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Adenovirus fiber knobs are the capsid components that interact with binding receptors on cells, while an
Arg-Gly-Asp (RGD) sequence usually found in the penton base protein is important for the interaction of most
adenoviruses with integrin entry receptors. Mouse adenovirus type 1 (MAV-1) lacks an RGD sequence in the
virion penton base protein. We tested whether an RGD sequence found in the MAV-1 fiber knob plays a role
in infection. Treatment of cells with a competitor RGD peptide or a purified recombinant RGD-containing fiber
knob prior to infection resulted in reduced virus yields compared to those of controls, indicating the impor-
tance of the RGD sequence for infection. An investigation of the role of integrins as possible receptors showed
that MAV-1 yields were reduced in the presence of EDTA, an inhibitor of integrin binding, and in the presence
of anti-�v integrin antibody. Moreover, mouse embryo fibroblasts that were genetically deficient in �v integrin
yielded less virus, supporting the hypothesis that �v integrin is a likely receptor for MAV-1. We also investi-
gated whether glycosaminoglycans play a role in MAV-1 infection. Preincubation of MAV-1 with heparin, a
heparan sulfate glycosaminoglycan analog, resulted in a decrease in MAV-1 virus yields. Reduced MAV-1
infectivity was also found with cells that genetically lack heparan sulfate or cells that were treated with
heparinase I. Cumulatively, our data demonstrate that the RGD sequence in the MAV-1 fiber knob plays a role
in infection by MAV-1, �v integrin acts as a receptor for the virus, and cell surface heparin sulfate glycos-
aminoglycans are important in MAV-1 infection.

Mouse adenovirus type 1 (MAV-1) primarily infects endo-
thelial cells and cells of the monocyte lineage (13, 21, 28, 31),
but little is known about the receptors it uses to enter cells.
Interaction of a virus with host cell surface molecules is the
initial step in infection, and these interactions can directly or
indirectly affect pathogenesis. Surface receptors can mediate
attachment and/or entry of viruses; adenoviruses were among
the first viruses for which distinct receptors for attachment or
internalization were identified (42). The primary attachment
receptor for most human adenoviruses (hAds) is the coxsackie
and adenovirus receptor (CAR), a transmembrane immuno-
globulin superfamily glycoprotein (9, 55). For many of the
species B hAds, the primary attachment receptor is CD46, a
complement regulatory factor (19, 48, 52, 63), while for other
species B hAds, the primary attachment receptor remains un-
known (56); it is CD80 and CD86 in some cell types (51). The
three domains in fiber protein are the N-terminal tail, associ-
ated with the penton base; the shaft, which can be of various
lengths, depending on the adenovirus serotype; and the glob-
ular C-terminal knob. The mature fiber in virions is a trimer of
the fiber monomer proteins. The knob domain of the fiber
binds the primary attachment receptor in most hAds, and the
interaction of knob and receptor is the primary determinant of
the subsequent intracellular trafficking of the virus (50). After
attachment, internalization of hAds is generally mediated by
another capsid protein, the penton base, interacting with a

second cell surface receptor, �v integrin (62). The virus inter-
acts with integrin via an Arg-Gly-Asp (RGD) sequence in the
penton base.

Not all adenoviruses conform to the usage of the attachment
and internalization receptors described above. For example,
hAd41 does not have an RGD sequence in its penton base, and
this is postulated to be partly responsible for inefficient inter-
nalization of the virus (1). Canine adenovirus type 2 lacks any
known integrin-interacting motif in its capsid, yet it is internal-
ized with kinetics similar to those of hAd5 (14). The internal-
ization processes for both porcine adenovirus type 3 and bo-
vine adenovirus type 3 are independent of CAR or �v integrins,
and these two viruses also apparently do not share primary
receptors (6, 7). Ovine atadenovirus 7 has CAR-independent
tropism, and its penton base does not contain an RGD se-
quence; its fiber has been suggested to be involved in tropism,
though it lacks an RGD or any other identifiable integrin-
binding domain (65).

Additional molecules have been reported to play a role in
adenovirus-cell interactions, including major histocompatibil-
ity class I (23), plasma proteins such as coagulation factors VII,
IX, and X, and complement-binding protein (29, 46, 49, 59)
and sialic acid moieties (3). hAd2 and hAd5 utilize heparan
sulfate glycosaminoglycans (HS-GAGs) as initial binding re-
ceptors in vitro (16, 17), and infection of cells and mice by
hAd5 is increased in the presence of HS-GAGs (45, 49). A
basic motif of Lys-Lys-Thr-Lys (KKTK), which can bind HS-
GAGs (22), is found in the hAd5 fiber shaft near the penton
base. There are data indicating that HS-GAGs may serve as
receptors by indirect and direct binding to hAds and that in
some cases this may involve the fiber shaft KKTK for binding
to HS-GAGs and/or subsequent virus trafficking (8, 29, 32, 45,
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46, 49, 59). MAV-1 does not utilize the mouse homolog of
CAR, mCAR (34), although mCAR is functional as a receptor
for hAds (10, 55). It is not surprising that MAV-1 does not use
mCAR, since the MAV-1 fiber lacks conserved residues in-
volved in CAR binding (33, 34). Also, mCAR mRNA is not
expressed in some mouse cell lines (55) that we have found are
productively infected by MAV-1 (K. R. Spindler, unpublished
data). MAV-1 has recently been shown to associate with
mouse coagulation factors IX and X, but this does not lead to
enhanced cellular attachment to hepatocytes (35). It is not
known what MAV-1 uses as attachment and/or internalization
receptors. MAV-1 does not have an RGD sequence in its
penton base (39), but it has an RGD in its fiber, in a sequence
of 50 amino acids (aa) not found in hAd fiber knobs, in a
position corresponding to the DE loop (Fig. 1) (64). The pres-
ence of RGD in the MAV-1 fiber knob raises the possibility
that MAV-1 may use an integrin not only as a receptor for
internalization but also as the primary attachment receptor. To
begin to address this hypothesis, we investigated virus-host
interactions through competition experiments and by using cell
lines deficient in �v integrin. We demonstrate that the RGD
sequence of the fiber knob is important for infectivity by
MAV-1 and that �v integrin serves as a primary receptor for
the virus. MAV-1 fiber does not have a basic motif like KKTK,
which is found in the hAd5 fiber shaft. However, the MAV-1

penton base has a similar basic sequence, KKPR, in a region
near where the hAd RGD is found (the MAV-1 penton base
has no RGD), which we postulate might interact with HS-
GAGs. In this study, we also report experiments testing
whether HS-GAGs are important for MAV-1 infection. Hep-
arin treatment of virus inhibited infection, and MAV-1 infec-
tivity was reduced in cells that were pretreated with heparinase
or that do not express heparan sulfate, indicating a role for
HS-GAGs in infection by MAV-1.

MATERIALS AND METHODS

Cells and virus. Mouse NIH 3T6 fibroblasts were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 5% heat-inactivated calf
serum. HeLa cells were maintained in DMEM with 10% heat-inactivated calf
serum. Mouse embryo fibroblasts (MEFs) from mice whose �v integrin gene was
knocked out (4) and wild-type (wt) control MEFs were kind gifts from Richard
Hynes and Joe McCarty. MEFs were grown in DMEM with 10% fetal bovine
serum on plates that had been treated with a 10 �g/ml solution of laminin for 1 h
at 37°C. Mouse gro2C cells (deficient in heparan sulfate [20]) were originally
isolated by Frank Tufaro. The gro2C and parental L929 cells were obtained from
Gary Cohen and maintained in DMEM with 10% heat-inactivated calf serum.
MAV-1 was the standard MAV-1 stock originally obtained from S. Larsen (5). It
was propagated and titrated by plaque assay on 3T6 cells as described previously
(12). hAd5 was propagated and titrated on HeLa cells.

Fiber knob peptides and recombinant proteins. Synthetic 15-mer peptides
were obtained from GenScript Corporation (Piscataway, NJ) and were reported
to be �90% pure by the manufacturer. The wt fiber knob peptide, corresponding
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FIG. 1. Adenovirus fiber knob sequences and structures. (A) Alignment of a portion of the MAV-1 fiber knob sequence (aa 444 to 517) with
fiber knob sequences from representative hAds of different hAd species and animal adenoviruses. Species A, adenovirus 12; B, adenovirus 3; C,
adenoviruses 2 and 5; D, adenoviruses 8 and 9. The MAV-1 RGD sequence is in bold. Dashes indicate gaps in the sequence; numbers indicate
the amino acid sequence number. The sequence of the synthetic RGD peptide used in Fig. 2A is underlined. Phe (green) and Leu (red) residues
in hAd5 flanking the gap are colored as in panel B. The T-Coffee program was used for the alignment (44). (B) The hAd5 fiber knob monomer
protein structure is depicted, based on the structure determined by Xia et al. (64). The structure data (1KNB.pdb) were downloaded from the
RCSB Protein Data Bank, and aa 396 to 581 were displayed using MacPyMOL software in cyan, with the DE loop in blue. Amino (N) and carboxyl
(C) termini and �-strand regions are indicated by letters; loops between �-strand regions are also shown. Green and red spheres represent Phe
472 and Leu 473, respectively. These are the residues in the DE loop that flank the insertion found in the MAV-1 fiber knob sequence relative
to other knob sequences shown in panel A. A side view is depicted: the arrow indicates the axis of the fiber shaft (pointing toward the capsid).
(C) Top view of the hAd5 trimer, viewed looking toward the capsid; colors as in panel B.
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to aa 492 to 506 of the MAV-1 fiber, was PPKRRGDLAVLFAKV, and the
negative control peptide, which had KGE in place of RGD, was PPKRKGELA
VLFAKV (the RGD and KGE are indicated in bold). The peptides were dis-
solved in water and diluted in phosphate-buffered saline (PBS) prior to incuba-
tion with cells.

To express recombinant fiber knob protein, a pQE30-based plasmid (Qiagen)
containing the knob domain sequence of hAd35, pQE30F35 (50), was obtained
from Dmitry Shayakhmetov. The construct has the fiber knob domain contained
as a BamHI-HindIII insert with a sequence encoding a six-His tag N terminal to
the knob. To make a MAV-1 fiber knob construct, named pMAV-1FK, the
MAV-1 sequence from 26,528 to 27,253 (corresponding to fiber knob aa 373 to
613) was amplified with primers MAVL26528 and MAV27253 that included a
BamHI site or a HindIII site, respectively (Table 1). The PCR product was
isolated, digested with BamHI and HindIII, and inserted in place of the BamHI-
HindIII insert of pQE30F35. The RGD of pMAV-1FK was mutated to KGE or
AAA by overlap PCR as follows. Primers corresponding to the pQE30 vector
were used in conjunction with primers introducing the mutation of interest
(Table 1); amplification was with Herculase polymerase (Stratagene), and
pMAV-1FK was the template. To create the KGE mutant, a fragment amplified
with PQEL64 and MAV26886kge was mixed with a fragment amplified with
pQE225 and MAVL26886kge, and the mixture was amplified with PQEL64
and PQE225. To create the AAA mutant, a fragment amplified with PQEL64
and MAV26886aaa was mixed with a fragment amplified with PQE225 and
MAVL26886aaa, and the mixture was amplified with PQEL64 and PQE225. The
final amplification products containing either the putative KGE or the AAA
mutation were digested with BamHI and HindIII and inserted in place of the
BamHI-HindIII insert of pMAV-1FK. The resulting plasmids were named
pMAV-1FKKGE and pMAV-1FKAAA, respectively. All constructs were veri-
fied by sequencing.

Escherichia coli M15[pRep4] (Qiagen) cultures containing the wt and mutant
fiber knob constructs were grown in LB broth containing 100 �g/ml ampicillin
and 25 �g/ml kanamycin to an optical density at 600 nm of 0.6 to 1.0, induced
with 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside), and incubated for four
additional hours. The His-tagged recombinant fiber knob proteins were isolated
using Qiagen Ni-NTA agarose, following the manufacturer’s instructions for
native purification, with minor modifications and with all steps at 4°C. Briefly,
cells were lysed in 50 mM NaH2PO4, 436 mM NaCl, 50 mM imidazole, pH 8.0,
containing 1.6% Tween 20, 1 mg/ml lysozyme, and a 1:5,000 dilution of protease
inhibitor cocktail (Sigma; catalog no. 8849). Lysates were sonicated and centri-
fuged at 10,000 � g, and supernatants were incubated with Ni-NTA agarose in 50
mM NaH2PO4, 300 mM NaCl, and 50 mM imidazole, pH 8.0, for 1 h, washed in
the same buffer, and eluted in 50 mM NaH2PO4, 436 mM NaCl, and 1 M
imidazole, pH 8.0. The proteins were analyzed on sodium dodecyl sulfate-poly-
acrylamide gels with Coomassie blue staining; a single band of the appropriate
molecular weight for the fiber knob fragment was seen and estimated to be 99%
pure (data not shown). A single band was detected on a Western blot with rabbit
anti-6X His antibody (Abcam). The concentration of protein was quantitated by
Bradford assay.

Inhibition of infection. The synthetic peptides or recombinant proteins corre-
sponding to the fiber knob sequence, containing either the wt RGD or mutant
KGE or AAA sequences, were incubated with 3T6 cells in suspension for 1 h at
4°C with shaking. MAV-1 that had been dialyzed versus PBS was then added at
a multiplicity of infection (MOI) of 5 for 1 h at 4°C with shaking. The cells were
washed three times with PBS, growth medium (DMEM containing 2% heat-
inactivated calf serum) was added, and the virus yield after incubation for five
days was determined. To test the requirement for divalent cations in infection of
MAV-1, we preincubated cells in suspension with 5 mM EDTA for 1 h at 4°C

with shaking and then washed them three times with PBS. Virus that had been
dialyzed against PBS (to remove divalent cations from the virus stock) was added
to the cells at a MOI of 5 for 1 h at 4°C with shaking. The cells were washed three
times with PBS, growth medium was added, and the virus yield after incubation
for 5 days was determined. Incubation of cells or virus with 5 mM EDTA did not
adversely affect cell viability or virus titer, respectively (data not shown).

The rat monoclonal antibody to mouse �v integrin (CD51) and the rat immu-
noglobulin G1 (IgG1) isotype control were purchased from eBioscience (San
Diego, CA). Inhibition experiments were carried out as described for the pep-
tide/recombinant protein inhibition experiments above, except that instead of
peptide or protein, 100 �g of antibody was added to the cells for the preincu-
bation.

Heparin, chondroitin sulfate A, and chondroitin sulfate B (Sigma) were dis-
solved in water and diluted in PBS and then incubated with virus for 1 h at 37°C.
Virus was then added at a MOI of 5 to cells in monolayers that had been
precooled for 15 min on ice and then was incubated for 1 h at 4°C. The plates
were then washed with cold DMEM, warmed growth media was added, and the
plates were harvested after 24 h (hAd5) or 48 h (MAV-1) of incubation at 37°C.

To remove heparan sulfate from the cell surface, monolayer 3T6 cells (2 � 105

to 3 � 105 cells in 16-mm-diameter wells) were treated with heparinase I (Sigma)
dissolved in heparinase buffer (20 mM Tris, 50 mM NaCl, 4 mM CaCl2, 0.01%
bovine serum albumin [BSA], pH 7.5) and added at 10 U per well in 0.25 ml. The
cells were incubated for 1 h at 37°C, washed twice with PBS, and then either
processed for flow cytometry or infected with MAV-1 at a MOI of 5.

Flow cytometry analysis. 3T6 cells were seeded in monolayers and treated with
0 or 10 U of heparinase I per well for 1 h as described above. The cells were
washed with PBS and treated with 25 mM EDTA/PBS to detach them from the
wells. The cells were pelleted at 200 � g and fixed for 15 min in 3.7% formal-
dehyde/PBS at room temperature. The efficiency of removal of heparan sulfate
was assayed by fluorescence-activated cell sorter (FACS) analysis using an anti-
heparan sulfate antibody (F58-10E4; Seikagaku America). Pelleted cells were
resuspended in antibody diluted 1:200 in PBS/1% BSA and incubated for 30 min
on ice. Cells were washed once with PBS, resuspended in fluorescein isothiocya-
nate–goat anti-mouse IgM (Invitrogen) diluted 1:50 in PBS/1% BSA, and incu-
bated on ice for 30 min. Cells were pelleted, resuspended in PBS/1% BSA, and
analyzed by FACSCanto (Becton-Dickinson). An average of 20,000 cells was
counted per sample. Results were analyzed using FlowJo software (Tree Star,
Inc.).

Statistical analysis. Statistical analyses were carried out using SPSS v. 16
software (Chicago, IL) in consultation with the University of Michigan Center
for Statistical Consultation and Research.

RESULTS

Competitive inhibition of MAV-1 infection with RGD pep-
tide or recombinant protein. Most hAds use an integrin as an
entry receptor through interaction with an RGD sequence in
the virion penton base protein. MAV-1 penton base lacks an
RGD sequence, but an RGD is found in the fiber knob of
MAV-1 in a stretch of 50 aa not found in hAd fiber knobs (Fig.
1). This 50-aa sequence is predicted to be an insertion in the
fiber knob DE loop between the D and E �-strands (64). We
tested whether this RGD is important for MAV-1 infectivity.
We pretreated mouse 3T6 fibroblasts with a 15-mer synthetic

TABLE 1. Oligonucleotide primers used in this study

Name Sequencea Notes

MAVL26528 5� tttaaggatccGGTTTTCATGCTCACAGGGGC 3� Amplify wt fiber knob
MAV27253 5� tatataagcTTAATAGTCTTCAGCATAGTACC 3� Amplify wt fiber knob
PQEL64 5� gtgagcggataacaatttcacacag 3� Overlap PCR, sequencing
PQE225 5� gatggagttctgaggtcattactgg 3� Overlap PCR, sequencing
MAV26886kge 5� GAGAACTGCTAGCTCTCCTTTTCGTTTGGGCG 3� Overlap PCR
MAV26886aaa 5� GAGAACTGCTAGAGCTGCTGCTCGTTTGGGCG 3� Overlap PCR
MAVL26886kge 5� CGCCCAAACGAAAAGGAGAGCTAGCAGTTCTC 3� Overlap PCR
MAVL26886aaa 5� CGCCCAAACGAGCAGCAGCTCTAGCAGTTCTC 3� Overlap PCR

a MAV-1 nucleotides are uppercase, and vector or random nucleotides are lowercase; mutated nucleotides are underlined.
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peptide encompassing the RGD of the MAV-1 fiber knob (Fig.
1A) or a control peptide with the amino acids KGE instead of
RGD for 1 h at 4°C. MAV-1 was then added at a MOI of 5 and
incubated for 1 h at 4°C. The cells were washed to remove
unbound peptide and virus, plated in growth media, and incu-
bated for 5 days at 37°C. Virus yield was determined by plaque
assay (Fig. 2A). In cells infected in the presence of three
concentrations of competitor RGD peptide, the virus yield was
reduced �4.4 log units compared to that in the absence of
peptide. No reduction in yield was seen with the control KGE
peptide.

The fiber knob peptide competition results were confirmed
with purified recombinant fiber knob. We expressed the
MAV-1 fiber knob in a pQE30 vector with an N-terminal
six-His tag for use in purification with Ni-NTA affinity col-
umns. We also used overlap PCR to create mutant fiber knobs
with the RGD mutated to KGE or AAA in the pQE30 vector.
The His-tagged proteins were purified and eluted. They elec-
trophoresed as single bands of the appropriate molecular
weights on Coomassie blue-stained gels, and we estimated they
were at least 99% pure (data not shown). As seen in Fig. 2B,
preincubation of 3T6 cells with the wt MAV-1 fiber knob
recombinant protein caused a �2-log unit reduction in MAV-1
yield, whereas the KGE and AAA mutant knobs and a control
hAd35 knob did not decrease the viral yield. Taken together
with the peptide data, we conclude that the RGD sequence of
the MAV-1 fiber knob is required for efficient viral infection.

Role of integrin in MAV-1 infection. Because RGD se-
quences interact with integrins, we tested whether MAV-1 uses
integrins as receptors. Integrin binding requires divalent cat-
ions (reviewed in references 2 and 47), so we assayed MAV-1
infection in the presence of 5 mM EDTA, a divalent cation

chelator. Virus yield was reduced �5.5 log units compared to
the virus yield in the absence of EDTA (Fig. 3). To eliminate
the possibility that the yield reduction resulted from the virus
capsid being unstable in EDTA, we exposed MAV-1 to 5 mM
EDTA for 1 h prior to infection. Infectivity was reduced only
0.1 log unit compared to virus not exposed to EDTA (data not
shown). Infectivity was also not decreased when EDTA was
added to cultures after a 1-h entry step at 37°C, indicating that
EDTA did not affect a postentry step (data not shown).

Since the data indicated that MAV-1 uses integrins as a
receptor and that the RGD sequence in the fiber is required
for infection, we used two methods to examine whether
MAV-1 uses �v integrin, an RGD-binding integrin, as a recep-
tor. First, we measured viral yield after preincubating cells with
anti-�v antibody or control antibody. Anti-�v antibody reduced
virus yield �2.8 log units compared to the level in controls
(Fig. 4A). Second, we compared the infection of MEFs from
mice whose �v integrin gene had been knocked out to the
infection of MEFs from wt control mice (4). We infected the
�v

	/	 MEFs and controls with MAV-1, performing the virus
adsorption step at either 4°C or 37°C. In both cases, the virus
yield from the �v

	/	 MEFs was reduced by �3.5 log units in
two independent experiments (Fig. 4B). Together with the
results of the antibody interference experiments, these results
indicate that �v integrin is involved in MAV-1 infection.

Role of heparan sulfate in infection. Because HS-GAGs
have been shown to be involved in hAd2/5 and other virus
infections, we tested whether MAV-1 interacts with heparan
sulfate by incubating MAV-1 with various concentrations of
heparin, a HS-GAG analog, for 1 h at 37°C. The virus was then
added at an MOI of 5 to mouse 3T6 cells on ice and allowed
to adsorb for 1 h. The cells were washed, growth medium was
added, and the cells were incubated for 44 h at 37°C. Virus
yield was determined by plaque assay. As a control, hAd5 was
similarly treated with heparin and incubated with human HeLa
cells, and the virus yield was determined at 24 h postinfection.
The results of three experiments showed that MAV-1 was
inhibited to the same extent as hAd5 (Fig. 5); our results with
hAd5 were similar in magnitude to the results of Dechecchi et
al. (17). In two of the heparin experiments, we also treated
virus in parallel with chondroitin sulfate A and B to determine
whether other sulfated glycosaminoglycans serve as MAV-1
receptors. There was no inhibition by either chondroitin sulfate A

FIG. 2. The RGD of the fiber knob is required for efficient MAV-1
infection. Mouse 3T6 cells were preincubated with the indicated con-
centrations of RGD peptide or control KGE peptide (A) or 0.1 �g/�l
of purified fiber knob (B) (aa 373 to 613 of MAV-1 wt or mutant fibers;
aa 122 to 323 of hAd35 fiber), or with no competitor, prior to addition
of virus at a MOI of 5 for 1 h at 4°C. The cells were washed, growth
media was added, and they were incubated at 37°C for 5 days. Virus
yields were determined by plaque assay. Cells treated with no peptide
(A) or no competitor polypeptide (B) served as controls. The data are
representative of two experiments.

FIG. 3. Inhibition of MAV-1 infection by EDTA. Mouse 3T6 cells
were preincubated with the indicated concentration of EDTA for 1 h
at 4°C prior to the addition of virus at a MOI of 5 for 1 h at 4°C. The
cells were washed, growth media was added, and they were incubated
at 37°C for 5 days. Virus yields were determined by plaque assay. The
results of two experiments are shown.
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or B (Fig. 5). Thus, MAV-1 appears to utilize HS-GAGs, but
not chondroitin sulfate, as a receptor.

To confirm the result suggesting that MAV-1 binds to hepa-
ran sulfate, we used two approaches to test whether cells lack-
ing heparan sulfate yielded less virus upon infection by
MAV-1. First, we infected mouse gro2C cells, which are L929
cell derivatives that have a �99.95% reduction of cell surface
expression of heparan sulfate due to a defect in the biosynthe-
sis pathway for heparan sulfate (20). MAV-1 infection of the

gro2C cells indicated that there was a significant reduction in
virus yield compared to that for parental L929 cells (Fig. 6).
The virus yield was below the level of detection for gro2C cells
at a MOI of 0.1, and there were �90% and 65% decreases with
infection at MOIs of 1 and 5, respectively. The MAV-1 yield in
gro2C cells was significantly different from control L929 cells at
both MOIs (P 
 0.001). Second, we treated mouse 3T6 cells
with heparinase to remove cell surface heparan sulfate. Hepa-
rinase treatment did not reduce cell viability (data not shown),
and FACS analysis of heparinase-treated uninfected cells
showed that the treatment reduced cell surface expression of
heparan sulfate by 75% � 4% (data not shown). After incu-
bation with enzyme, cells were washed and infected at a MOI
of 5 for 44 to 48 h. In six independent infections, the mean
reduction in viral yield in cells treated with heparinase I com-
pared to that for untreated cells was 23% � 14%; this was a
statistically significant reduction (P � 0.01). These results are
consistent with the finding that cells lacking heparan sulfate
had reduced viral yield and support the hypothesis that hepa-
ran sulfate serves as a receptor for MAV-1.

DISCUSSION

To further our understanding of MAV-1 pathogenesis, we
have undertaken this study to identify the receptor(s) the virus
uses to attach to and enter cells. MAV-1 causes a widely
disseminated infection in mice, targeting endothelial cells and
cells of the monocyte lineage (13, 21, 28, 31) and, after intra-
nasal inoculation, respiratory epithelial cells (61). Defining the
factors involved in the tropism of MAV-1 will include identi-
fying the receptors used by the virus. For hAds the primary
attachment receptor, whether it be CAR, CD46, or another
molecule, has been identified as a key determinant of tropism
in vivo (reviewed in references 43 and 53). Virus-integrin in-
teractions are also important for infection in vivo, particularly

FIG. 4. �v integrin is required for efficient MAV-1 infection.
(A) Mouse 3T6 cells were preincubated with no antibody, rat IgG1
isotype control, or rat monoclonal anti-�v integrin for 1 h at 4°C.
MAV-1 was then added at a MOI of 5 for 1 h at 4°C. The cells were
washed, growth media was added, and they were incubated at 37°C for
5 days. Virus yields were determined by plaque assay. (B) Infection of
cells lacking �v integrin. Wild-type control or �v

	/	 MEFs were ad-
sorbed with 5 PFU/cell of MAV-1 at the indicated temperature for 1 h
and washed, media was added, and the cells were incubated at 37°C for
5 days. The data are representative of two experiments.

FIG. 5. Inhibition of MAV-1 infection by heparin. Aliquots of
MAV-1 or hAd5 were incubated with the indicated concentrations of
heparin (hep) or chondroitin sulfate A or B (CSA, CSB) at 37°C for 1 h
and then added at a MOI of 5 to 3T6 cells (MAV-1) or HeLa cells
(hAd5) on ice and incubated for 1 h at 4°C. After virus adsorption, the
cells were then washed and incubated with media for 24 h at 37°C
(hAd5) or 44 h (MAV-1). Virus yields were determined by plaque
assay and normalized to samples not treated with glycosaminoglycans.
The results shown are representative of three experiments with hepa-
rin and two with chondroitin sulfates A and B.

FIG. 6. MAV-1 yield is reduced in the absence of heparan sulfate.
Mouse gro2c (white bars) or control L929 (black bars) cells were
infected with MAV-1 at the indicated MOIs for 1 h at 37°C. The cells
were washed and then incubated with growth media at 37°C for 48 h.
Virus yields were determined by plaque assay on 3T6 cells and were
normalized to virus yields from L929 cells. �, for infections at a MOI
of 0.1, virus yields from gro2C cells were below the limit of detection.
Mean virus yields of five experiments for three MOIs are shown; error
bars, standard deviations of the mean. A one-sample t test with a null
hypothesis that the mean was 100% yield indicated that the mean virus
yields of MAV-1-infected gro2c cells versus L929 cells were signifi-
cantly different for infections at both a MOI of 1 and of 5 (P 
 0.001).
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in cell types in which CAR expression is low or undetectable
(reviewed in reference 53).

Since MAV-1 does not use mCAR as a receptor (34), and
because its fiber knob has an RGD sequence, we investigated
whether the RGD was important for MAV-1 infection of
mouse 3T6 fibroblasts. We showed that peptide and protein
sequences containing the RGD of the fiber knob inhibited
infection, whereas identical molecules with the RGD mutated
to KGE or AAA did not. We then investigated whether �v

integrin, for which RGD is a ligand, was involved. Divalent
cations are involved in integrin-ligand interactions (2, 47), and
EDTA, a divalent cation chelator, inhibited MAV-1 infection.
A specific involvement of �v integrin was shown using antibody
to �v integrin, which inhibited MAV-1 infection. MEFs lacking
�v integrin produced reduced yields of MAV-1 upon infection.
Taken together, these data indicate that the RGD of the
MAV-1 fiber knob is important for infection of fibroblasts,
most likely via interaction with �v integrin, which is itself nec-
essary for infection. The assays we used here were not able to
distinguish whether these molecules (the fiber knob and �v

integrin) are required for attachment, entry, or both. Studies
are in progress to answer these questions. We also do not know
which integrin �-chains are used. For hAds, �v�1, �v�3, and
�v�5 promote entry into cells (36, 62), and �5 specifically me-
diates endosomal rupture, a necessary requirement for virions
to be released into the cytoplasm (60). To our knowledge,
porcine adenovirus type 4 (NADC-1) is the only other adeno-
virus reported to have an RGD in the fiber knob sequence
(30), and whether the RGD interacts with integrin or is used
for attachment or entry of that virus has not been described.

It is interesting to note that hAd vectors that have been
constructed with an RGD in the fiber knob can utilize integrins
and efficiently infect cells lacking CAR, thus expanding the
vectors’ host range (18, 41). Viruses that do not use CAR as
their primary receptor have also been modified by insertion of
an RGD into the fiber knob, producing vectors that show
promise for therapy in human cancers due to their ability to
infect malignant cells (11, 57). Integrins are capable of medi-
ating attachment of hAds. For example, �m�2 integrin pro-
motes attachment of hAd2 to human monocytes and macro-
phages, which lack CAR (25). In these cells another integrin,
�v integrin, mediates entry of the hAd2 virus, and increasing
integrin expression on lymphocytes and monocytes increases
infection by the vectors (24, 26). Thus, hAd2 depends entirely
on integrins for attachment and entry into monocytes and
macrophages (25). Based on such findings with hAds, we sug-
gest that MAV-1, which lacks interaction with CAR but has
RGD in its fiber knob, utilizes integrin as an attachment and
entry receptor. Thus, integrins may be a determinant of cell
tropism of MAV-1.

HS-GAGs have been shown to be important for infection by
some hAd serotypes (16, 17, 45, 46, 49). We also found evi-
dence that suggests MAV-1 binds to heparan sulfate but not
chondroitin sulfate on mouse 3T6 fibroblasts. Infection was
inhibited when virus was pretreated with heparin (but not
chondroitin sulfate) and in cells whose heparan sulfate was
enzymatically removed with heparinase. Mouse L929 fibroblast
derivatives that do not express heparan sulfate yielded only
10% of virus compared to the level of L929 parental cells
infected with MAV-1 at a MOI of 0.1. We do not know

whether the interaction with heparan sulfate is required for
attachment, entry, or both, because our assay measures infec-
tious virus produced at the end of infection. We had postulated
that the KKPR sequence in the MAV-1 penton base is impor-
tant as a heparan sulfate-binding moiety. However, when we
used two synthetic peptides for the penton base that included
the KKPR sequence in experiments like those in Fig. 2A for
fiber knob peptides, the penton peptides did not inhibit
MAV-1 infection in multiple experiments performed in paral-
lel with experiments in which the fiber knob did inhibit infec-
tion (data not shown). While there could be other reasons for
the negative results, at face value the data are consistent with
the KKPR sequence not being important for MAV-1 infection.
A mutational analysis of penton would confirm this. Models
have been proposed whereby soluble factors such as coagula-
tion factor IX and X and complement component C4-binding
protein serve as bridging molecules between the adenovirus
capsid and HS-GAGs (45, 46, 49). In the case of factor X, the
capsid component involved for liver tropism of hAd5 is hexon
(29, 59). It will be of interest to determine whether MAV-1
interaction with HS-GAGs is direct or mediated by soluble
factors. Recent surface plasmon resonance experiments by
Lenaerts et al. demonstrated that MAV-1 binds to mouse
factors IX and X (35). However, the addition of factor X at
physiologic concentrations did not increase the attachment of
MAV-1 to mouse hepatocytes. Endothelial cells (particularly
in the brain and spinal cord), rather than hepatocytes, are the
major target cell of MAV-1 in immunocompetent mice (13,
28). It is possible that factor X or other soluble plasma factors
bridge MAV-1 to HS-GAGs on endothelial cells.

A more complex picture than the paradigm of the two-step
mechanism of attachment and internalization for adenovirus
infection emerges when we consider hAd vectors administered
in vivo (reviewed in references 43 and 49) and adenoviruses
that lack apparent binding to an established primary receptor
or involvement with integrins. These include hAd41, bovine
adenovirus type 3, porcine adenovirus type 3, and ovine ade-
novirus type 7, discussed above (1, 6, 7, 65). Manipulations of
hAds to alter tropism also support a more complex model of
the requirements for adenovirus infection. For example, hAd5
that has been mutated so that only fiberless particles are pro-
duced is nevertheless capable of infecting monocytes via an
integrin interaction with the penton base (58). The finding by
Lenaerts et al. (34) that MAV-1 does not require CAR, and
our results demonstrating that MAV-1 infection is dependent
on �v integrin and is enhanced by interaction with heparan
sulfate, provide further examples of the variation from the
standard two-step model of entry for adenoviruses. We do not
know whether integrin and HS-GAGs act additively or syner-
gistically as MAV-1 receptors. Given the level of sensitivity of
our plaque assays (2 � 103 PFU/ml) and the 3- to 4.5-log unit
reduction in virus yield in the presence of the RGD peptide or
recombinant knob protein alone, it would be difficult to make
such a determination. We expect that even an additive effect of
heparin inhibition, on the order of one log unit, would reduce
the virus yield to the limit of detection of our assay. In addition
to possible combined effects of integrin and HS-GAGs, other
cellular molecules may be involved in the MAV-1–cell inter-
action. There may be significant interactions with other capsid
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components known to be involved in hAd-cell interactions, i.e.,
penton and hexon.

Numerous studies indicate that administration of adenovirus
vectors in vivo (in people and in mice) causes an acute inflam-
matory response with extensive cytokine production (reviewed
in reference 15). Evidence suggests that this response is at least
in part due to viral attachment and entry; for induction of some
cytokines, endosomal escape is required. Viral gene expression
is not required for at least some of the response, because the
response is rapid (within the first 60 min) and occurs when
there is no detectable viral mRNA synthesis (15, 40). Down-
stream activation of cell signaling that triggers virus escape into
the cytosol and transit to the nucleus may contribute to inflam-
matory responses (reviewed in reference 15). Virus interac-
tions with integrins that ultimately result in endocytosis occur
via activation of phosphatidylinositol-3-OH kinase and Rho
family GTPases (37, 38). Adenoviruses activate at least two
cellular signaling pathways that aid in nuclear targeting of the
virus, one that activates protein kinase A and one that activates
p38/MAP kinase and MAPKAP kinase 2 (54). The type of
entry pathway used by adenoviruses influences the nature of
the innate immune response: CD46-utilizing hAds induce
higher levels of cytokine expression and NF-B activation than
do CAR-utilizing hAds (27). Because MAV-1 utilizes integrin
for infection, it is possible that many of these same pathways
are stimulated by MAV-1 infection, resulting in innate re-
sponses to the virus. Manipulation of virus capsid and host cell
components involved in the MAV-1–receptor interaction by
genetic and biochemical means will allow the study of this
critical step in the virus infection process both in cell culture
and in the natural animal host.
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