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Autonomous Parvoviruses neither Stimulate nor Are Inhibited by the
Type I Interferon Response in Human Normal or Cancer Cells
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ABSTRACT

Members of the genus Parvovirus are small, nonenveloped single-stranded DNA viruses that are nonpathogenic in humans but
have potential utility as cancer therapeutics. Because the innate immune response to parvoviruses has received relatively little
attention, we compared the response to parvoviruses to that of several other types of viruses in human cells. In normal human
glia, fibroblasts, or melanocytes, vesicular stomatitis virus evoked robust beta interferon (IFN-3) responses. Cytomegalovirus,
pseudorabies virus, and Sindbis virus all evoked a 2-log-unit or greater upregulation of IFN- in glia; in contrast, Lulll and
MVMp parvoviruses did not evoke a detectable IFN-f3 or interferon-stimulated gene (ISG; MX1, oligoadenylate synthetase
[OAS], IFIT-1) response in the same cell types. The lack of response raised the question of whether parvoviral infection can be
attenuated by IFN; interestingly, we found that IFN did not decrease parvovirus (MVMp, Lulll, and H-1) infectivity in normal
human glia, fibroblasts, or melanocytes. The same was true in human cancers, including glioma, sarcoma, and melanoma. Simi-
larly, IFN failed to attenuate transduction by the dependovirus vector adeno-associated virus type 2. Progeny production of par-
voviruses was also unimpaired by IFN in both glioma and melanoma, whereas vesicular stomatitis virus replication was blocked.
Sarcoma cells with upregulated IFN signaling that show high levels of resistance to other viruses showed strong infection by
LulIl. Unlike many other oncolytic viruses, we found no evidence that impairment of innate immunity in cancer cells plays a role
in the oncoselectivity of parvoviruses in human cells. Parvoviral resistance to the effects of IFN in cancer cells may constitute an
advantage in the virotherapy of some tumors.

IMPORTANCE

Understanding the interactions between oncolytic viruses and the innate immune system will facilitate employing these viruses
as therapeutic agents in cancer patients. The cancer-selective nature of some oncolytic viruses is based on the impaired innate
immunity of many cancer cells. The parvoviruses H-1, Lulll, and MVM target cancer cells; however, their relationship with the
innate immune system is relatively uncharacterized. Surprisingly, we found that these parvoviruses do not evoke an interferon
response in normal human fibroblasts, glia, or melanocytes. Furthermore, unlike most other types of virus, we found that parvo-
virus infectivity is unaffected by interferon treatment of human normal or tumor cells. Finally, parvoviral replication was unim-
paired by interferon in four human tumor types, including those with residual interferon functionality. We conclude that defi-
cits in the interferon antiviral response of cancer cells do not contribute to parvoviral oncoselectivity in human cells. The
interferon-resistant phenotype of parvoviruses may give them an advantage over interferon-sensitive oncolytic viruses in tumors
showing residual interferon functionality.

Viruses within the genus Parvovirus (e.g., MVMp, Lulll, H-1)
are nonenveloped, have a small (diameter, approximately 26
nm) icosahedral capsid, and contain a single-stranded DNA ge-
nome with telomeric hairpins (1). After binding to a sialoglyco-
protein receptor(s) and subsequent endocytosis, these viruses de-
ploy a tethered phospholipase domain of the capsid polypeptide
via a pore within the capsid shell; this enables virion exit from the
endosome into the cytoplasm (2). From there, a small subset of
internalized virions translocates to the nucleus by mechanisms
that require both microtubules (3) and the proteasome (4). Once
in the nucleus, the uncoated genome waits for the cell to sponta-
neously enter S phase, at which point a double-stranded form of
the genome that is competent to serve as a template for transcrip-
tion is generated (5). The early promoter (P4) then drives expres-
sion of nonstructural (NS) proteins NS1 and NS2; NS1 transacti-
vates the late viral promoter, driving capsid gene expression.
Packaging of single-stranded genomes into intact empty capsids
occurs in the nucleus, and progeny are released by exocytosis or
cell lysis (1). This viral life cycle presents several potential oppor-
tunities for detection by the innate immune system.
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The innate immune system recognizes moieties associated
with pathogens, also known as pathogen-associated molecular
patterns (PAMPs), by virtue of cognate pattern recognition recep-
tors (PRRs) distributed throughout different regions of the cell
(6). Stimulation of these receptors typically leads to secretion of
type I interferons (alpha interferon [IFN-a] and IFN-B), which
stimulate the type I IEN receptor (IFNAR), leading to the upregu-
lation of a large number of interferon-stimulated genes (ISGs),
many of which have direct antiviral activity (6). Innate immune
detection and inhibition of parvoviruses are topics that have re-
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ceived relatively little attention; however, as understanding of the
innate immune system has increased and as the potential utility of
parvoviruses as cancer therapeutics has become increasingly sup-
ported by recent studies, the relationship of parvoviruses to the
innate immune system in human cells merits greater study.

MVMp, H-1, and Lulll parvoviruses and derivatives thereof
are of interest for their potential utility as cancer therapeutics both
as replication-competent viruses and as replication-incompetent
transgene-delivering vectors (7). Oncosuppressive efficacy with
these three parvoviruses has been demonstrated in diverse in vivo
models of tumors, including glioma (8, 9), pancreatic cancer (10,
11), and lymphoma (12); a clinical trial is under way for H-1
therapy of glioblastoma (ClinicalTrials.gov trial NCT01301430),
and we recently reported that Lulll may hold even greater promise
than H-1 for treatment of glioma in humans (8). These viruses are
not associated with any pathogenicity in humans (13); in fact,
their growth and toxicity are innately more selective for a variety
of oncogenically transformed human cells than for their normal
precursors (14). The mechanisms of this oncoselectivity have been
partly elucidated and include a Ras-responsive early viral pro-
moter (P4) (15, 16). An additional possible mechanism, which is
important to the oncoselectivity of certain other oncolytic viruses
(17), relates to defects in innate immunity, often present in cancer
cells (18-20), which may selectively disinhibit parvoviral replica-
tion in tumor cells. This possibility has found some support in
murine models of transformation but has not yet found support in
human models; two separate groups have demonstrated that mu-
rine embryonic fibroblasts (MEFs), but not transformed murine
cells, can mount a type I IFN response to parvoviral infection (21,
22). Among human cells, however, peripheral blood mononuclear
cells (PBMCs) alone have been demonstrated to produce an IFN
response to parvovirus infection (23).

Vesicular stomatitis virus (VSV), a negative-stranded RNA vi-
rus, is sensitive to the effects of interferon, which VSV effectively
triggers in most normal human cells. In transformed human cells,
VSV often fails to trigger this response or produces a response that
is ineffective against infection (24). This results in the selective
growth of VSV in most transformed human tumors compared to
in their untransformed normal cell counterparts of the same tissue
type (25-28). Other oncolytic viruses whose oncoselectivity de-
pends, at least in part, on disruption of innate immunity in trans-
formed cells include Newcastle disease virus (NDV) and myxoma
virus (29).

To examine the ability of parvoviruses to stimulate the innate
immune system, we infected normal human glial cells, melano-
cytes, and fibroblasts with MVMp, H-1, and Lulll; we detected no
upregulation of IFN- or ISG expression in any of these cells; in
contrast, normal glia mounted a strong IFN response against non-
related cytomegalovirus (CMV), pseudorabies virus (PRV), Sind-
bis virus, and VSV. Furthermore, exposure of normal human cell
types to exogenous interferon evoked no attenuation of parvo-
viral infection. In transformed human melanoma, sarcoma, and
glioma, IFN had different degrees of effectiveness at blocking VSV
infection; however, in no case did IFN protect these cells against
infection by parvovirus. Parvoviral progeny production was also
unaffected by IFN pretreatment in human glioma and melanoma
lines. Overall, our findings argue against the relevance of innate
immunity to the phenomenon of parvoviral oncoselectivity in
most human cells. Furthermore, although the apparent lack of
parvoviral interaction with the innate immune system in human
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cells may have exceptions, our results demonstrate that in human
tumors with residual IFN pathway function, the ability of parvo-
viruses to replicate irrespective of the presence of interferon may
constitute an advantage in their use as therapeutic agents com-
pared to the use of IFN-sensitive viruses.

MATERIALS AND METHODS

Cell culture. Normal human glial cell cultures, isolated through explant
cultures and tested for immunoreactivity to glial fibrillary acidic protein
(GFAP; specific for astrocytes rather than hematopoietic microglia), have
been described previously (27). Normal human fibroblasts were pur-
chased from Cambrex (Walkersville, MD). SW-R and SW-S are single-
cell-derived subclones of human synovial sarcoma SW-982 which are
VSV resistant and VSV susceptible, respectively, and were produced and
characterized earlier (28). U87 and A172 are human glioma cell lines
originally obtained from ATCC (Manassas, VA) (8). The preceding cells
were all cultured in Dulbecco modified Eagle medium with 10% fetal
bovine serum (FBS), penicillin-streptomycin, nonessential amino acids,
and 25 mM HEPES. Normal human melanocytes were obtained from the
Specimen Research Core of the Yale Specialized Program of Research
Excellence (SPORE) and were derived from newborn foreskin tissue as
described previously (30) and maintained as a primary culture in Opti-
MEM (Life Technologies, Grand Island, NY) supplemented with 5% FBS,
penicillin-streptomycin, basic fibroblast growth factor (10 ng/ml; Conn-
Stem, Cheshire, CT), heparin (1 ng/ml; Sigma, St. Louis, MO), dibutyryl
cyclic AMP (100 wM; Sigma), and 1-methyl-3-(2-methylpropyl)-7H-pu-
rine-2,6-dione (100 pM; Sigma). YUSIV, YUSIK, and YURIF are primary
human melanoma cultures obtained from the Yale SPORE in Skin Cancer
and cultured in Opti-MEM with 5% FBS and penicillin-streptomycin.
Frozen normal human PBMCs (hPBMCs) were obtained from Stem Cell
Technologies (Vancouver, Canada), recovered according to the manufac-
turer’s protocol, and cultured in RPMI (Gibco) with 10% heat-inactivated
FBS and 1% penicillin-streptomycin. All cells were incubated in a humid-
ified atmosphere containing 5% CO, at 37°C.

Viruses. Parvoviruses MVMp, Lulll, and H-1, as previously employed
(8), were grown on HeLa cells, and plaque titers were determined on 324K
transformed human kidney fibroblasts (a gift from Peter Tattersall, Yale
University [31]), using neutral red stain to visualize plaques at 6 days
postinfection (dpi). VSV-G/GEFP, a vesicular stomatitis virus expressing a
G glycoprotein-green fluorescent protein (GFP) fusion reporter protein
(32), was grown on BHK cells, and titers were determined using fluores-
cence microscopy to visualize plaques at 24 h postinfection (hpi). Sindbis
virus expressing GFP (32) was also grown on BHK cells, and titers were
determined by visualizing GFP at 24 hpi. Human cytomegalovirus
(hCMV) expressing GFP (32) was grown on BJ human primary foreskin
fibroblasts (a gift from Peter Tattersall originally obtained from ATCC
[33]), titers were determined, and GFP-positive plaques were visualized at
6 dpi. Pseudorabies virus (PRV) expressing red fluorescent protein (RFP)
(32) was grown on porcine PK15 cells, titers were determined, and RFP-
positive plaques were visualized at 24 hpi.

scAAV-tdTomato. A self-complementary (sc) adeno-associated virus
type 2 (AAV-2) plasmid featuring a mutation in one inverted terminal
repeat (ITR) to allow packaging of a palindromic self-complementary
genome (34) was a gift from Reed Clark (Nationwide Children’s Hospital,
Columbus, OH). tdTomato, a red fluorophore, was cloned from pCMV-
tdTomato (Clontech) into the scAAV-2 plasmid in front of the CMV
promoter and between the ITRs. This plasmid was used by the Viral Vec-
tor Core at Nationwide Children’s Hospital (Columbus, OH) to generate
recombinant AAV vector and determine the titer of the genome.

Host cell gene expression analysis by qPCR. Triplicate wells were
seeded at 2.0E5 to 2.5E5 cells/well (fibroblasts and glia), 4E5 cells/well
(melanocytes), or 3E6 cells/well (hPBMCs) and then infected with each
virus at the multiplicity of infection (MOI) specified in the text. RNA was
extracted at the indicated time points postinfection using an RNeasy+
minikit (Qiagen, Hilden, Germany) and reverse transcribed with random
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hexamer priming using a High-Capacity cDNA reverse transcription kit
(Life Technologies). TagMan gene expression assays (Life Technologies)
for human IFN-, MX1, oligoadenylate synthetase (OAS), IFIT-1, protein
kinase R (PKR), and B-actin were acquired and employed as recom-
mended by the manufacturer (Life Technologies). Quantitative PCRs
(qPCRs) were run on an iCycler-1Q instrument (Bio-Rad, Hercules, CA),
and results were analyzed with iCycler software. Each individual sample
was assessed in triplicate PCRs with 20-pl reaction mixtures employing
the iTaq Universal Probes Supermix (Bio-Rad); results were internally
normalized to B-actin expression levels in that sample, also measured in
triplicate.

Analysis of infectivity by immunofluorescence. Cultured cells in
triplicate wells were infected at the multiplicity indicated in the text. At 24
hpi, cells infected with parvovirus Lulll, MVMp, or H-1 were fixed in 2%
paraformaldehyde (20 min), rinsed with phosphate-buffered saline
(PBS), permeabilized by washing 5 times for 15 min each time in PBS with
0.1% L-lysine, 1% bovine serum albumin, 0.4% Triton-X, blocked in
washing buffer plus 2% normal horse serum (NHS), and exposed to pri-
mary antibody in blocking solution. Primary antibody was rabbit poly-
clonal antibody directed against viral NS proteins (35). Cells were rinsed
in PBS 3 times for 15 min each time, exposed to donkey antirabbit anti-
body conjugated to Alexa Fluor 488 (Invitrogen, Carlsbad, CA) in PBS
with 0.4% Triton-X, and washed in PBS. The infectivity of VSV and
AAV-T (an AAV-2-encapsidated vector that we engineered and that en-
codes the fluorescent marker tdTomato under the control of the CMV
promoter) was determined at specified time points by assessing the per-
centage of cells expressing fluorescent GFP or tdTomato, respectively.
Approximately 500 cells were analyzed in each well. Phase-contrast and
fluorescent images were captured with an Olympus Optical IX71 fluores-
cence microscope (Tokyo, Japan) with a SPOT RT camera (Diagnostic
Instruments, Sterling Heights, MI).

Analysis of replication. A total of 100,000 cells (A172,U87, YUSIK, or
YURIF) were seeded per well in triplicate wells and infected the next day
with Lulll or VSV at an MOI of 1.0 PFU/cell. At 24 hpi, supernatants of
VSV-infected cells were harvested for analysis of the titer on BHK cells. At
72 hpi, supernatants of Lulll-infected cells were harvested, and cells were
scraped into 150 pl of 50 mM Tris, 0.5 mM EDTA, pH 8.7. Cell harvests
were subjected to three rounds of freeze-thawing (in a dry ice-ethanol
bath and room temperature), followed by centrifugation to remove de-
bris. Ten percent of these cellular viral extracts were combined with 10%
of the supernatant from the same well to generate from each well a repre-
sentative sample of parvoviral progeny, whose plaque titers were deter-
mined on 324K cells as described above.

RESULTS

Parvovirus infection does not induce an IFN-f3 response in nor-
mal human glia, fibroblasts, or melanocytes. Cellular detection
of a diverse number of viruses results in upregulation of the ex-
pression of type I IFNs, specifically, IEN- (an exception is plas-
macytoid dendritic cells [pDCs], which typically upregulate
IFN-a) (6, 36). Secreted IFN-[3 acts in an autocrine or paracrine
manner to activate type I IFN receptors on the cell surface, which
in turn upregulate the expression of interferon-stimulated genes
(ISGs); many of these genes have direct antiviral effects. We tested
the ability of oncolytic parvoviruses MVMp and Lulll to upregu-
late the levels of mRNA encoding IFN- and MXI1, which is
among the most strongly upregulated ISGs (37), in three different
normal primary human cells. Primary human glia, fibroblasts,
and melanocytes were infected (MOI, 5 PFU/cell) with parvovi-
ruses MVMp and Lulll. Control cells were infected with VSV as a
positive-control virus known to produce robust IFN responses
(38). RNA harvested at 36 hpi from triplicate wells was subjected
to reverse transcription and qPCR. As substantial cell death is
found 48 h after inoculation with parvoviruses (12, 14), to avoid
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complications in interpretation we focused on infection periods of
shorter duration. The mRNA levels measured for uninfected and
infected cells relative to the B-actin levels for both cell types are
shown in Fig. 1. VSV induced robust IFN and ISG responses in glia
(a >1,900-fold increase in IFN-B, a >600-fold increase in MX1),
fibroblasts (a >900-fold increase in IFN-f3, a >40-fold increase in
MX1), and melanocytes (a >180-fold increase in IFN-$3, a >6-
fold increase in MX1). As an additional positive control, we veri-
fied that MVMp (5 PFU/cell) was capable of producing an IFN
response in hPBMCs, as has been reported (23). We found a mod-
est statistically significant 4.5-fold elevation of IFN- levels at 24
hpi with MVMp (P < 0.05). In contrast, in all instances, infection
by Lulll or MVMp failed to alter IFN-{ levels or MX1 concentra-
tions from those observed in uninfected glia, fibroblasts, and me-
lanocytes (all comparisons were nonsignificant by analysis of vari-
ance [ANOVA], and the level of IFN-f mRNA was below the
detection limit for both uninfected and parvovirus-infected glia).
Thus, in three varieties of normal primary human cells, we found
no evidence for parvovirus Lulll or MVMp stimulating a canon-
ical IFN response.

Levels of IFN- and four ISGs are unaltered in human glia
after Lulll parvovirus infection. In the experiment described
above, IFN-B mRNA levels were below the qPCR detection limit
in both uninfected and Lulll-infected human glia, leaving open
the possibility that the levels had been altered to some degree by
infection. We repeated this part of the experiment on a larger
scale, allowing us to measure the level of IFN-f in uninfected cells
and thereby calculate the fold change induced by infection. We
were also able to measure the levels of additional ISGs, including
OAS, IFIT-1, and PKR, to assess more carefully the possibility of
downstream effects on ISG expression that any enhancement of
IFN-f secretion, even minimal, may stimulate. Human glia from
triplicate cultures, uninfected or infected with Lulll or VSV at an
MOI of 5 PFU/cell, were harvested at 24 hpi, and the levels were
normalized to those of B-actin; the fold induction for each gene
relative to that for uninfected cells appears in Fig. 2. For all five
genes tested, the mRNA levels in LullI-infected cells did not differ
significantly from the levels in uninfected cells (by ANOVA); thus,
all fold change ratios were very close to 1.0 (10°). These data are
evidence for the absence of any IFN response to Lulll infection in
glia. In contrast, VSV infection induced dramatic changes in the
IFN-B level (>10,000-fold increase), robust increases in MX1,
OAS, and IFIT-1 expression levels (over 100-fold increases), and a
modest statistically significant 5-fold increase in PKR expression
at 18 hpi.

Infection of human glia with LulII at a high MOI, in contrast
to infection with other viruses, does not stimulate IFN- ex-
pression. There are a variety of intracellular virus-sensing pro-
teins for different classes of virus (39). To test if human glial cells
retain an intact viral detection capability across a panel of viruses
with different structures, we infected triplicate wells with 3 vi-
ruses, in addition to parvovirus Lulll (a nonenveloped single-
stranded DNA virus) and positive-control rhabdovirus VSV (an
enveloped negative-stranded RNA virus): herpesviruses hCMV
and PRV (both enveloped, double-stranded DNA viruses) and the
alphavirus Sindbis virus (a nonenveloped positive-stranded RNA
virus). The IFN-B mRNA levels at 24 hpi are shown in Fig. 3.
hCMYV and PRV infection both resulted in greater than 100-fold
increases in IFN-f levels; Sindbis virus infection boosted IFN-3
levels over 1,000-fold, and VSV infection increased IFN-(3 levels
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FIG 1 No IEN response to parvoviral infection in three normal human cell types. Normal human glia (A), human fibroblasts (B), or human melanocytes (C)
were left uninfected (Uninf.) or were infected with the indicated viruses at 5 PFU/cell. mRNA levels for IFN-f and for the interferon-stimulated gene MX1 were
determined for samples taken at 36 hpi, and the ratio of the IFN-f3 and MX-1 mRNA levels to the level of B-actin expression was determined. n.d., none detected;

n.s., not significant by ANOVA. Error bars, SEMs.

over 100,000-fold. Still, IFN-B mRNA levels were not significantly
different (ANOVA) between uninfected cells and cells infected
with Lulll, even at the higher MOI used in this experiment (10
PFU/cell, equal to approximately 7,000 genomes/cell). Thus, de-
spite the ability to respond to a variety of viruses by upregulating
IFN-B, normal human glia showed no increase in IFN-f levels
even after infection with parvovirus Lulll at a high MOI.
Exogenous IFN preexposure does not protect human glia,
fibroblasts, or melanocytes from parvoviral infection. The pre-
ceding experiments demonstrated the inefficacy of parvoviruses at
stimulating an IFN response in a variety of normal untransformed
human cells. We next sought to assess the degree to which IFN
pretreatment of cells with intact IFN signaling pathways can block
parvoviral infection. This is physiologically relevant because in
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vivo, cells may be exposed to exogenous, paracrine IFN secreted by
other cells (such as leukocytes) even if they themselves do not
secrete IFN in response to infection.

To determine if IFN preexposure protected cells from parvo-
viral infection, we initially compared the infectivity of three par-
voviruses (Lulll, MVMp, and H-1) in IFN-unexposed versus [IFN-
exposed cells by measuring the percentage of cells infected at 24
hpi. Normal human glia and fibroblasts in triplicate wells were
pretreated (or not) with universal IFN-aA/D (100 U/ml for 4 h),
then infected with H-1, Lulll, or MVMp (5 PFU/cell), and then
fixed at 24 hpi and immunostained for early parvoviral protein
NSI; the IFN-sensitive virus VSV (encoding the GFP reporter)
was used as a control for the efficacy of IFN exposure of these cells
at stimulating an effective antiviral response. Results and repre-
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IFN and ISG response in Human Glia
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FIG 2 Detailed analysis of ISG response to infection of human glia. Cells were
left uninfected or were infected with Lulll or VSV at 5 PFU/cell. At 18 hpi
(VSV) and 24 hpi (Lulll), cells were harvested for analysis of mRNA levels of
IFN-B and of the interferon-stimulated genes MX1, OAS, IFIT1, and PKR. All
values were normalized to those for B-actin and are expressed as the fold
induction over that for uninfected cells. Error bars, SEMs.

sentative micrographs for fibroblasts are shown in Fig. 4. Whereas
IFN pretreatment abolished VSV infectivity at 24 hpi in both cell
types, the infectivity of Lulll, MVM, and H-1 was unaffected by
IEN pretreatment; no significant difference in the percentage of
cells infected was observed in any case (ANOVA). Similarly, in
normal human melanocytes, the infectivity of H-1 was unaffected
by IFN pretreatment (data not shown). These results are consis-
tent with the view that in these normal human cells, stimulation of
the type I IFN receptor and the resulting antiviral ISG response,
despite being highly protective against VSV infectivity, have no
inhibitory effect on the early steps of parvoviral infection up to
and including early gene expression.

Lulll preinfection of normal human cells does not affect sub-
sequent infection with VSV. The results presented above suggest
either that parvoviruses fail to be recognized by PRRs in these cells
or that they are recognized but somehow interdict signaling that
would normally lead to subsequent IFN and ISG expression. If the
parvoviruses blocked IFN responses generally, we might find that
preinfection of cells with a parvovirus could enhance infection by
highly IFN-sensitive viruses, such as VSV. Therefore, we tested if
parvovirus preinfection facilitated subsequent infection with
VSV, in which restriction in normal human cells is IFN mediated.
However, when we preinfected normal human fibroblasts and glia
with Lulll at 10 PFU/cell for 24 h and then infected them with
VSV, we could detect no significant effect of Lulll preinfection on
VSV infectivity at 10 hpi (Fig. 5). These results suggest that par-
voviruses do not block IFN responses but, rather, escape detec-
tion.

A human tumor line with endogenously active IFN signaling
is resistant to VSV but not to parvoviruses. We next extended
our analysis of parvoviral sensitivity to the effects of exogenous
IFN in oncogenically transformed cells. Initially, we employed two
cell lines subcloned from human synovial sarcoma SW982 that we
previously isolated and characterized: SW-R and SW-S (28). The
VSV-resistant SW-R cells have endogenously active IFN signaling
and upregulated ISG expression, whereas cells of the VSV-suscep-
tible SW-Sline have a constitutively low level of expression of ISGs
which can be upregulated by exogenous IFN. SW-R cells were
found to be fully resistant to VSV as well as to Sindbis virus and
hCMV (28).
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FIG 3 High-MOI Lulll parvovirus infection (10 PFU/cell) evokes no IFN
response in human glial cells responsive to 4 unrelated viruses. Normal human
glial cells were uninfected or were infected at 10 PFU/cell with LulIl, hCMV,
PRV, Sindbis virus, or VSV. At 24 hpi, RNA was harvested and the IFN-f
mRNA level was determined and normalized to the B-actin mRNA level. For
each virus, the fold induction of IFN- relative to that for uninfected cells is
shown. Error bars, SEMs.

In triplicate cultures of untreated SW-R cells, untreated SW-S
cells, and SW-S cells pretreated with universal [FN-aA/D (100
U/ml for 4 h), we measured infectivity at 24 hpi for VSV, Lulll,
and a parvovirus-based vector, AAV-T. AAV-T is an AAV-2-en-
capsidated vector that we engineered and that encodes the fluo-
rescent marker tdTomato under the control of the CMV promoter
(see Materials and Methods). Adeno-associated viruses, parvovi-
ruses of the Dependovirus genus, have a genomic strategy and life
cycle very similar to those of members of the related Parvovirus
genus (MVM, Lulll, H-1); thus, we would anticipate the interac-
tion of these viruses with IFN pathways to have similarities. Un-
treated SW-S cells, susceptible to VSV infection, were rendered
highly VSV resistant by pretreatment with IFN, consistent with an
intact ISG response. In contrast, IFN pretreatment of SW-S cells
had no significant effect on the infectivity of Lulll or on that of
AAV-T. Importantly, SW-R cells with constitutive ISG upregula-
tion, despite being highly VSV resistant, had the same susceptibil-
ity to Lulll or AAV-T as their VSV-susceptible SW-S cell counter-
parts (Fig. 6A and B). These data present complementary lines of
evidence that the presence of an otherwise effective IFN-stimu-
lated antiviral state does not protect these transformed cells from
parvoviral infection.

Oncogenically transformed cells protected from VSV by IFN
are not protected from parvovirus infection by IFN. The oncose-
lectivity of VSV is largely a function of the impaired IFN signaling
of many oncogenically transformed cells (25, 40). However, the
antiviral response machinery retains various degrees of function-
ality among different tumor cells, resulting in different degrees of
VSV susceptibility. To determine if this variability in IFN func-
tionality among tumors also influences susceptibility to parvoviral
infection, we selected a human melanoma line (YUSIV) that can
be protected from VSV by IEN (IFN responsive) and a human
glioma line (U87) that is minimally protected from VSV by IFN
(IFN resistant). IFN-pretreated cells (exposed to IFN-aA/D at 200
U/ml for 6 h) or untreated cells were infected with VSV, Lulll, or
AAV-T, and the percentage of infected cells was determined at 24
hpi; results are shown in Fig. 7. IEN pretreatment completely
abrogated VSV infection in the YUSIV melanoma, showing that
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FIG 4 Parvoviral infection of normal cells with and without IFN preexposure. Normal human glia (A) and fibroblasts (B and C) were left untreated or were
preexposed to exogenous IFN. Cells were infected with Lulll, MVMp, H-1, or VSV at 5 PFU/cell and fixed at 24 hpi. VSV was visualized by use of a GFP reporter,
and parvovirus-infected cells were visualized by NS1 immunostaining. Error bars, SEMs. * and n.s., significant and nonsignificant, respectively, by ANOVA.

this tumor retains a degree of IFN pathway functionality. YUSIV
was not, however, protected from Lulll or AAV-T infection by
IFN pretreatment (Fig. 7A and B). Human glioma U87, in con-
trast, was not protected from VSV infection by IFN pretreatment,
as expected. In U87, as in YUSIV, the infectivity of Lulll and
AAV-T was unaffected by IFN pretreatment (Fig. 7C). These re-
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FIG 5 Preinfection with Lulll for 24 h does not diminish VSV infectivity.
Human fibroblasts or glia were Lulll preinfected (10 PFU/cell) or not for 24 h
and then inoculated with VSV. The percentage of GFP-positive (VSV-in-
fected) cells was determined at 10 hpi. Error bars, SEMs.

May 2014 Volume 88 Number 9

sults are consistent with the idea that impairment of the antiviral
response in transformed cells is not necessary for optimal parvo-
viral infectivity.

Parvoviruses MVMp, Lulll, and H-1 demonstrate oncoselec-
tivity independently of the effects of IFN. In addition to VSV,
there are a number of other oncolytic viruses that are IFN suscep-
tible, whether innately (e.g., Newcastle disease virus [17,41]) or by
design (e.g., attenuated measles virus [17]), allowing the targeting
of cancers with IFN signaling deficiencies. This raises the question
of whether IFN signaling impairment plays a role in the oncose-
lectivity of parvoviruses as well.

To address this question in human cells, we used normal hu-
man glia and human glioma U87; normal glial cells are IFN re-
sponsive, and U87 gliomas are IFN nonresponsive, at least with
respect to VSV, as assessed by the effect of exogenous IFN on VSV
infectivity (Fig. 4 and 7). We tested the three most commonly
studied oncolytic parvoviruses, H-1, MVM, and Lulll, for their
infectivity at 24 hpi in these two cell types with and without IFN
pretreatment (100 U for 4 h). Results are shown in Fig. 8A and are
replotted in Fig. 8B. Fig. 8A shows that IFN pretreatment had no
significant effect on parvoviral infectivity for parvovirus MVMp,
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FIG 6 Infectivity of parvovirus Lulll and parvoviral vector AAV-T are unim-
paired in human sarcoma cells that are protected from VSV by either intrinsic
IFN (SW-R) or extrinsic IFN (SW-S + IFN). (A) Micrographs show SW-R
cells, cells of an IFN-secreting cell line that is highly VSV resistant but suscep-
tible to parvoviruses Lulll and AAV-T. (B) Measured infectivity of VSV, Lulll,
and AAV-T in VSV-sensitive sarcoma SW-S cells either with IFN (+IFN) or
without IFN pretreatment and in VSV-resistant sarcoma SW-R cells. n.s., not
significant; *, significant by ANOVA. Error bars, SEMs; pfu/c, number of PFU
per cell; Kg/c, number of kilogenomes per cell.

H-1, or Lulll in either cell type. The replot of the data in Fig. 8B
makes clear that a significant infectivity preference for U87 over
normal glia, i.e., oncoselectivity, was demonstrated by all parvo-
viruses. The magnitude of this oncoselectivity would be enhanced
by IFN pretreatment if IFN pathways had inhibited parvovirus
infection in normal cells but not in transformed cells; instead, the
magnitude of oncoselectivity was not significantly affected when
cells were pretreated with IFN. Thus, these data are consistent with
the possibility that any differential IFN responsiveness between
normal and transformed cells is not relevant to oncoselective par-
voviral infectivity.

IFN preexposure in tumors with intact IFN signaling does
not diminish multistep parvoviral growth. Our infectivity data
show that the initial steps of parvoviral infection up to and includ-
ing early viral gene expression are not affected by preinfection
upregulation of I[FN-stimulated pathways in a variety of normal
and transformed human cells. We next tested if subsequent events
in the parvoviral life cycle (genome replication, packaging, and
export, culminating in viral progeny) might be impaired in hu-
man glioma and melanoma by preexposure to IFN.

To assess the efficiency of the parvoviral life cycle overall, we
determined the titers of Lulll progeny (harvested from cells and
the supernatant and combined in proportion) at 72 hpi. In parallel
infections with VSV, the titers of progeny harvested at 24 hpi
(from supernatants) were determined as an indicator of the
integrity of the IFN antiviral response in these cells. Human mel-
anoma-derived cell lines YUSIK and YURIF, as well as human
glioma-derived cell lines U87 and A172, were all tested in tripli-
cate; results are shown in Fig. 9. The production of VSV progeny
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FIG 7 The infectivity of parvoviruses Lulll and AAV-T is unaffected by IFN in
human tumors regardless of IFN status. IFN pretreatment protected human
melanoma YUSIV cells (A and B) (5 PFU/cell) but not human glioma U87 cells
(C) from VSV. The infectivity of Lulll (20 PFU/cell) and AAV (20,000 ge-
nomes/cell) was unaffected by IFN pretreatment in both tumor types (B and
C). Error bars, SEMs. * and n.s., significant and nonsignificant, respectively, by
ANOVA.

titers at 24 hpi was reduced by IFN pretreatment in all four tu-
mors, showing evidence of some degree of antiviral effector capac-
ity in these cells; notably, the reduction in titer varied significantly
among cells: >10,000-fold in YURIF cells, 5,000-fold in YUSIK
cells, 1,400-fold in A172 cells, and 30-fold in U87 cells. The rela-
tively small effect of IFN against VSV replication in U87 cells is
consistent with previously reported findings (42), as well as with
the finding that the IFN response in U87 cells is ineffective against
the initiation of VSV infection (Fig. 7C). In all cell types, regardless
of these variations in their capacity for an antiviral response, Lulll
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FIG 8 Parvoviral selectivity for transformed glioma over normal human glia is
unaffected by IFN pretreatment. Human glia or glioma U87 cells were left
untreated (—IFN) or were pretreated with interferon (+IFN; 100 U/ml for 4 h)
and then infected with parvovirus H-1, MVM, or Lulll at 0.1 PFU/cell. The
percentage of infected cells was determined at 24 hpi. The data are plotted in
two formats: to illustrate that in no circumstance did IFN pretreatment affect
infectivity (A) and to illustrate that the oncoselectivity of all three parvoviruses
was unaltered by IFN pretreatment (B). Error bars, SEMs. * and n.s., signifi-
cant and nonsignificant, respectively, by ANOVA.

replication efficiency was unaffected by IEN pretreatment; at 72
hpi, progeny titers were not significantly different from those for
untreated cells in any case (Fig. 9A). Together, these data are con-
sistent with the idea that neither the early nor the later steps of the
parvoviral life cycle are inhibited by IFN-mediated upregulation
of antiviral effectors in these human tumor cell lines, all of which
are competent for IFN-mediated inhibition of VSV replication to
some degree. This supports the notion that, as an oncolytic virus,
Lulll may have an advantage over VSV and other IFN-sensitive
viruses in tumors that retain residual IFN functionality.

DISCUSSION

In normal human glia, fibroblasts, and melanocytes, infection
with parvoviruses Lulll and MVMp produced no measurable in-
duction of IFN or ISGs; in contrast, other viruses that we tested
generated robust IFN/ISG responses in these cells. Furthermore,
exogenous IFN exerted no inhibitory action against infection by
Lulll, MVM, or H1; this was the case in normal human cells as well
as in human cancer cells, including glioma, sarcoma, and mela-
noma. This parvoviral resistance to IFN was particularly remark-
able in light of the capacity of all the same cells to mount an
IFN-mediated response that dramatically blocked VSV infection.
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FIG 9 Parvovirus Lulll replication is not blocked by IFN pretreatment in a
variety of human tumor-derived cell lines. Human gliomas (A172 and U87)
and human melanomas (YUSIK and YURIF) were infected at 1 PFU/cell with
LullI (A) or VSV (B) either without IFN (—IFN) or with IFN (+IFN) pretreat-
ment (100 U/ml for 4 h). At 24 hpi, supernatant from VSV-infected cells was
harvested for determination of the titer of the VSV progeny (B). At 72 hpi, cells
and supernatant from Lulll-infected cells were harvested for determination of
the titer of Lulll progeny (A). Error bars, SEMs. * and n.s., significant and
nonsignificant, respectively, by ANOVA.

Not only was the initiation of parvoviral infection unaffected by
IEN exposure, but also parvoviral progeny production was unaf-
fected in four cell types in which IFN was able to block VSV rep-
lication. Thus, after testing 10 different cell types, including nor-
mal and cancer cells with four different parvoviruses, we found no
stimulation of an IFN response and no detectable antiparvoviral
effect of IFN. This suggests that, in general, a wide variety of hu-
man cells neither respond to nor block parvovirus infection via
IFN-mediated innate immunity.

Attachment of many parvoviruses to cells, resulting in endocy-
tosis, is mediated by sialoglycoproteins abundant on most mam-
malian cells (1, 43), whereas host cell specificity is mediated by
subsequent intracellular factors (33, 44). Mammalian cells ex-
posed to high concentrations of parvoviruses internalize a signif-
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icant proportion of the inoculum (between 25 and 50%) (33),
representing an opportunity for recognition by the innate im-
mune system. However, we found no evidence of such recognition
in normal human nonimmune cells. The particle-to-infectivity
ratio for parvoviruses is very high, approximately 700 genome-
containing virions per PFU, on average (45), so that the multiplic-
ities of purified virus that we employed for infection, 5 PFU/cell
(Fig. 1 and 2) and 10 PFU/cell (Fig. 3), represent approximately
3,500 and 7,000 virions per cell, respectively. This high number of
virions would seem to represent an amount sufficient to allow
detection by the innate immune system. The time points that we
chose for analysis of gene expression were based on the IFN re-
sponses to parvovirus infection observed from 24 to 36 h in
hPBMCs (23) and MEFs (21).

An absence of an IFN response to parvoviruses was reported in
some murine cells, including A9 transformed murine fibroblasts
(21) and murine plasmacytoid dendritic cells (46). Our study may
be the first to investigate the IFN response to autonomous parvo-
viruses in a variety of normal human cells. A subset of normal cells
can mount an IFN response to parvoviruses, specifically, murine
embryonic fibroblasts (21, 22) and hPBMCs (23). hPBMCs pro-
duced an increase in IFN-[3 transcript levels at 24 h postinfection
with MVMp (23), data which we corroborated.

We did not find evidence for any ability of parvoviruses to
block the IFN response that is triggered rapidly by VSV infection;
24 h of preinfection of fibroblasts or glia with Lulll did not affect
subsequent VSV infectivity. These data argue in favor of parvovi-
ruses evading detection by PRRs that stimulate IFN, rather than
blocking the signaling downstream of PRRs that trigger IFN ex-
pression. There is some evidence that this evasion may be capsid
mediated; DNA genome-containing virions can be translocated to
the nucleus intact (1); thus, it may be that genome uncoating is an
event typically restricted to the nucleus, as opposed to the endo-
somes or cytoplasm where DNA-sensing molecules of the innate
immune system reside (47). In hPBMCs, which did respond to
parvovirus infection, a partial inhibition of the IFN response
could be generated by a Toll-like receptor 9 (TLR-9) antagonist
oligonucleotide (iODN), implicating endosomal DNA sensor
TLR-9 as a likely relevant PRR in this cell’s response (23). iODN
inhibition of the IFN response did not, however, enhance parvo-
virus infection of these cells; thus, there was no evidence of innate
immunity directly counteracting parvoviral infection, consistent
with our findings. Since the only cell populations within hPBMCs
known to possess functional TLR-9 pathways are B cells and plas-
macytoid dendritic cells (pDCs) (48) and since B cells secrete tu-
mor necrosis factor alpha and interleukin-6 rather than IFN upon
TLR-9 stimulation (49), pDCs may be the predominant producers
of the IFN response in hPBMCs (23). However, bone marrow-
derived murine pDCs did not respond to MVMp infection (46).
Interestingly, purified naked MVMp genomic single-stranded
DNA did stimulate IFN-a secretion in murine pDCs, suggesting
MVMDp capsid-mediated physical protection of the DNA genome
from PRRs or capsid-mediated trafficking of viral PAMPs away
from PRRs (46). Among different cell types, parvoviral DNA ex-
posure outside the capsid may vary in degree and in location (50).
In addition to endosomal TLR-9, which is preferentially expressed
in pDCs (51), candidate PRRs for potentially detecting parvoviral
DNA include cytoplasmic DAI (ZBP1), DDX41, IFI16, and
[FI204, which are found in a broader range of cell types (52).

Although the IFN response may have played a role in the on-
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coselectivity of parvoviruses when MEFs were compared to A9
transformed murine fibroblasts (21), we found no evidence for
any IFN-mediated mechanism underlying the oncoselectivity of
parvoviruses in the human cells tested here. Exogenous IFN did
not affect the infectivity of parvoviruses in any cell tested. In ad-
dition, exogenous IFN had no effect on the rate of parvoviral prog-
eny production in four cell types that could all be protected from
VSV, supporting the argument that IFN-stimulated ISGs affect
neither the early nor the late stages of the parvoviral life cycle. The
magnitude of selectivity of parvovirus Lulll for glioma U87 cells
over that for normal human glial cells was unaltered by pretreat-
ment with IFN. A number of alternative mechanisms of parvoviral
oncoselectivity that are unrelated to impairments in IFN signaling
have been demonstrated to operate, including the oncoselectivity
of the viral initiating promoter P4 and the oncoselective toxicity of
the major viral nonstructural protein NS1 (14). The oncoselectiv-
ity of parvoviruses in nonleukocytic human cells and their trans-
formed counterparts therefore does not appear to be related to the
activity of IFN. Compared to other oncolytic viruses, the IFN in-
difference of parvoviruses may be a significant advantage in tu-
mors with a residual or even a completely intact IFN response.
Exogenous IFN had no effect on Lulll infectivity or replication
rates in a number of melanomas and gliomas.

Furthermore, we found that the SW982 synovial sarcoma sub-
clone line SW-R, which we reported earlier to be almost com-
pletely resistant to a number of viruses, including VSV, cytomeg-
alovirus, and Sindbis virus, due to constitutive IFN activation
(28), is nonetheless highly susceptible to infection by Lulll and
AAV vectors. In fact, the infectivity of these parvoviruses in SW-R
cells was no less than that in cells of the SW-S line, another SW982
subclone that is VSV susceptible and does not show constitutive
IFN activation.

Interestingly, and consistent with our findings, a mechanism
by which the innate immune system can counteract parvovirus
infection may be one that is IFN independent. The most direct
evidence for this is a report which shows that some element pres-
ent in MVMp-infected murine NIH 3T3 fibroblasts (likely viral
mRNA transcripts with tertiary structure) can rapidly activate the
double-stranded RNA sensor PKR preexisting in the cytoplasm.
PKR then phosphorylates the o subunit of eukaryotic initiation
factor 2, an essential translational regulator, broadly inhibiting the
initiation of translation and thereby abrogating parvoviral infec-
tion, all without the need for IFN-mediated upregulation of ISGs
(53, 54). Whether this mechanism operates in any human cells
remains to be determined; however, we saw no ability of exoge-
nous IFN, which can upregulate PKR expression, to impair par-
voviral infection. Still, this is an interesting area for further inves-
tigation in normal and transformed human cells.

Dependovirus AAV and recombinant AAV vectors have re-
ceived more investigative attention than autonomous parvovi-
ruses with regard to the innate immune response (55). Although
the biology for these different genera cannot be presumed to be
identical, some similarities might nevertheless be expected. TLR-9
mediated an IFN response to wild-type AAV in murine and hu-
man pDCs (56), consistent with results for autonomous parvovi-
ruses in hPBMCs (23) but in contrast to the absence of a response
to MVMp seen by Mattei et al. in murine pDCs (46). We found
that exogenous IFN was unable to block infection of human cells
by an AAV vector. We did not, however, investigate replication-
competent wild-type AAV; interestingly, wild-type AAV-2 may
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stimulate IFN-3 production at 24 hpi in human lung fibroblasts
(HLFs), and TLR-9 appeared to be involved in detection (57). This
contrast in findings, despite very similar experimental conditions
(MOI, 2,500 genomes per cell, measurement of IFN at 24 hpi
[57]), suggests that dependovirus genomes may be more exposed
to TLR-9 detection in human fibroblasts than autonomous par-
vovirus genomes. Exogenous IFN was also capable of reducing the
infectivity (2-fold) of wild-type AAV-2 (57), unlike what we and
others (22) have observed for the AAV vector and for autonomous
parvoviruses. The reasons why wild-type AAV may be more sus-
ceptible to the IFN-induced antiviral state than AAV vectors or
autonomous parvoviruses remain unclear, and continued studies
of dependoviruses in vitro and in vivo (58) will continue to com-
plement studies of autonomous parvoviruses.

Autonomous parvoviruses failed to elicit IFN responses in a
variety of normal nonimmune human cells otherwise capable of
an IFN response. For normal human fibroblasts, melanocytes, and
glia, as well as for human sarcoma, melanoma, and glioma, IFN
exposure did not diminish susceptibility to parvoviral infection
but did confer resistance to oncolytic VSV. The entire parvoviral
life cycle was unaffected by IFN preexposure in multiple human
tumors that we tested. In contrast to many other oncolytic viruses,
impairment of innate immunity in tumors does not appear to play
arole in parvoviral oncoselectivity. Rather than blocking signaling
downstream of PRRs, there appears to be no interaction of parvo-
viruses with PRRs in nonimmune human cells. This, as well as the
inability of exogenous IFN to diminish infection in tumors, may
constitute a therapeutic advantage for oncolytic parvoviruses over
other oncolytic viruses, particularly in tumors that retain a signif-
icant degree of innate antiviral activity. As oncolytic parvoviruses
may have potential clinical utility against a variety of human tu-
mors, the relationship of these viruses to the innate immune sys-
tem in different cell types merits further exploration. Ultimately, it
will be beneficial to understand the innate immune response to
autonomous parvoviruses in the complete context of an animal
host.
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