DNA, using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
Micrographs were taken 24–72 hr after DNA transfection,
using a Zeiss microscope (NA 1.4; Carl Zeiss, Thornwood,
NY). For Hoechst staining, Hoechst 33342 (Sigma-Aldrich,
St. Louis, MO) was added directly at a final concentration of
5 mg/ml to the transfected cells at the indicated time. For
immunohistochemical staining, transfected cells were wa-
shed three times in phosphate-buffered saline (PBS) and
fixed in 4% paraformaldehyde in PBS for 10 min at room
temperature. Cells were then permeabilized for 10 min with
ice-cold methanol at 48C. After washing, the cells were
treated with 5% goat serum in 0.3% Triton X-100/PBS
(staining buffer) for 30 min at room temperature. The cells
were then incubated with rabbit anti-human primary anti-
bodies to LC3B and vimentin (Cell Signaling Technology,
Danvers, MA) or with rabbit anti-ovalbumin antibody
(Abcam, Cambridge, MA) in staining buffer overnight at
48C. Last, the cells were washed three times for 5 min each,
and stained with a Texas red-conjugated goat anti-rabbit
secondary antibody (Abcam) for 2 hr at room temperature.

Animal vaccination and host immune responses

All animal experimental protocols were approved by the
Institutional Animal Care and Use Committee of the Uni-
versity of Houston (Houston, TX). Immune-competent fe-
male C57BL/6 mice (4–6 weeks old) were purchased from
Jackson Laboratory (Bar Harbor, ME). Mice were vaccinated
by subcutaneous injection of either 1�105 B16-OVA cells or
B16 cells transfected with pcDNA-M4-OVA or pOVA. All
cells were irradiated before they were injected into the ani-
mals. A second vaccination was given 7 days later. On day
21 after the first vaccination, mouse spleen cells were har-
vested and purified with Ficoll (Sigma-Aldrich).

To separate CD4þ cells, Ficoll-purified spleen cells were
passed through murine CD4þ T cell enrichment columns (BD
Biosciences, San Jose, CA).

For high-throughput separation, CD4þ cells were collected
and plated into 96-well filter plates (Millipore, Bedford, MA)
that had been precoated with anti-interferon (IFN)-g mono-
clonal antibody (BD Biosciences). The cells were seeded at a
density of 4�105 cells per well for the IFN-g enzyme-linked
immunospot (ELISPOT) assay as described previously (Li
et al., 2007a,b). Briefly, after overnight incubation at 48C, cells
(seeded in triplicate) were stimulated with OVA MHC-II
peptide (positions 323–339, ISQAVHAAHAEINEAGR) at
50 mg/ml for 36 hr. After washing, biotinylated anti-IFN-g
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antibody (BD Biosciences) was added to each well and
the plates were incubated for another 1 hr at 378C. A
streptavidin–alkaline phosphatase conjugate was added to
the wells, and after 1 hr of further incubation, the chromo-
genic alkaline phosphatase substrate was added. The color-
imetric reaction was terminated within 5 to 20 min by
washing with tap water. After drying, the spots were coun-
ted. An MHC-I-restricted ELISPOT assay was similarly done.
Briefly, purified splenocytes were seeded at a density 2�105

cells into triplicate wells, and stimulated with OVA MHC-I
peptide (positions 257–264, SIINFEKL) at 50mg/ml for 24 hr.
After washing, biotinylated anti-IFN-g antibody (BD Bios-
ciences) was added to each well and the plates were incu-
bated for another 1 hr at 378C. A streptavidin–alkaline
phosphatase conjugate was added to the wells, and after 1 hr
of further incubation, the chromogenic alkaline phosphatase
substrate was added. The colorimetric reaction was termi-
nated within 5 to 20 min by washing with tap water. After
drying, the spots were counted.

Therapeutic evaluation of vaccinations
on tumor growth

Freshly harvested B16-OVA cells (2�105) were injected
into the left flanks of C57BL/6 mice, which were then ran-
domly distributed to three groups (n¼ 8 mice per group).
Three days after tumor cell implantation, the mice received,
via a single subcutaneous vaccination into the right flank,
either 1�105 B16 cells or B16 cells transfected with either
pGFP-M4-OVA or pOVA. All cells were irradiated before
they were injected. Mice were observed for 3 weeks, during
which time tumor growth was monitored periodically by
measuring two perpendicular tumor diameters with a cali-
per. Tumor volume was calculated according to the follow-
ing formula: tumor volume (mm3)¼ (length [mm])�(width

[mm])2/2. For the survival study, mice were monitored for
40 days.

Statistical analysis

All data were normally distributed, and the Student t test
(two tailed) was used to determine the statistical significance
( p< 0.05) of various comparisons. Results are reported as
means� SD.

Results

Middle region of vR1 encoded by HSV-2 ICP10
can convert soluble GFP into aggregates that localize
predominantly in the cytoplasm

In our previous studies, we constructed a mutant HSV-2
deleted for the N-terminal 400-amino acid region of vR1,
which was subsequently used as an oncolytic agent (Fu et al.,
2006). The mutagenesis was designed in such a way that a
copy of the GFP gene would replace the N-terminal 400-
amino acid region, to fuse in-frame with the remaining RR
domain. For this purpose, a plasmid (pCDNA-PKF-2) was
constructed in which the GFP gene was fused in-frame with
a portion of the ICP10 gene (Fig. 1A), which was then used
for homologous recombination to generate the mutant virus
(Fu et al., 2006). During the experimental process, we fre-
quently noticed that cells transduced with pCDNA-PKF-2
showed a drastic change in pattern of GFP distribution,
from usually even distribution across the entire cell body to
aggregate formation localized predominantly in the cyto-
plasm (Fig. 1B). The aggregates localized mainly around
the nucleus, forming typical pericentriolar aggresome-like
structures.

To more precisely define the region within vR1 that bears
this activity, we made several additional constructs that

FIG. 1. A polypeptide
within the ICP10 protein of
HSV-2 induces protein ag-
gregation. (A) Schematic rep-
resentation of the large
subunit (R1) of ribonucleotide
reductase (RR), specifically
cellular ribonucleotide reduc-
tase (eR1) and virus-encoded
RR1 (vR1), and an expression
construct (pcDNA-PKF-2) en-
coding a fusion polypeptide
of GFP and a portion of vR1
(amino acids 400–774). As
compared with vR1, eR1
contains a much shorter NH2

domain (represented by an
oval). The fusion gene encod-
ing GFP and the truncated
vR1 region in pcDNA-PKF-2
is driven by the CMV pro-
moter (CMVp). The numbers
indicate the beginning and
ending of the vR1 coding re-
gion (according to amino acid
numbering). 50FR, 50 flanking region of ICP10 gene. (B) Patterns of GFP distribution. Vero cells were transfected with either
pcDNA3.1-GFP (a commercially available GFP plasmid) or pcDNA3-PKF-2. Micrographs were taken 24 hr later with or without
Hoechst dye counterstaining (original magnification,�20). Color images available online at www.liebertonline.com/hum.
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contain different truncations of this region (Fig. 2A). In
pcDNA-PKF-M3, the region was truncated in the C terminus
from amino acid 774 to 548. In pcDNA-PKF-M4, this region
was further truncated so that only a 13-amino acid residue
was retained. The vR1 sequence was completely removed in
pcDNA-PKF-M5. In pcDNA-PKF-M1, a stop codon was in-
troduced into the immediate start of this region so that the
downstream amino acid 403–774 ICP10 sequence would not
be translated from this construct. As shown in Fig. 2B, fur-
ther truncations in either pcDNA-PKF-M3 or pcDNA-PKF-
M4 did not abolish aggresome formation, although the pat-
terns of aggresomes were slightly different from that of
pcDNA-PKF-2. On the other hand, removal of the entire vR1
sequence or insertion of a stop codon to prevent translation
of the vR1 sequence completely abolished aggregation for-
mation, with a GFP distribution indistinguishable from that
of pcDNA3-GFP. Among all the constructs that have been
tested, pCDNA-PKF-M4 appears to be the most potent in
inducing aggregation formation. Thus, the 13-amino acid
residue, designated VIPAM4, was chosen for making other
constructs for further studies as detailed in the following

sections. One such study was to examine the positional effect
of VIPA, in which VIPAM4 was positioned at the N terminus
of GFP as shown in Fig. 2A. Despite its strong ability in
inducing aggregation formation when it was placed in the C
terminus of GFP, VIPAM4 completely lost the ability to
generate protein aggregates once it was fused to the N ter-
minus of GFP (Fig. 2B).

The data presented previously were obtained when the
expression plasmids were transfected into Vero cells. To
determine whether aggregation formation also occurs in
other cell types, we transduced several of these constructs
into cells of various tissue origins, most of them being tumor
cells. A similar pattern of GFP aggregation formation oc-
curred in all the cells tested (data not shown). Thus, we
conclude that the induction of protein aggregation is a gen-
eralized phenomenon associated with this region of ICP10.
In addition, we noticed that the induced aggregate formation
seems to be toxic to the transfected cells, as many of the cells
showing aggregation formation became visibly cytopathic
within 48–72 hr of transfection (Fig. 3A, indicated by white
arrows). The cytopathic effect of the aggregation formation

FIG. 2. Defining the region
of vR1 that induces protein
aggregation and its location
effect. (A) Schematic repre-
sentation of the expression
constructs. The individual
components in each expres-
sion construct are labeled. The
white boxes represent the vR1
sequence. The numbers indi-
cate the beginning and ending
of the vR1 coding region (ac-
cording to amino acid num-
bering). (B) Patterns of GFP
distribution. Vero cells were
transfected with either
pcDNA3.1-GFP or expression
constructs in which the GFP
gene is fused to different por-
tions of the truncated vR1 re-
gion. Micrographs were taken
24 hr later with or without
Hoechst dye staining (original
magnification, �20). Color
images available online at
www.liebertonline.com/hum.
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on the transfected cells is more clearly visible in the micro-
graph on the right-side side of Fig. 3A, which was taken from
a sparsely seeded cell monolayer at a higher magnification.
The GFP-positive cells (indicated by white arrows) clearly
show a cytopathic effect (cells are rounded up and shrunk),
whereas the untransfected cells (indicated by light blue ar-
rows) show typical normal cell morphology. Cell death did
not seem to be apoptotic, as Hoechst dye staining did not
reveal any nuclear condensation (Fig. 3B). In actuality, the
nuclei of cells with aggregation formation were even less
condensed than those of untransfected cells (Fig. 3B, indi-
cated by white arrows).

The N-terminal region of vR1 contains a signal
sequence that dictates the localization of GFP
aggregation formation

To further define the region that can induce aggregation
formation, we made several additional constructs. As illus-
trated in Fig. 4A, they contain, in addition to the 13-amino
acid VIPAM4, extensions into the N-terminal 400-amino acid
region. An additional 100 amino acids into the NH2 domain
of ICP10 did not alter the ability of VIPAM4 to induce
aggregation formation, nor did it affect the pattern of the
aggregates (Fig. 4B). However, inclusion of the entire NH2

domain completely changed the localization of the aggre-

gates, from predominately cytoplasmic, to almost entirely
nuclear (Fig. 4B). These data suggest that the NH2 domain
within the amino acid 1–300 region contains a signal se-
quence that dictates the location of aggregate formation.

VIPA-induced protein aggregates are associated
with autophagosomes

Studies have suggested that autophagy is a major degra-
dation pathway for protein aggregates. Abnormal polypep-
tides that escape proteasome-dependent degradation and
aggregate in cytosol can be transported via microtubules to
an aggresome, an organelle where aggregated proteins are
stored or degraded by autophagy. Clearance by autophagy
occurs by sequestration of the target organelle/protein into
double-membrane structures called autophagosomes. Au-
tophagosomes subsequently fuse with lysosomes, discharg-
ing their contents for proteolytic degradation by lysosomal
hydrolytic enzymes. Among the autophagy-related genes,
Atg8 (LC3 is the mammalian homolog) was found to localize
to the developing autophagosome (Tanida et al., 2004). We
conducted an experiment to determine whether VIPA-
induced protein aggregation leads to autophagosome for-
mation by staining the cells for LC3. The results show that
LC3 was indeed colocalized with aggresomes (Fig. 5).
We also stained the cells for vimentin, as this intermediate

FIG. 3. Cytopathic effect of VIPA (viral inducer of protein aggregation)-induced aggregate formation. Vero cells were
transfected with pcDNA-PKF-2. (A) Micrographs were taken 72 hr after transfection under bright-field, dark-field with
fluorescent light on (Fluorescent), or bright-field with fluorescent light one (Mixed). The micrograph on the right-hand side
was taken at a higher magnification from a transfected cell monolayer that was sparsely seeded, so that the cytopathic effect
could be more clearly visible. GFP-positive cells (showing cytopathic effect) are indicated by white arrows and untransfected
cells (showing normal cell morphology) are indicated by light-blue arrows. GFP in these cells does not show the distinguish
distribution pattern because of severe cell shrinkage associated with the cytopathic effect. (B) Vero cells transfected with
pcDNA-PKF-2 were counterstained with Hoechst dye 48 hr after transfection. Micrographs were taken with different
wavelength excitation for GFP and Hoechst dye. The two micrographs were then merged. The arrows indicate those
transfected cells that have similar or even less condensed nuclei than the surrounding cells that do not express GFP. Color
images available online at www.liebertonline.com/hum.
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FIG. 4. A region in the NH2 domain of vR1 dictates localization of aggregate formation. (A) Schematic representation of
expression constructs. Individual components are labeled. The numbers indicate the beginning and ending of vR1 coding
region (according to amino acid numbering). (B) Localization of GFP distribution. Vero cells were transfected with either
pcDNA-CDD-M4 or pcDNA-PK-M4. Micrographs were taken 24 hr later with or without Hoechst dye counter staining
(original magnification,�20). The arrows indicate cells showing exclusive nuclear localization of aggregate formation. Color
images available online at www.liebertonline.com/hum.

FIG. 5. VIPA-induced protein aggregation leads to autophagosome formation. Vero cells were transfected with pcDNA-
PKF-M4 and stained by immunohistochemistry for LC3 or for vimentin. Micrographs (A–C, LC3 colocalized with protein
aggregates; D–F, colocalization of aggresomes with vimentin) were taken of the same field at different wavelengths for
visualization of GFP, Texas red-labeled monoclonal antibody (mAb) to LC3, or vimentin. (A) Perinuclear aggresomes vi-
sualized by GFP expression. (B) Immunohistochemical staining of LC3 as visualized by Texas red-labeled mAb (indicated by
arrows). (C) Merger of (A) and (B). (D) Perinuclear aggresomes visualized by GFP expression. (E) Vimentin staining as
visualized by Texas red (positive staining indicated by arrows). (F) Merger of (D) and (E). Color images available online at
www.liebertonline.com/hum.
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filament protein has also been shown to be intimately asso-
ciated with aggresome formation ( Johnston et al., 1998). The
results showed that vimentin staining also colocalized with
VIPA-induced aggresomes (Fig. 5).

VIPA incorporated into a fusion gene can guide
a surrogate tumor antigen into aggregate formation

To determine whether an antigenic polypeptide could be
guided to autophagosomes by VIPA, we constructed another
expression plasmid, pGFP-M4-OVA. We chose chicken oval-
bumin (OVA) as the testing antigen, as it has been widely used
as a surrogate tumor antigen for both in vitro and in vivo
studies (Hornung et al., 1995). In addition, both class I and class
II antigenic epitopes have been well defined for OVA (Carbone

and Bevan, 1989). As depicted in Fig. 6A, in this expression
plasmid, GFP, VIPAM4, and OVA are fused in-frame and the
fusion gene is driven by the CMV promoter. Murine B16
melanoma cells transfected with pGFP-M4-OVA showed
protein aggregation formation that is identical to that of cells
transfected with pcDNA-PKF-M4 (Fig. 6), indicating that the
presence of the OVA sequence did not affect the ability of
VIPA to induce aggregate formation. We also stained the
transfected cells for OVA expression. OVA antigen is clearly
expressed and colocalizes with the aggregates, suggesting that
it has been guided to the aggresomes by VIPAM4.

Enhanced antigen presentation and antitumor effect
after VIPA-directed antigen aggregate formation

Studies suggest that autophagic degradation may facilitate
MHC class II presentation of endogenous antigens, as the by-
products of autophagy-mediated lysosomal antigen degra-
dation are primarily loaded onto MHC class II molecules
(Gannage and Munz, 2009). To examine whether VIPA-
induced aggresome formation can guide OVA into lyso-
somal degradation for enhanced antigen presentation, we
vaccinated mice with the expression constructs described
previously. For reliable and more abundant expression of the
introduced antigens, we explored a cell delivery approach. A
syngeneic cell line (B16) was transfected with OVA-expres-
sing plasmids, pOVA or pGFP-M4-OVA. A B16 cell line that
constitutively expresses OVA (B16-OVA) was also included
in the experiment. The cells were irradiated before they were
used to vaccinate mice by subcutaneous injection. After the
second vaccination, mice were killed and spleens were ex-
planted for ELISPOT assay for OVA-specific CD4 and CD8
responses. With vaccinations using either B16-OVA or B16
cells transfected with pOVA, the frequency of OVA-specific
CD4þ cells was at a barely detectable level (Fig. 7A). Mice
vaccinated with B16 cells that were transfected with pGFP-
M4-OVA showed a dramatically increased level of antigen-
specific CD4þ cells, to a frequency of nearly 500 per 106

CD4þ cells. We also measured the frequency of OVA-specific
CD8þ T cells. As expected, vaccination with either B16-OVA
or B16 cells transfected with pOVA clearly generated
measurable CD8 responses. Surprisingly, the frequency of

FIG. 6. VIPA can guide a surrogate tumor antigen into
autophagic pathway. (A) Schematic representation of pGFP-
M4-OVA construct, in which the surrogate tumor antigen
OVA was fused together with VIPAM4 and GFP, and the
fusion gene was driven by the CMV promoter. (B) Coloca-
lization of GFP and OVA in the aggresomes. GFP expression
was visualized by green fluorescence after Hoechst dye
counterstaining and OVA expression was visualized by
Texas red-labeled antibody after immunohistochemical
staining and Hoechst dye counterstaining. Color images
available online at www.liebertonline.com/hum.

FIG. 7. ELISPOT assays of immune
responses to class I and II OVA pep-
tides. Mice were vaccinated with the
indicated constructs twice before
spleens were taken for ELISPOT assays
as described in Materials and Methods.
(A) Quantification of IFN-g ELISPOT
from purified CD4þ T cells after stim-
ulation with class II OVA peptide. (B)
Results of quantification of IFN-g ELI-
SPOT from purified splenocytes after
stimulation with class I OVA peptide.
Star, p< 0.01 as compared with vacci-
nations of B16 or B16-pOVA; cross,
p< 0.05 as compared with vaccination
of B16.

ADJUVANT EFFECT OF HSV-2-DERIVED POLYPEPTIDES 1693



OVA-specific CD8þ cells was also increased severalfold in
mice vaccinated with pGFP-M4-OVA when compared with
the other two groups (Fig. 7B).

Next, we examined whether VIPA-enhanced CD4 and
CD8 immune responses could inhibit tumor growth in an
established murine tumor model. For this study, we chose a
therapeutic model. Mice were initially implanted with B16-
OVA tumor cells. Three days later, mice were immunized
once with the cell-based vaccinations as described in Fig. 7,
and tumor growth was monitored. Vaccination using B16
cells without OVA antigen showed little effect on inhibiting
tumor growth, as the majority of animals in the group either
died or had to be killed because of large tumor burden (Fig.
8A). The antitumor effect from vaccination with pOVA-
transfected B16 cells was not better than that of the B16
control group until 2 weeks after tumor implantation, when
tumor size in this group was significantly smaller than that
in the B16 group ( p< 0.01). However, this antitumor effect
seemed to occur too late to have any significant impact on
animal survival (Fig. 8B). The best therapeutic result was
detected in the group that was vaccinated with pGFP-M4-
OVA-transfected B16 cells. The tumor size in this group was
significantly smaller than in either of the other two groups at
all the time points of measurement. Moreover, mice vacci-
nated with pGFP-M4-OVA survived significantly longer
than those in the other two groups (Fig. 8B). The majority of
animals in the pGFP-M4-OVA-treated group were still alive
1 month after tumor implantation, whereas all the animals in
the other two groups were dead or had to be killed because
of large tumor size or tumor ulceration by day 21. These
results indicate that there was a strong correlation between
the enhanced CD4þ and CD8þ responses mediated by pGFP-
M4-OVA and the increased therapeutic outcome on tumor-
bearing animals. These data also echo the notion that
simultaneous induction of CD4þ and CD8þ responses is
crucial for the host’s defense against malignant diseases
(Wang et al., 2002).

Discussion

Protein aggregation is usually a result of protein mis-
folding. Several cellular proteins have been found to be
misfolding-prone and some of them have been associated
with conformational disorders such as neurological diseases

(Lansbury and Lashuel, 2006). Studies have shown that
certain well-defined peptides from these misfolding-prone
proteins, when inserted into the C terminus of GFP, can in-
duce aggregate formation (Garcia-Mata et al., 1999). De-
pending on from which proteins the polypeptides are
derived, aggregate formation can locate either in the cyto-
plasm (Garcia-Mata et al., 1999) or in the nucleus (Fu et al.,
2005). Most of the polypeptides are relatively large, in the
range of 100–300 amino acids. One exception is the nonnat-
ural 16-residue ‘‘degron’’ peptide, which can convert soluble
GFP into an aggregation-prone toxic protein (Bence et al.,
2001). To our knowledge, this is the first report that a poly-
peptide from a viral protein can convert soluble GFP into an
aggregation-prone protein. We have named these protein
sequences VIPA, that is, viral inducer of protein aggregation.
We have defined the region to be as short as 13 amino acids
(VIPAM4). Moreover, the N-terminal sequence of VIPA seems
to contain signal peptides that dictate either cytoplasmic or
nuclear localization of this aggregate formation.

Despite the demonstrated ability of VIPA to induce GFP
aggregate formation in our studies, ICP10 has not been re-
ported to form protein aggregates. This suggests that the
VIPA sequence within ICP10 does not act in the same way as
when fused to the C terminus of GFP. One explanation is the
position effect, as demonstrated with the construct pcDNA-
M4-PKF in Fig. 2. Despite the demonstrated ability to induce
GFP aggregation when M4 is fused to the C terminus of GFP,
M4 completely lost this ability when it was fused to the N
terminus. In this context, it is interesting to note that most of
the reported GFP aggregate formations occurred when the
cellular polypeptides or the nonnatural degron peptide were
fused to the C terminus of GFP (Garcia-Mata et al., 1999;
Bence et al., 2001; Fu et al., 2005; Link et al., 2006). Another
possible explanation is that either the N-terminal or C-
terminal flanking region of VIPA can negate the VIPA
activity. In supporting this possibility, many truncated ver-
sions of ICP10 made by Chabaud and colleagues were found
to be insoluble and formed aggregates when they were
maintained as purified protein in vitro (Chabaud et al., 2007).

As protein aggregates are toxic to cells, they are usually
degraded by one of the two major intracellular protein
degradation systems: the ubiquitin–proteasome system
(UPS) and autophagy. Autophagy is a catabolic process that
involves delivery of cellular components to the lysosome for

FIG. 8. Antitumor effect of VIPA-
mediated vaccination. (A) Tumor
growth after vaccination. Three days
after implantation of B16-OVA tu-
mor cells in the left flank, mice were
immunized with the indicated cell-
based vaccine constructs in the right
flank. Tumors were then measured
periodically. Star, p< 0.01 as com-
pared with vaccination with B16;
circled star, p< 0.01 as compared
with vaccinations with B16 and B16-
pOVA. (B) Kaplan–Meier plots of
survival data collected over a 40-day
observation period. Circled star,
p< 0.01 as compared with vaccina-
tions with B16 and B16-pOVA.
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degradation, and has been considered to be the major degra-
dation process for protein aggregates (Mizushima and
Klionsky, 2007). On the basis of this understanding, several
groups have designed a strategy in which an antigenic protein
was guided to the lysosomal degradation pathway through
autophagosome formation for the purpose of enhancing class
II antigen presentation. For example, Schmid and colleagues
showed that targeting the influenza matrix protein-1 to au-
tophagosomes via fusing the antigen to the autophagosome-
associated protein Atg8/LC3 led to strongly enhanced MHC
class II presentation to CD4þ T cell clones (Schmid et al., 2007).
In this study, we chose a surrogate tumor antigen, OVA, which
contains well-defined antigenic epitopes for both class I and II
MHCs. When OVA is linked to VIPA (together with GFP),
VIPA can efficiently guide this surrogate tumor antigen to the
lysosomal degradation pathway. This has apparently resulted
in dramatically enhanced CD4þ T cell responses to the antigen.
Moreover, the presence of VIPA also enhanced MHC class I
presentation, resulting in a significant increase in CD8þ T cell
responses. The underlying mechanism of VIPA-mediated en-
hancement of MHC class I presentation is currently unknown.
Regardless, these data suggest that VIPA can function as a
molecular adjuvant to simultaneously boost MHC class I and
class II antigen presentation of a surrogate tumor antigen.
Experiments are currently underway to examine this strategy
with endogenous tumor-associated antigens or antigens of
important infectious diseases.

Studies on tumor immunology have indicated that, for
eliciting effective antitumor immunity, both antigen-specific
CD4þ and CD8þ cells are required (Schmid et al., 2007). Sev-
eral unique strategies have been proposed to simultaneously
stimulate both class I and class II antigen presentation. For
example, a retrogen strategy has been proposed to present an
intracellular tumor antigen, MAGE-3, to both MHC class I and
MHC class II in a cognate manner. In this approach, the an-
tigen was linked to a leader sequence at its N terminus for
secretion and to a cell-binding domain at its C terminus for
receptor-mediated internalization. As such, the synthesized
antigen would be first released and then taken up by antigen-
presenting cells via receptor-mediated internalization into the
lysosomal pathway for class II MHC presentation (You et al.,
2001). Immunization of mice by this strategy has been shown
to efficiently induce both arms of the adaptive antitumor
immune response, significantly improving the efficacy of tu-
mor vaccines and immunotherapies (You et al., 2001). Our
data show that the adjuvant effect of VIPA results in strong
MHC class II presentation of an endogenously synthesized
tumor antigen with simultaneous enhancement of the MHC
class I response to the same antigen. As a consequence, the
elicited antitumor immunity exhibits an effective antitumor
effect in a challenging tumor model in which a single vacci-
nation was administered 3 days after tumor implantation. Our
data thus support the conclusion that VIPA represents an at-
tractive candidate as a molecular adjuvant for vaccination for
cancer immunotherapy and possibly also for other immuno-
logically preventable diseases.
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