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The future of genetic interventions in humans critically depends on the selectivity and efficiency of gene
transfer to target tissues. The viral gene vectors explored to date cannot selectively transduce the desired
targets. While substantial progress has been made in developing targeting strategies for adenovirus (Ad)
vectors, future advances in this direction are severely limited by the shortage of naturally existing molecules
available for use as targeting ligands. This shortage is due to fundamental and irresolvable differences at the
level of both posttranslational modifications and intracellular trafficking between the Ad structural proteins
and those natural proteins that are involved in interactions with the cell surface and could otherwise be
considered as potential targeting ligands. We hypothesized that this problem could be resolved by altering the
natural tropism of Ad vector through incorporation into its capsid of a rationally designed protein ligand, an
affibody, whose structural, functional, and biosynthetic properties make it compatible with the Ad assembly
process. We tested this hypothesis by redesigning the receptor-binding Ad protein, the fiber, using affibodies
specific for human epidermal growth factor receptor type 2 (Her2), a major molecular marker of human
tumors. The biosynthesis and folding of these fiber chimeras were fully compatible with Ad virion formation,
and the resultant viral vectors were capable of selective delivery of a dual-function transgene to Her2-
expressing cancer cells. By establishing the feasibility of this affibody-based approach to Ad vector targeting,
the present study lays the foundation for further development of Ad vector technology toward its clinical use.

Human adenovirus serotype 5 (Ad5) has long been explored
as a prototype vector for genetic immunization and therapy
(13). However, the success of this work has been hampered by
Ad5’s inability to express transgenes in a target-specific man-
ner and by the fact that Ad5 infection of some types of human
cells, both normal and malignant, is inefficient. Therefore, to
improve both the selectivity and the infectivity of Ad5 vectors
in target tissues or tumors, the mechanism of cell attachment
that has been evolutionarily developed by the virus has to be
altered (5, 18).

Ad virion consists of the genome-containing core enclosed
within an icosahedral capsid, the faces of which are formed
mainly by the hexon protein and the vertices of which are
occupied by the penton capsomers. The components of the
penton—the penton base protein and the fiber—mediate virus
attachment to the cell surface and virus internalization. The
fiber protein is a homotrimer that has a distinct three-domain
structure (7) (Fig. 1A). Its amino-terminal tail anchors the
fiber within the penton base, the carboxy-terminal knob binds
to the primary cell receptor (11), and the central shaft extends
the knob away from the capsid and toward the receptor. It is
the binding of the fiber knob to the Ad5 receptor, the coxsackie-
virus and Ad receptor (CAR), that anchors the virion on the
cell surface and makes the infection possible (3, 29). While the

secondary interaction between Ad5 and the cell, which involves
the penton base and cellular integrins (31, 32), is crucial for
virus internalization, it cannot happen unless the virus is at-
tached to CAR first. Importantly, CAR expression is not as-
sociated with any known disease, and thus CAR is a poor
target for therapeutic gene vectors. Therefore, to be useful,
Ad5 vectors have to be directed to disease-linked cell surface
molecules by modification of their natural tropism.

Ad5 receptor specificity can be modified by inserting target
receptor-specific ligands into the Ad fiber knob. However, ad-
vancement in this direction is severely limited by the shortage
of naturally existing molecules suitable for use as ligands. The
repertoire of candidate protein ligands is narrowed not only by
their size and tertiary structure but also, more importantly, by
incompatibility between the ligands and the Ad fiber with re-
spect to biosynthesis and intracellular trafficking. Because Ad
particles are assembled in the nucleus of the infected cell, all
virion proteins have to localize to the nucleus. Thus, none of
them can undergo posttranslational modifications, which take
place in the endoplasmic reticulum or Golgi apparatus. Con-
sequently, such modifications as the formation of disulfide
bonds, which occur in the endoplasmic reticulum, are unavail-
able to both the Ad fiber and to any ligand that is fused with it.
These limitations make such seemingly attractive ligand can-
didates as antibodies, growth factors, and many others useless
for Ad targeting (20). Attempts to resolve this conundrum by
engrafting into the fiber knob the peptide ligands identified by
phage display had very limited success because of the low
affinities of peptides and frequent loss of their function upon
fusion with the Ad fiber (34).

Here, we report a solution to the problem of biosynthetic

* Corresponding author. Mailing address: Department of Experi-
mental Diagnostic Imaging, The University of Texas M. D. Anderson
Cancer Center, 1515 Holcombe Boulevard, Unit 59, Houston, TX
77030. Phone: (713) 563-4873. Fax: (713) 563-4894. E-mail: vkrasnykh
@di.mdacc.tmc.edu.

� Published ahead of print on 7 November 2007.

630



incompatibility between targeting ligands and Ad capsid com-
ponents. Key to the success of this work is the use of affibodies,
a novel type of artificial protein ligand. The affibodies are one
of the types of emerging designed proteins that are derived
from existing protein scaffolds using combinatorial randomiza-
tion of amino acids in preselected positions (4). In particular,
affibodies are derived from a three-helix bundle domain Z
(dZ) of Staphylococcus protein A, in which 13 of 58 amino
acids are randomized to create a target-binding site (23) (Fig.
1). The biosynthesis of affibodies, their small size, their high
affinity to and selectivity for targets, and their simple structure,
which does not require any posttranslational modifications,
together have provided a strong rationale for using affibodies
as ligands for Ad targeting.

In the study reported here, we altered the natural tropism of
Ad5 by redesigning the fiber of the virus to include an affibody
to human epidermal growth factor receptor type 2 (Her2), a
major molecular marker of human cancers (21), which is now
used by the modified vector as a surrogate receptor. This work
establishes the feasibility of employing artificially designed
proteins for therapeutic vector targeting, and our findings sug-
gest that affibodies may be the ligands of choice for Ad. Fur-
thermore, this study shows that affibody-based Ad5 targeting
yields fully functional vector prototypes, which could be further
developed into therapeutic agents for Her2-expressing human
tumors.

MATERIALS AND METHODS

Cells and antibodies. 293, 293T, and SK-BR-3 cells (all from American Type
Culture Collection, Manassas, VA), 293A cells (Invitrogen, Carlsbad, CA),

MDA-MB-231 cells (provided by Janet Price, The University of Texas M. D.
Anderson Cancer Center), and 293/F28 cells (1) were maintained as previously
described (2). 293/Her2 cells, a Her2-expressing derivative of 293A cells, were
made by stable transfection of 293A cells with a Her2 cDNA-containing plasmid
derived from pIRES.neo (Clontech, Mountain View, CA). The hybridoma line
5E1, expressing anti-fibritin stalk monoclonal antibody (MAb), was generated
using recombinant Fc11 protein (below). Anti-fiber tail MAb 4D2 (12) was
kindly provided by Jeff Engler (University of Alabama at Birmingham).

Expression and purification of recombinant proteins. All recombinant pro-
teins produced in Escherichia coli BL21(DE3) were His6 tagged at their amino
termini and were expressed using pET20b (EMD Biosciences, La Jolla, CA). The
affibody-coding genes were assembled with oligonucleotides using published
amino acid sequences (33). The affibody ligands were then genetically fused to
the carboxy-terminal fragment of the phage T4 fibritin protein comprising the
foldon domain and two preceding �-helical coiled coils, the Fc11. All proteins
were purified by affinity chromatography under native conditions on HisTrap HP
columns (GE Healthcare, Piscataway, NJ) and then subjected to gel filtration on
a Superdex 75 300/10 GL column (GE Healthcare).

Design and transient expression of the Ad5 fiber-replacing protein chimeras.
The genes encoding the affibody-containing or dZ-containing fiber-fibritin chi-
meras were assembled in the plasmid pDV67 (30). These proteins were ex-
pressed by transient transfection of 293T cells using Lipofectamine (Invitrogen).
Details of all DNA manipulation experiments and DNA sequences of all de-
scribed constructs are available upon request.

Generation of Ad genomes and rescue, propagation, and purification of Ad
vectors. The genomes of all Ad vectors were assembled in the Ad rescue plasmid
pVK500C by two sequential DNA recombinations in E. coli BJ5183 (6) using the
reporter genes and the fiber genes cloned in plasmids pShuttle (Clontech) and
pZ3.1, respectively. The plasmid pZ3.1 is a derivative of pZeRo2Kan (Invitro-
gen) into which a fragment of Ad5 genome that includes the fiber gene and the
adjacent genomic sequences was cloned. The genome of the “tester” Ad,
Ad5LucF0, lacks the fiber gene and has its E1 region replaced with a cytomeg-
alovirus promoter-driven gene cassette that contains the firefly luciferase gene.
The genomes of the fiber-modified Ad vectors all contained the same reporter
cassette as the tester Ad genome but with a dual reporter TL gene, which

FIG. 1. Design of Her2-targeted Ad fiber protein. (A) The Ad5 fiber is a homotrimer whose tail anchors it within the Ad virion. The globular
knob domain initiates the trimerization of individual subunits by aligning them and also makes viral infection possible by binding to Ad5 natural
receptor, CAR. The fibrous shaft domain consists of 21 pseudorepeats that form a characteristic �-spiral structure. (B) Similar to the Ad5 fiber,
the fibritin is a homotrimer that has the tail, the stalk, and the foldon domains. The stalk connects the globular tail and foldon and consists of 13
�-helical coiled coils connected with loops. The carboxy-terminal foldon is a very small (30 amino acids) and stable trimerization motif. (C) The
affibody is a 58-amino-acid-long artificially designed ligand derived from Staphylococcus protein A. An array of 13 amino acids, which is engrafted
into two of the three �-helices of an affibody by combinatorial randomization, forms a target-binding site (shown with yellow). (D) The
Fc11-affibody protein is designed as a replacement for the Ad5 fiber knob domain. It consists of the foldon and the two preceding coiled coils of
the fibritin’s stalk. Within this molecule, the foldon holds the three subunits of the chimera together, while the affibody binds to the target receptor.
The FF-type (E) and 11F-type (F) fiber-fibritin-affibody chimeras are designed as targeted equivalents of the Ad5 fiber. They are similar in that
each contains three structural elements—the affibody ligand (or the parental dZ scaffold) and the fragments of both the fiber and the fibritin. The
FF-type chimera incorporates the tail and the first two pseudorepeats of the Ad5 fiber shaft fused with the fragment of fibritin truncated at the
sixth coiled coil of the stalk. The 11F-type chimera resembles the structure of the fiber more closely, as it contains two complete domains
of the fiber, the tail and the shaft. The flexible linker sequence, which connects the shaft and knob domains in the wt fiber, links the �-spiral
shaft to the �-helical segment of the fibritin, thus facilitating this structural transition within the 11F protein. Vertical black lines in panels D, E,
and F indicate the fusion points between individual components of the chimeric proteins.
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encoded a genetic fusion of the herpes simplex virus thymidine kinase and firefly
luciferase.

As described previously (17), to rescue the Ad vectors, the genomes of these
fiber-deleted or fiber-modified viruses were released from plasmid backbones by
PacI restriction endonuclease and used to transfect the wild-type (wt) Ad5
fiber-expressing 293/F28 cells. These cells were further used for intermediate
rounds of propagation of the fiber-modified vectors, whereas the final amplifi-
cation of these viruses was done by infecting 293 cells, which ensured that no wt
fiber was present in these preparations. The amplification of the fiber-deleted
tester vector, Ad5LucF0, was done entirely in 293/F28 cells, thus yielding a vector
equipped with wt fibers. All Ad vectors used in the study were purified by
equilibrium centrifugation in CsCl gradients. Particle titers of Ad preparations
were determined using light absorbance at 260 nm and by measuring total
protein concentration. trans-complementation of the fiber-deleted tester vector,
Ad5LucF0, with the transiently expressed fiber chimeras was done exactly as
described by Jakubczak et al. (14).

Western blotting. The detection of fibers in lysates of transfected 293T cells
and in purified viruses was done by Western blotting essentially as previously
described (1). The modifications to the protocol were that the secondary anti-
bodies were fluorescently labeled with RDye800 (LI-COR, Lincoln, NB) and
that the membrane was scanned in a near-infrared fluorescent laser scanner
(Odyssey; LI-COR).

To obtain accurate quantitative data on fiber expression and/or incorporation
into Ad virions, the samples were loaded on the gels in triplicate, and after the
scanning, the images of individual bands were processed using Odyssey software
(LI-COR). Statistical analysis of the intensities of these bands was done using
analysis of variance and the Tukey procedure to adjust for multiple comparisons.

Enzyme-linked immunosorbent assay. Detection of binding of Fc11-derived
proteins to a recombinant Her2 protein, ErbB2/Fc (BD Biosciences, Palo Alto,
CA), was done according to the established protocol (8). The ErbB2/Fc protein
was absorbed in the wells of an enzyme-linked immunosorbent assay plate (500
ng/well) and probed with either Fc11 or its affibody-modified derivative (50
ng/well). Bound proteins were detected with the anti-fibritin stalk MAb 5E1
followed by the secondary antibody-horseradish peroxidase conjugate (DAKO,
Glostrup, Denmark). The plates were scanned at 490 nm in a multimodality
reader (DTX 880; Beckman-Coulter, Fullerton, CA).

Flow cytometry. Detection of binding of the targeted Fc11-derived proteins to
cells was done according to a previously published method (1). Briefly, the cells
were incubated with purified recombinant proteins (100 ng/ml), and the cell-
bound proteins were detected with the fluorescently labeled Penta-His MAb
(Qiagen, Valencia, CA). Similarly, binding of the wt fiber and fiber chimeras
expressed in 293T cells was tested using the lysates of transfected cells. In this
instance, the quantities of the expressed fibers in the lysates were normalized
using quantitative Western blotting data, and the bound proteins were detected
by anti-fiber tail MAb 4D2 followed by fluorescently labeled secondary antibody.

When the competing free affibody was used, it was added to cells 1 h before the
addition of the fiber-containing cell lysates.

Gene transfer. Transduction of cells was done as previously reported (1).
Briefly, cells grown in monolayer culture in 24-well plates were rinsed with a
serum-free medium, and then a fresh medium either with or without a compet-
itor protein (the knob or the affibody) was added. Next, the viral vectors were
added at the desired multiplicity of infection, and incubation was continued for
30 min. The virus-containing medium was removed, and 24 h later, the cells were
lysed using reporter lysis buffer (Promega, Madison, WI). The activity of lucif-
erase in the lysate was measured using the luciferase assay system (Promega) and
a tube luminometer (Sirius; Berthold, Pforzheim, Germany).

Ganciclovir-mediated cell killing. Cells seeded in 96-well plates were infected
with Ad vectors at a multiplicity of infection of 100 viral particles per cell, and 8 h
later, ganciclovir was added to the wells to a final concentration of 0.25 mM. The
number of viable cells per well was determined 6 days later using a nonradioac-
tive cell proliferation assay (Promega).

Nucleotide sequence accession numbers. The GenBank accession numbers for
the sequences that encode the protein chimeras constructed in this study are
EU219996 (FF.dZ), EU223251 (FF.Her2:7), EU223252 (FF.Her2:4), EU223253
(11F.Her2:7), EU223254 (11F.Her2:4), and EU223255 (11F.dZ).

RESULTS

Design and functional validation of affibody-containing
equivalent of the Ad5 fiber knob domain. As the first step
toward the design of a Her2-targeted Ad, we sought to make a
structural and functional equivalent of the fiber knob domain
by fusing the Her2-specific affibodies Zher2:7 and Zher2:4 (33) to
the carboxy-terminal fragment of the phage T4 fibritin protein
(Fig. 1). The Zher2:7 and Zher2:4 proteins were chosen as tar-
geting ligands for Ad because they were the best characterized
of all Her2-specific affibody species available at the time this
work started. This ligand presentation approach was chosen on
the basis of our previous successes with using fibritin-based
chimeras for Ad5 vector targeting (1, 16). The resultant pro-
teins, termed Fc11.Her2:7 and Fc11.Her2:4, comprised two
�-helical coiled coils and the trimerization foldon domain of
the fibritin (Fc11) connected to the affibody ligands with a
flexible peptide linker (Fig. 1D). In these proteins, the two
functions that are performed by the fiber knob in an Ad par-

FIG. 2. Molecular properties of the Fc11-affibody chimeras. (A) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of purified
recombinant proteins. The Fc11 backbone (lanes 1 and 2), its affibody-modified derivatives Fc11.Her2:7 (lanes 3 and 4) and Fc11.Her2:4 (lanes
5 and 6), and Ad5 fiber knob for comparison (lanes 7 and 8) purified from bacterial cells were loaded on the gel with or without prior denaturation
by boiling (odd-numbered and even-numbered lanes, respectively). While the proteins in the denatured samples are monomeric polypeptides, the
proteins in the nondenatured samples are trimers. The positions and molecular masses (in kDa) of protein standards are shown on the left.
(B) Binding of affibody-containing proteins to recombinant Her2. Purified ErbB2/Fc protein immobilized on an enzyme-linked immunosorbent
assay plate (500 ng per well) was probed with the Fc11 backbone, Fc11.Her2:7, or Fc11.Her2:4 (black bars) followed by anti-His5 MAb and
secondary antibody-horseradish peroxidase conjugate. The white bars indicate background binding to casein. Error bars indicate the standard
deviations obtained in triplicate samples. OD490, optical density at 490 nm. (C) Target receptor-selective attachment of the affibody-containing
proteins to Her2-positive cells. Fc11 (black), Fc11.Her2:7 (red), and Fc11.Her2:4 (blue) were used to probe the surface of Her2-negative 293 cells
and Her2-expressing 293/Her2 cells.
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ticle—trimerization and receptor binding—were disengaged by
being assigned to the foldon and the affibody, respectively. The
proteins were produced in bacteria, and their ability to self-
assemble into homotrimers, which is required for association
of the fiber with the penton base, was confirmed (Fig. 2A).

Because the target-binding site of the affibody was now ad-
jacent to the intermolecular fusion point, the function of this
site could be compromised by the immediate proximity of the
foldon. To rule this out, the functional integrity of the ligand
was verified by enzyme-linked immunosorbent assay, which
confirmed binding of the affibody-containing proteins, but not
the Fc11 backbone, to purified recombinant Her2 protein (Fig.
2B). Furthermore, flow cytometry revealed that the affibody-
modified proteins selectively attached to the target receptor on
the surface of Her2-positive 293/Her2 cells while demonstrat-
ing no binding to Her2-negative 293 cells (Fig. 2C). These
results showed that the functional duality of the Ad5 fiber knob
could be successfully recreated using an unrelated self-trimer-
izing protein scaffold in combination with an artificially de-
signed protein ligand.

Affibody-targeted knob-deleted fibers are fully functional
and compatible with Ad virion assembly. Next, two types of
Her2-targeted derivatives of the Ad5 fiber were designed by
replacing the knob domain of the wt Ad5 fiber with the fibritin-
affibody constructs described in the preceding section. Chime-
ras of the FF type were built on the basis of the previously
developed backbone (16), which consists of the tail and the two
amino-terminal repeats of the fiber shaft fused with the frag-
ment of the phage T4 fibritin protein that includes the coiled
coils 6 through 13 of the stalk domain and the carboxy terminal
foldon (Fig. 1E). Chimeras of the 11F type were designed to
more closely resemble the wt Ad5 fiber. The 11F chimeras
contained the tail and the complete shaft of the fiber fused with
coiled-coils 12 and 13 and the foldon of the fibritin. Chimeras
of both types carried either the carboxy-terminal affibody li-
gands or dZ connected via a flexible peptide linker (Fig. 1F).

Transient expression of both types of Her2-targeted fibers in
human cells showed that despite the significant redesign, these
modified proteins were produced as stable polypeptides and at

levels comparable with those of the wt Ad5 fiber. For instance,
digital processing of the Western blots of these fully denatured
proteins showed that the expression of 11F.dZ, 11F.Her2:4,
and 11F.Her2:7 was 54%, 54%, and 64% of unmodified Ad5
fiber expression, respectively (data not shown). Most impor-
tant, the folding patterns of these chimeras proved to be con-
sistent with the formation of the fiber-like trimers (Fig. 3A and
data not shown). In a cell-binding study, the chimeras carrying
the affibodies, but not the proteins fused with the affibody
scaffold (dZ), recognized cell-associated Her2, confirming that
the Her2 specificity of these chimeras was due to the affibody
ligands (Fig. 3B and data not shown). This finding was further
corroborated by efficient dose-dependent inhibition of Her2
binding with a free affibody competitor (Fig. 3C).

In addition, functional equivalency of the chimeras to the wt
Ad5 fiber was demonstrated by encapsidating these proteins
into the virions of the fiber-deleted tester vector, Ad5LucF0.
First, virus lacking the fiber gene in its genome was rescued
and propagated in cells stably expressing the wt fiber. Next,

FIG. 3. Validation of the affibody-modified fiber replacement proteins. (A) Western blot analysis of the transiently expressed proteins in cell
lysates containing the wt Ad5 fiber (lanes 1 and 2), 11F.dZ (lanes 3 and 4), 11F.Her2:7 (lanes 5 and 6), or F11.Her2:4 (lanes 7 and 8) in seminative
form (odd-numbered lanes) or denatured form (even-numbered lanes). Each line of the gel was loaded with the aliquot of cell lysate containing
8 �g of total soluble protein. S, protein molecular mass standards. (B) Fluorescence-activated cell sorting assay of the transiently expressed fibers:
wt Ad5 fiber (green), 11F.dZ (orange), 11F.Her2:4 (blue), and 11F.Her2:7 (red). The black curve represents the background signal obtained with
the lysate of mock-transfected cells. (C) Dose-dependent inhibition of cell attachment of the 11F.Her2:7 protein detected by flow cytometry. Mean
fluorescence intensity of the 293/Her2 cells probed with either the 11F.Her2:7-containing lysate (black bars) or the wt fiber-containing lysate (white
bars). Shown below the graph are the concentrations of the free affibody competitor (in mg/ml) used to inhibit Her2 binding. Error bars indicate
the standard deviations obtained in triplicate samples.

FIG. 4. Encapsidation of the modified 11F-type fiber chimeras into
Ad particles. CsCl-purified Ad virions were obtained either by trans-
complementation of the tester vector, Ad5LucF0, or by standard Ad
rescue and propagation protocol. All samples were fully denatured
before electrophoresis. (Left) Tester Ad trans-complemented with the
wt fiber (lane 1), 11F.Her2:7 (lane 2), or 11F.Her2:4 (lane 3) with 3 �
1010 virus particles per lane. (Right) AdTL (lane 1), AdTL.11FHer2:7
(lane 2), and AdTL.11FHer2:4 (lane 3) with 1010 viral particles per
lane. The molecular masses (in kDa) of protein standards (lane S) are
shown on the left.
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cells transiently transfected to produce affibody-modified chi-
meras were infected with this tester Ad to allow for encapsi-
dation of the targeted fibers into Ad5LucF0 progeny virions.
This trans-complementation yielded Ad particles that con-
tained the Her2-targeted chimeras, as confirmed by Western
blot analysis of purified virions (Fig. 4).

In aggregate, these findings proved that the biosynthesis, the
folding, and the intracellular trafficking of the affibody-modi-
fied fiber chimeras were consistent with the Ad5 virion assem-
bly process.

Incorporation of affibody-targeted fiber chimeras into Ad
particles yields complete and fully functional virions. The
genes encoding the affibody-modified fibers were transferred
into the E1-deleted Ad5 genome containing an expression

cassette with a dual reporter gene termed the TL. The viruses
were rescued by transfection of 293/F28 cells, which stably
express the wt Ad5 fiber. The rescued mosaic virions were
further amplified in 293/F28 cells and then propagated in 293
cells. The yields of the targeted vectors were very similar to
that of the control Ad containing the wt Ad5 fiber. For in-
stance, the yields for AdTL.11F.Her2:4 and AdTL.11F.Her2:7
were 7,450 and 9,720 viral particles per infected cell, respec-
tively, while the yield for the control AdTL was 8,140 particles
per cell. The efficiency with which the chimeras were encapsi-
dated in Ad particles was assessed by Western blot analysis of
highly purified viral preparations. Importantly, this assay
showed that the amount of chimeric 11F-type fibers incorpo-
rated per modified Ad virion was the same as seen with the wt
Ad5 protein (Fig. 4). Incorporation of chimeras of the FF type
was similarly efficient (data not shown).

The infectivity of the tropism-modified vectors, AdTL.
11F.Her2:4 and AdTL.11F.Her2:7, was tested in 293 and
293/Her2 cells. In line with the cell binding data (above), the
retargeted vectors showed much greater infectivity in Her2-
positive cells than in control cells. The efficiency of gene
delivery to Her2-expressing cells by the best performer,
AdTL.11F.Her2:7, was similar to that achieved with the
isogenic vector containing the wt fiber (Fig. 5). The concen-
tration-dependent inhibition of this infectivity with free af-
fibody further confirmed the Her2-dependent mode of gene
transfer by the targeted Ads (Fig. 5).

Affibody-containing Ad5 vectors use Her2 as a surrogate
receptor to transduce and kill human cancer cells. Next, we
tested the ability of the affibody-targeted chimeras of the 11F
type to direct Ad vectors to human mammary carcinoma cell
lines with different Her2 phenotypes. Transduction of these
cell lines by vectors encapsidating targeted chimeras of the 11F
type correlated with the cells’ Her2 expression level. Transduc-
tion was efficient in SK-BR-3 cells, which expressed 1 � 106 to

FIG. 5. Affibody-mediated viral gene transfer to Her2-expressing
cells. Her2-positive 293/Her2 cells (black bars) or Her2-negative 293
cells (white bars) were transduced with Ad vectors containing either wt
fiber (AdTL) or the affibody-targeted fiber chimera AdTL.11F.Her2:7.
The efficacy of transduction was gauged by the activity of luciferase
expressed by the viruses. Shown below the graph are the concentra-
tions of free affibody (in �g/ml) used to inhibit cell transduction. Error
bars indicate the standard deviations obtained in triplicate samples.
This competitor protein had no effect on the transduction of either cell
line by AdTL (not shown).

FIG. 6. Transduction of human breast cancer cells with the Her2-targeted Ad vectors. The following viruses were used: wt, AdTL; lanes 1,
AdTL.11F.Her2:4; lanes 2, AdTL.11F.Her2:7; lanes 3, AdTL.FF.Her2:4; lanes 4, AdTL.FF.Her2:7; lane 5, Ad5Luc1, Ad expressing only luciferase
with the wt fiber; and lane 6, no virus. All transductions were done at a multiplicity of infection of 100 virus particles per cell. In all three panels,
error bars indicate the standard deviations obtained in triplicate samples. (A) Comparison of gene delivery to Her2-positive SK-BR-3 and
Her2-negative MDA-MB-231 cells. Each cell line was infected with either Ad vector containing wt fiber (AdTL) or Ad vector containing a
Her2-targeted fiber chimera (AdTL.11F.Her2:4 or AdTL.11F.Her2:7). The efficacy of transduction was measured using the activity of vector-
encoded luciferase reporter. (B) Comparison of gene delivery to SK-BR-3 cells with AdTL, AdTL.11F.Her2:4, AdTL.11F.Her2:7, AdTL.
FF.Her2:4, and AdTL.FF.Her2:7. Black bars show luciferase expression by unblocked vectors. White bars show the levels of bioluminescence in
the cells preincubated with a free competitor (Ad5 fiber knob for AdTL or Her2:4 affibody for targeted Ads, each used at a final concentration
of 30 �g/ml). (C) Targeting of Ad with redesigned fiber-fibritin-affibody proteins yields more efficient killing of tumor cells. SK-BR-3 cells
transduced with Ad vectors were treated with ganciclovir to engage the drug-converting activity of the TL transgene. The number of viable cells
determined using an MTT [3-(4,5-dimethylthiazol-2-yl)2 2,5-diphenyl tetrazolium bromide] assay is shown. rlu, relative light units.
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2 � 106 copies of Her2 receptor per cell (28); compared
with unmodified Ad5 vector, the AdTL.11F.Her2:4 vector
yielded an equal level of transgene expression, and the
AdTL.11F.Her2:7 vector was twice as efficient as the control
(Fig. 6A). In contrast, Her2-negative MDA-MB-231 cells were
infected very poorly by both of the affibody-containing Ad
vectors: signals were at a background level. These results fur-
ther confirmed the key role of Her2 in infection by these
tropism-modified viruses.

To see whether vector infectivity depended on the type of
targeting chimera encapsidated, we did a comparative trans-
duction of SK-BR-3 cells with vectors containing either the
FF-type or 11F-type proteins. In this test (Fig. 6B), the 11F-
type vectors outperformed their FF-type counterparts by a
large margin (16- and 43-fold for the vectors containing the
Zher2:7 and Zher2:4 affibodies, respectively). These findings in-
dicated that the 11F-type proteins, by mimicking the native
structure of the wt fiber more closely than the FF-type pro-
teins, supported more efficient viral infection. Additional con-
firmation of the Her2 specificity of the targeted Ads was ob-
tained using free affibody ligand as a competitor (Fig. 6B).

Next, the prodrug-converting activity of the TL transgene
carried by the Ad vectors was used to determine whether the
designed viruses could serve as prototypes for gene therapeu-
tics. Toward this end, SK-BR-3 cells were transduced by the
same panel of vectors and then treated with ganciclovir. In line
with the gene transfer data, the 11F-type vectors mediated
much more efficient killing of target cells than did the FF-type
Ads. The 11F-type vectors also proved to be more efficient
than the nontargeted control AdTL (Fig. 6C).

Together, these data proved that affibody-enabled targeting
of Ad vectors to Her2 is an efficient strategy for improving both
the specificity of Ad-mediated gene delivery to Her2-positive
tumor cells and the therapeutic outcomes of this transduction.

DISCUSSION

The goal of this study was to explore the possibility of ge-
netically altering the natural tropism of Ad5 by using artificially
designed proteins, the affibodies. This was attempted in order
to resolve a fundamental problem that has hampered progress
in the development of targeted Ad vectors for in vivo gene
delivery—the shortage of appropriate targeting ligands. Since
these ligands are to be incorporated into the Ad capsid genet-
ically, they have to satisfy a set of stringent structural, func-
tional, and biosynthetic criteria, which in aggregate effectively
eliminate from the list of potential ligand candidates nearly all
naturally existing proteins. Therefore, instead of continuing an
unpromising search for such molecules in nature, we took an
alternative route of employing artificial proteins that have
been rationally designed to fit the profile of a targeting ligand
for Ad.

In this study, affibody proteins derived from a compact,
simply structured, and stable scaffold of Staphylococcus protein
A dZ were used to target knob-deleted Ad fiber proteins to
Her2. The trimeric structure of these chimeras was facilitated
by the inclusion of a trimerization domain of the phage T4
fibritin protein. These modifications yielded fully functional
tripartite protein chimeras that proved to be an adequate re-
placement for the wt Ad5 fiber. Namely, they formed stable

fiber-like trimers and consequently incorporated into Ad par-
ticles with efficacy of encapsidation equal to that of the wt
fiber. The affibody ligands within these targeting proteins re-
tained their Her2 binding specificity and directed the virus to
the target receptor. Furthermore, this engineered tropism to
Her2 allowed two of the targeted vectors to deliver the trans-
gene to Her2-positive human breast cancer cells with efficiency
equal to or greater than that of the virus with unaltered recep-
tor specificity. Thus, this tropism modification improved both
the vector’s specificity for the target cells and the efficiency of
gene delivery.

The following considerations suggest that for Ads, genetic
modification of virus tropism with affibodies could be the tar-
geting strategy of choice. First, both of the affibody species we
tried (Zher2:7 and Zher2:4) resulted in functional fibers and
virions. These findings, taken together with the high level of
structural homology among affibodies, suggest that the overall
success rate with other affibodies should be high, too. Second,
the efficacy of Ad vector targeting and gene delivery may be
improved further by using affibody multimers as ligands. Of
note, it has been shown that compared to affibody monomers,
affibody dimers have higher affinities for Her2 and better tu-
mor localization properties in vivo (26, 27). Alternatively, af-
fibodies with higher affinities for their targets could be used.
While the dissociation equilibrium constants (KD) for the
Zher2:4 and Zher2:7 affibodies used in this work are 50 nM and
140 nM (33), respectively, recent affinity maturation work re-
sulted in much better Her2 binders, with KDs in the lower
picomolar range (24). Third, in addition to their high affinities,
the affibodies show excellent target selectivity both in vitro and
in vivo as they are able to discriminate between closely related
members of the same receptor families (9). Fourth, the reper-
toire of affibodies with specificities for disease-related targets is
growing, and significant commercial interest in this technology
is expected to ensure its further growth. Fifth, the fact that
some affibodies trigger internalization upon binding to the
target (9) provides an opportunity to design targeted Ad vec-
tors that would not require integrin-mediated internalization.
For such vectors, integrin expression by the target tissues
would not be a limiting factor for efficient gene delivery. Sixth,
affibodies may be developed that are specific for molecular
markers of diseases for which natural ligands do not exist,
allowing Ad targeting of these molecules.

It should be noted that although the use of affibody ligands
is an attractive strategy, it does not by itself guarantee that Ad
vector tropism will be successfully altered. In this regard, re-
cent attempts to target Ad5 by using an affibody-modified,
knob-deleted fiber fused with the neck region peptide of lung
surfactant protein D have been unsuccessful (19). In the same
study, incorporation of the affibody within the HI loop of the
fiber knob resulted in a poor encapsidation of the resultant
proteins in Ad virions, which was only 25% of that seen with
the wt fiber. Similarly, our affibody-modified chimeras of the
FF type were only marginally useful in directing the virus. It
was thus the particular combination of the affibody with the
improved ligand-presenting molecule, the 11F chimera, that
made our strategy a success. It is possible, however, that alter-
native fiber-derived chimeric backbones, such as the recently
developed fusions between the Ad5 fiber and reovirus protein
�1 (22, 25), might be successful in accommodating affibodies as
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targeting ligands for Ad. Regardless of which ligand-present-
ing protein is used to replace Ad fiber, targeting Ads to new
receptors may affect virus uptake, intracellular trafficking, and
nuclear import of viral genomes, and, thus, these potential
problems must be considered for each new ligand/receptor
pairing. Also, despite our success with the 11F chimera, it is
possible that some affibodies may fail to function as ligands
when fused to this scaffold.

What makes the combination of the fiber replacement ap-
proach with the use of affibodies particularly attractive is that
this strategy should be equally efficient when applied to Ad
serotypes other than human Ad5. Several of those serotypes
are currently being explored as alternative vector prototypes
with the goal of overcoming the preexisting anti-Ad5 immunity
in humans (10, 15). The high degree of structural similarity
between various Ad fibers (7) suggests that replacement of the
fiber knob in these alternative vectors with fibritin-affibody
fusions is likely to be a successful approach. Targeting of those
other Ad fibers by replacing their knobs with the fibritin-
affibody fusions will be independent of both the identity of
their natural receptors and the identification of their receptor-
binding sites; thus, this strategy would be predicted to be rather
straightforward.

From the standpoint of basic science research, efficient re-
modeling of the Ad’s cell binding mechanism with affibodies
makes the Ad-cell interaction manipulatable and thus allows
the study of important biological questions that could not be
answered using viruses with native tropism. For instance, affi-
body-based modification of Ad vector tropism could be used to
study the dependence of the overall efficacy and temporal
dynamics of the infection process on the nature of the target
receptor, the localization of the virus-binding site within the
receptor molecule, or its position relative to the cell surface. It
is thus envisioned that the work reported here, by establishing
that affibodies can be used to successfully manipulate Ad vec-
tor tropism, will lead to many new research opportunities in
both the basic and applied fields of science.
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