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▼ In 1985, George Smith demonstrated that
foreign proteins could be displayed on the
surface of filamentous bacteriophage as 
genetic fusions with the minor coat protein,
pIII (Ref. 1). Because the displayed peptide
forms a structural association with its encod-
ing DNA, phage-display was immediately rec-
ognized as a powerful tool for selecting and
evolving ligands from large combinatorial 
libraries2,3. Peptides were most commonly 
selected from phage-display libraries by virtue
of their affinity for a given target. Recently,
however, several functional selection strategies
have been developed4 including genetic selec-
tion. For example, it has been demonstrated
that an appropriately engineered phage can
deliver functional genes to mammalian cells
through receptor-mediated endocytosis5–8.
This led to the concept of using genetic 
selection to identify novel ligands and the
prospect of using phage vectors for gene ther-
apy5,6,9. These results have been confirmed by

independent studies with phage particles tar-
geted with an antibody or viral capsid pro-
tein10,11. This review will discuss how these
new findings are leading to novel applications
of phage-display for both gene discovery and
evolving phage particles capable of therapeutic
gene delivery.

Phage-display technology
Filamentous phage, unlike lytic phage, are 
assembled as particles of protein and single-
stranded circular DNA that are created by 
extrusion from the bacterial cell wall. The
wildtype phage particle is ∼ 6.5 nm in diame-
ter and 900 nm in length and consists of DNA
surrounded by a protein sheath of approxi-
mately 2700 copies of the major coat-protein,
pVIII. By contrast, there are only 3–5 copies
of the minor coat-protein (pIII), which caps
one end of the particle. Historically, peptide
display has relied on creating amino-terminal
fusion peptides with either pIII or pVIII. Small
peptides (6–8 amino acids) can be displayed
on all copies of pVIII in the coat to create
phage particles that are ‘landscaped’ with 
altered peptide sequences12. Larger proteins,
however, require a mosaic display with the 
inclusion of some wildtype pVIII in the phage
coat so as not to disrupt assembly13,14. More
recently, alternative display systems using C-
terminal fusions to pVI, pVIII and pIII have
been described15–17, suggesting greater flexi-
bility in genetically modifying phage particles
than previously thought.

Not all proteins are efficiently displayed 
on phage, yet a wide range of peptides and 

Receptor-mediated gene transfer by
phage-display vectors: applications 
in functional genomics and gene
therapy
David Larocca and Andrew Baird

*David Larocca and 
Andrew Baird

Selective Genetics
11035 Roselle Street 

San Diego
CA 92121, USA

*tel: +1 858 625 0100
fax: +1 858 625 0222

e-mail: laroocad@
selectivegenetics.com

Recent studies have demonstrated targeted gene-delivery to mammalian

cells using modified phage-display vectors. Specificity is determined by

the choice of the genetically displayed targeting ligand. Without

targeting, phage particles have virtually no tropism for mammalian cells.

Thus, novel ligands can be selected from phage libraries by their ability

to deliver a reporter gene to targeted cells. Together with advances in

cDNA display technologies, these findings offer new opportunities for the

use of phage-display technology in functional genomics. In addition,

targeted phage particles have potential as alternative gene therapy

vectors that can be further improved using directed evolution.



reviews research focus

794

DDT Vol. 6, No. 15 August 2001

proteins can be used, and most retain
at least some of their biological activ-
ity18. In addition, various forms of 
antibodies, including Fabs and single-
chain antibodies (ScFvs), have been
displayed. Indeed, when antibody reper-
toires are prepared from immunized 
or naive animals, they serve as a rich
source of molecular diversity19. Once
candidate proteins have been selected
and identified, mutation libraries from
their individually cloned genes are 
an additional source of diversity. 
For example, improved ligands have 
been selected from mutation libraries
of displayed cytokines and growth 
factors20–24.

Selection of ligands from phage-
display libraries
Generally, the selection of ligands from
phage-display libraries relies on pep-
tide affinity and avidity. The number of
phage recovered is determined by the
complexity of the library, the target protein and the selec-
tion stringency. Accordingly, four types of selection have
been evaluated over the past few years: (1) affinity selec-
tion against simple targets, such as immobilized proteins;
(2) affinity selection against complex targets, such as the
cell surface; (3) selection after phage processing, such as
their internalization by cells; and (4) functional selection,
such as phage-mediated gene transfer (Fig. 1).

Affinity selection
Peptide selection from phage libraries uses the same princi-
ples of selection and biological amplification found in 
natural evolution. Selection pressure is determined by a pep-
tide’s affinity for a target protein attached to a solid support.
Unbound phage are washed away with buffers of different
stringencies and the remaining attached phage particles are
recovered, propagated in bacteria, and then further enriched
by repeated rounds of adsorption and recovery. In early
rounds of selection, specific-binding phage could be present
among millions, if not billions, of other phage particles
depending on the complexity of the library. However, be-
cause filamentous phage are extremely stable, they can be
selected under a variety of harsh conditions including low pH,
chaotropic (protein denaturing) agents and protease cleavage.
Although the phage recovered might be present in extremely
low concentrations, they are readily amplified by infecting
host bacteria. As the selection is repeated, the library is 

significantly reduced in complexity and phage encoding 
the binding ligands can then be characterized by DNA 
sequencing.

Selection using complex targets
With the success of ligand selection using phage libraries
screened against immobilized proteins, investigators then
began to select against whole cells25–28. A clear advantage 
of this kind of ‘biopanning’ is that little, or no, previous
knowledge of the target molecule (i.e. a receptor)  is needed
and it can be in its native form on the cell surface. However,
the fact that the target protein might be present in low
concentrations, relative to other cell surface proteins, pre-
sents a significant disadvantage to selection and non-specif-
ically adherent phage can give false positive signals. A low
concentration of non-specific phage can interfere in the
early rounds of selection when the specific phage are in low
concentration.

Despite these issues, the selection of peptides on com-
plex targets has been remarkably successful. Recent studies
by Pasqualini’s laboratory have extended this approach even
further by demonstrating that organ homing-peptides can
be selected from libraries that are ‘biopanned’ in vivo29,30.
By applying standard phage-display selection techniques
to mice in vivo, they identified peptides capable of selec-
tively targeting phage to the vasculature of different organs,
including brain, prostate and kidney29.

Figure 1. Strategies for selecting ligands from phage-display libraries. Early phage-display
relied on affinity selection of ligands using simple targets (a) and later, complex targets
such as whole cells and organ vasculature in whole organisms (b). Recent strategies select
for internalizing ligands by recovering phage from cells (c), or recovering ligand genes
from genetically transduced cells (d).
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Selection of internalizing ligands
In an effort to increase selection stringency and to over-
come the problems of non-specific adsorption that are
associated with biopanning against whole cells, alternative
strategies have been explored. Hart and coworkers initially
demonstrated that phage targeted to RGD (an integrin-
binding peptide sequence) are internalized through re-
ceptor mediated endocytosis31. Subsequently, Barry and
coworkers showed that cell-specific internalizing peptides
can be selected from large, diverse libraries of displayed
peptides by washing phage off the cell surface at low pH
and recovering internalized phage from cell lysates32.
Ivanenkov and colleagues, and Poul and coworkers, used a
similar approach to identify internalizing ligands from pep-
tide libraries displayed on gene VIII (Ref. 33) and to select
tumor-specific internalizing antibodies34, respectively.

When selecting peptides by phage internalization it is
useful to control the number of ligands displayed per
phage (valency). Internalization by cells is increased by
multivalent ligand display, either on pVIII (Ref. 35) or pIII
(Ref. 36). Under controlled conditions, the internalization
of multivalent phage particles displaying epidermal growth
factor (EGF) is more efficient than monovalent particles
produced by an equivalent vector8. This increased internal-
ization probably results from increased avidity and/or 
the stimulation of receptor dimerization or clustering and 
subsequent internalization. Indeed, peptides displayed as 
multiple copies on phage, or by artificial dimerization of 
the peptide, are often found to be more active than the free
synthetic peptide37,38. It is clear, therefore, that cellular 
internalization selects for a function (receptor activation)
that requires higher order structure and not simply primary
sequence.

Genetic selection of ligands that mediate gene transfer
The original rationale behind selection by internalization
was simply to increase the stringency of selection and, there-
fore, increase the ratio of signal (useful ligands) to back-
ground (false positives). Therefore, we reasoned that receptor
activation and gene transfer should increase selectivity and
specificity even further. However, filamentous phages were
thought to be too large to pass through an endosomal path-
way31 and if they did, it seemed unlikely that the particles
could traffic appropriately through the endosomal environ-
ment and uncoat and express their single-stranded DNA in a
mammalian cell. Remarkably, however, significant levels of
gene transfer are obtained when phage particles are targeted
to mammalian cells5–8. Figure 2 illustrates how mammalian
cell tropism is conferred to a phage-display vector. The
phage genome is altered by the addition of: (1) a reporter
gene (e.g. green fluorescent protein, GFP) that is regulated

by a mammalian promoter (e.g. cytomegalovirus, CMV) and
(2) a ligand gene (e.g. EGF) fused to the pIII coat-protein
gene. The engineered phage particle has a new tropism for
mammalian cells that express the ligand’s cognate receptor.
Little or no transduction is obtained when cells are trans-
fected with an identical vector that lacks the targeting 
ligand. Phage-mediated gene delivery is dose- and time-
dependent. Specificity for the targeted receptor has been
demonstrated by several studies including competition ex-
periments with free ligand5–7. The targeting ligand displayed
on the phage can also be a peptide, protein or antibody. For
example, Poul and coworkers10 delivered a GFP gene to cells
bearing the HER2 receptor (a member of the EGF receptor
family) using phage targeted to a single-chain antibody and
Di Giovane et al.11 recently obtained similar results using an
adenoviral penton-base-targeted bacteriophage. Although
the percentage of GFP-expressing cells was low in these early
studies (~1–4%), transduction levels of up to 10% are ob-
tained using a multivalent phage-based vector8 and >45%
transduction is achieved after genotoxic treatment39.

The discovery that targeted bacteriophage can deliver
genes to cells using receptor-mediated endocytosis (RME)
led to the development of an alternative phage-display
technique based on functional ligand selection5. Ligand
identification via expression (LIVE) is a selection strategy
designed to select phage that have a functional effect 
on cells (Fig. 3). The end-point in LIVE selection is phage-
mediated gene delivery and genetic transduction of the 
target cells. Cells that have internalized phage by RME 
are identified by expression of a reporter gene (e.g. GFP, 

Figure 2. Filamentous bacteriophage particles are genetically
modified to transfect mammalian cells. Phage particles are
targeted to cell surface receptors by fusing a ligand to the pIII
coat protein, and carry a reporter gene, such as green
fluorescent protein (GFP), which is capable of expression in
mammalian cells (a). Transduction occurs only when the
appropriate cell-targeting ligand is expressed on the phage
coat, and its receptor is expressed on target cells (b).
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β-galactosidase or luciferase) or drug resistance gene [e.g.
neomycin phosphotransferase (neo)]. Autofluorescent GFP-
expressing cells are then isolated by fluorescence-activated
cell sorting (FACS) or, alternatively, drug resistant cells 
expressing the neo gene are isolated by growth in the 
presence of the antibiotic G418. PCR amplification is per-
formed on DNA from the selected cells to recover the se-
quences of phage DNA responsible for phage cell-targeting
(and subsequent transduction). These sequences are then
inserted into the phage vector, new phage are prepared and
the cycle of transfection and selection is repeated. Each
round of transfection, transduction and phage isolation
enriches for phage that display ligands capable of targeting
transducing phage. Using EGF-targeted phage to test this
system, it has been shown that the targeted phage can 
be enriched over one-millionfold after 3–4 rounds of LIVE
selection against EGF-receptor bearing cells5.

In principle, the genetic selection of
functional ligands by LIVE represents a
significant departure from traditional
biopanning (Table 1) because it in-
creases the stringency of selection by
requiring the displayed ligand to bind,
internalize and deliver a selectable 
genetic marker. This increased strin-
gency decreases background binding
from phage-displaying simple binding-
proteins. In addition, biopanning re-
lies on the recovery of infective phage,
whereas LIVE selection recovers phage
DNA sequences (i.e. by PCR) instead.
Therefore, LIVE would be expected to
recover phage that are subjected to
proteolytic cleavage after internaliza-
tion, which would otherwise be lost
during biopanning. Moreover, because
selection by LIVE is genetic, a stable 
inherited change in the cell (i.e. drug
resistance) can be used as the basis 
for selection. Thus, for example, it is 
feasible that stable drug-resistant cell
colonies could be used to directly iden-
tify rare phage-internalization events
in one round of screening. Although
the full potential of LIVE and other
functional selection strategies remains
to be determined, initial results suggest
that it will be useful for identifying
novel gene-targeting peptides and an-
tibodies. Identification of cDNAs that
encode ligands of therapeutic value,

however, could be the most significant application of LIVE
selection for drug discovery.

Applying phage selection strategies to functional
genomics
The human genome is widely recognized as a rich source
of biopharmaceuticals. Now that the first drafts of the
human genome sequence are completed, it will be a for-
midable task to elucidate the function of the estimated
30,000 genes. The challenge for drug discovery is to iden-
tify the sequences encoding therapeutic proteins or thera-
peutic drug targets. LIVE phage-display technology has 
the potential to be a powerful tool for identifying natural
ligands because it combines phage combinatorial biology
with functional selection of altered cell function through
gene transfer. In this case, it is the cell surface itself that 
selects the ‘most fit’ ligand by its ability to stimulate RME
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Figure 3. Ligand identification via expression (LIVE) selection strategy. A phage display
library that carries a reporter gene, such as green fluorescent protein (GFP), is contacted
with target cells. Phage particles that display ligands enter cells and deliver the reporter
gene. Automated fluorescence activated cell sorting (FACS) is used to isolate GFP-positive
cells from which the internalized phage particles are reconstituted using PCR amplification.
The reconstituted phage particles are then used as input phage for the next cycle of
enrichment. When the complexity of the library is sufficiently reduced, the ligands are
characterized by DNA sequencing.
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and subsequent phage transduction. If LIVE and other se-
lection methods are successful, the identification of novel
ligands and their receptors is likely to lead to new drugs
and drug targets, because cell-surface interacting ligands
affect crucial cellular processes, such as cell growth and 
differentiation. After all, natural ligands having direct
clinical use are the leading therapeutic products in biotech-
nology (e.g. erythropoietin, growth hormone, interleukin-
2 and granulocyte–macrophage colony-stimulating factor).
However, they are the most difficult to mine from pub-
lished genomic databases because they often exist as small
fragments contained in much larger genes, which are
processed in a cell-specific fashion.

A significant advantage of the LIVE strategy is that it se-
lects for those ligands that not only bind and internalize
but also traffic appropriately for gene delivery. Modifications
of LIVE could be used to ‘cast a wider net’ and select for
ligands that bind and internalize but that are not necess-
arily trafficked on their own for gene delivery. For exam-
ple, a less stringent LIVE genetic selection would include
trafficking signals on the phage particle for endosomal es-
cape and nuclear localization. In this case, the goal would
be to identify a wider variety of ligands that are internalized
by the transduced target cells.

Phage-display of cDNA libraries
The potential of phage-display as a tool to directly dissect
cDNA libraries has been limited for several reasons. First,
the efficiency with which the host bacteria secrete the
cDNA–pIII fusion protein is highly dependent on the
cDNA sequence, resulting in a disproportionate represen-
tation of certain sequences in the library. Second, cDNAs
must be in the same reading frame as both the pIII signal-
peptide-encoding sequences and the pIII structural gene
for the natural peptide to be displayed. Also, the gene 
fusion must not contain any in-frame stop codons that

would prematurely terminate the fusion protein. Finally,
ligands often require processing from larger precursors to
be active and, therefore, fusion to full-length cDNAs might
result in no activity. For example, the pro-opiomelanocortin
(POMC) gene encodes adrenocorticotropic hormone
(ACTH), α-melanocyte-stimulating hormone (MSH), γ-
MSH, β-endorphin and β-lipotropic hormone (LPH) but
these products display none of their hormonal activities
without post-translational cleavage of the POMC precursor
into smaller, active peptides.

Early approaches to displaying cDNAs used C-terminal
fusions to eliminate the problem of premature termination
by stop codons. For example, Crameri and coworkers40 de-
scribed a system where cDNA is displayed on pIII indirectly
through the association of a C-terminal cDNA–Fos fusion
protein with a Jun–pIII fusion protein during phage assem-
bly. This system was used to identify allergenic proteins by
probing Aspergillus fumigatus phage cDNA libraries with 
patient sera41. Another alternative cDNA display approach
is fusion of the cDNA library to the C-terminus of pVI pro-
tein. Jespers and colleagues15 used this approach recently
to identify tumor-associated antigens42. Although both
methods use C-terminal fusion to allow the display of
cDNAs with stop codons, inefficient display of certain
cDNAs, particularly those with longer sequences, and the
inactivity of some full-length genes, limit the application
of these approaches.

Displaying protein domain libraries on phage
A promising alternative approach to the problem of ligand
discovery is to display protein domains instead of full-
length cDNAs by fragmenting the cDNAs to an average size
that would encode proteins ranging from 50 to 900 amino
acids in length (~150–2700 bp). It is estimated that 80% of 
all active protein domains fall within this size class. In ad-
dition to revealing active domains, fragmentation could
allow more sequences to be displayed because the smaller,
active peptide domains would be separated from sequences
that inhibit display. Fragmentation is achieved either by
using random primers and PCR amplification during cDNA
synthesis43, or by DNase-digestion of full-length cDNA44.
Santini and coworkers used the former approach to select
specific cDNAs from a fragmented hepatitis C viral cDNA
library45 and, recently, more complex human brain and
mouse embryo cDNA libraries46. Cochrane and colleagues
demonstrated the feasibility of the latter approach by 
selecting platelet-endothelial cell adhesion molecule-1,
CD31 (PECAM-1), a natural ligand for SHP-2, from a 
fragmented human leukocyte library44. Recently, a modifi-
cation of the random primer method described by Santi 
and coworkers46 was used to construct a fragmented cDNA 

Table 1. A comparison of phage selection on cells
using biopanning versus ligand identification via 
expression (LIVE)

Biopanning LIVE

Selects by affinity or Selects by internalization and
internalization gene transfer

Requires recovery of infective Phage sequences recovered 
phage by PCR 

High background from Low background from 
adherent phage adherent phage

Selection transitory Can select cells having stable 
genetic change (e.g. drug 
resistant)



display library from human placental mRNA, from which
novel cDNAs that target phage to prostate carcinoma cells
for gene delivery will be selected using LIVE technology.
Taken together, these studies suggest that LIVE selection
will be useful for identifying cell-targeting ligands from
cDNAs derived from various cell types. The use of cDNA
display libraries for gene discovery is likely to become more
widespread as these, and other, techniques are developed
to effectively display representative cDNA repertoires from
various cell-types.

Phage as vectors for gene therapy
Effective gene therapy depends on the development of vec-
tors that can specifically deliver a therapeutic gene to target
cells in the body with minimal toxicity from non-specific
uptake of the vector47,48. The prevalent vectors in use today
are modified animal viruses (i.e. adenovirus, retrovirus 
and lentivirus) and non-viral DNA conjugates49. There are
significant advantages to each approach but also serious
drawbacks (Table 2). Certainly, recombinant animal viruses
are the most efficient vehicles for gene delivery, having
evolved optimal mechanisms for cell entry, trafficking and
foreign gene expression. However, there are problems
associated with animal viral vectors, such as intrinsic toxicity
from viral protein expression, non-specific uptake and
immunogenicity. From a practical viewpoint, the commer-
cial production of recombinant viruses in animal cells is
costly, being complicated by the reversion to replication-
competent virus and difficulties with quality control. By
contrast, synthetic DNA conjugates are much simpler than
viral vectors50–52. However, the efficiency of targeted gene-
transfer is much lower than viral vectors and production of
homogeneous preparations can be problematic. For these
reasons, we explored whether the combinatorial biology of
phage-display could be combined with biopanning and
genetic selection (LIVE), to direct the evolution of phage
particles into a vector for therapeutic gene delivery.

Phage-mediated gene delivery
Although still in the early research stage, bacteriophage
vectors offer an attractive alternative to both viral and
non-viral vectors because they can potentially overcome
the drawbacks of either approach (Table 2). For example, a
major advantage of bacteriophage over animal viral vec-
tors is their lack of intrinsic infectivity in animal cells. This
allows phage to be genetically targeted without the need to
eliminate native tropism, a concern for current animal
viral-vector targeting. Even if non-specific internalization
of phage were to occur, the production of phage proteins
or replicative phage is unlikely in the foreign milieu of 
an animal cell. In addition, phage vector production is 

expected to be simpler and more cost effective than exist-
ing vectors because phage can be produced to high titer in
the supernatant of bacterial cultures and easily purified at
a large scale.

The efficiency of phage-mediated gene delivery is low
compared with typical viral vectors, however, it now sur-
passes the levels described for targeted DNA conjugates.
Although, under normal conditions, targeted phagemid-
mediated cell transduction levels are similar to antibody-53

or ligand-targeted54 DNA-complex gene delivery (1–10%),
the amount of DNA used is 2–3 orders of magnitude lower
with phagemid gene delivery (∼ 30 ng), than with DNA
complexes (1–10 µg) Moreover, phagemid particle 
gene-transfer efficiencies of up to 45% have recently been
achieved in cells undergoing genotoxic stress39. These 
are the same conditions (e.g. heat-shock, UV irradiation,
topoisomerase 1 inhibition) that enhance gene transfer 
by another single-stranded DNA vector, adeno-associated
virus, and are thought to enhance the conversion of 
single-stranded to double-stranded DNA. Accordingly, it
might be possible to engineer targeted phage vectors with
similar gene transfer efficiencies to viral vectors. Moreover,
because phage-display can be directly applied to vector 
engineering, gene delivery might be improved using 
molecular evolution in addition to rational design.

To test this possibility, we evaluated the steps required
for transduction. Efficient targeted gene delivery, by any
gene therapy vehicle, requires passing of the vector through
many of the same processes that occur in early viral infec-
tion. After cell-surface binding and internalization, the
vector must be released from the endosomal compartment
and DNA trafficked to the nucleus. At some point during
this process the vector DNA must be separated from coat
proteins and replicated. Recent studies have shown that
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Table 2. A comparison of features of phage vectors
with animal and synthetic vectors

Animal Synthetic Phage
virus vector

Potential toxicity High Low Low

Generates replication Yes No No
competent virus (RCV)

Viral proteins expressed Yes No No

Complexity High Low Low

Cost High Low Low

Gene transfer efficiency High Low Low

Reproducibility High Low High

Genetic targeting Limited Limited Yes

Directed evolution No No Yes
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the binding and internalization of filamentous phage can
be optimized by increasing the valency of the targeting 
ligand, whether it be a peptide8 or an antibody36. However,
the processes underlying phage gene-transfer after inter-
nalization are less well understood. Internalization of tar-
geted phage particles appears to be much more efficient
than gene transfer: nearly 100% of cells are transfected by
phage provided they have sufficient receptors8, yet, under
ordinary conditions, <10% are transduced. It is not surpris-
ing that endosomal escape, and subsequent trafficking, is
less efficient in phage because they lack the specialized
protein sequences that animal viruses have evolved for in-
tracellular trafficking in infected cells. However, it might
be possible to adapt phage vectors for more efficient gene
transfer, for example, by genetically grafting viral endosome
escape sequences, trafficking and replication sequences
into the phage genome.

Evolving phage vectors for gene delivery
Although it is possible to modify vectors, both chemically
and genetically, for more efficient gene transfer, the choice
of each enhancing element must be determined by trial
and error. However, with phage it becomes possible to
apply the power of phage-display and genetic selection to
the evolution of more efficient vectors (Fig. 4) and thus 
bypass the more tedious and time-consuming process of
rational design. Indeed, along these lines, we have demon-
strated that it is possible to selectively enrich for specific
phage by their ability to introduce a reporter gene into 
the target cells5. Thus, novel sequences, unanticipated by 
rational design, might then be selected from libraries of
highly diverse peptides or cDNAs using a functional selec-
tion, such as LIVE.

This directed evolution could also be used to create phage
that are more suitable for in vivo gene delivery having, for
example, increased serum half-life, selective tissue-targeting
and decreased immunogenicity. A recent example of this is
the selection of long-lived phage by repeated rounds of in-
jection of phage libraries into animals and selection of sur-
viving phage using either lambda55 or T756 phage. Sokoloff
and coworkers56 have identified sequences that increase
the half-life of T7 phage by protecting against complement
activation. Perhaps even more importantly, these peptides
could be used as ‘stealthing’ agents to protect other 
gene- or drug-delivery vectors from clearance. The work of
Pasqualini and Ruoslahti29,30 also demonstrates the ability
to use directed evolution to enable phage to home to spe-
cific tissues or tumors in vivo. Recently, Samoylova and col-
leagues57 applied in vivo panning to identify phage able 
to target muscle, indicating that phage can be developed
that penetrate the vasculature to target tissues in vivo. In

addition, targeted bacteriophage vectors have now been
used to deliver a foreign gene to tumour cells in vivo58.
Taken together, these studies point to the potential of
evolving phage vectors for the delivery of therapeutic
genes in vivo.

Conclusions
Phage-display is a powerful and widely used drug discovery
technology that uses the darwinian principles of natural
evolution to identify novel interacting peptides, proteins
and antibodies. The discovery that targeted display phage
can deliver genes to cells through RME has created new 
opportunities for expanding the use of phage-display in
gene discovery and now gene therapy. Accordingly, new
selection methods, such as LIVE and related techniques,
are being employed to functionally select novel ligands.
Although further investigation will determine the overall
applicability of genetic selection, the fact that selection re-
quires active internalization and gene delivery gives it the
potential to identify new ligands that might otherwise 
be missed by affinity selection alone. It is reasonable to
predict that recent advances in cDNA display, which allow
for the display of functional domains in a cDNA repertoire,
will be useful for identifying new ligands both by affinity
and genetic selection. To this end, current phage-display
technology and future improvements are likely to play an
increasingly important role in the post-genomic era; whether

Figure 4. Evolving phage display vectors for therapeutic gene
transfer. The principles of directed evolution used in phage
display could be applied to phage vectors to tailor them for
gene delivery to specific target cells in vivo. Reiterative
transfection and genetic selection is used to engineer phage
with favorable stability, targeting and immunogenicity, and so
on, for in vivo gene transfer.
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it be in mining the human genome for novel ligands or 
engineering phage for gene delivery. It is now feasible to
apply phage-display technology to the directed evolution
of phage particles, such that unique phage can be genetically
tailored for different gene therapy applications.

Acknowledgements
The authors thank Michael Burg, Kristen Jensen-Pergakes,
Edward Ravey and Ana Maria Gonzalez for their input 
regarding this work and Barbara Sosnowski and Anne
Larocca for critical reading of the manuscript. This work
was supported in part by small business innovative re-
search (SBIR) grants from the National Institutes of Health
(1R43 CA80515 and 2R44DK/AR57985).

References
1 Smith, G.P. (1985) Filamentous fusion phage: novel expression vectors

that display cloned antigens on the virion surface. Science 228, 1315–1317
2 Scott, J.K. and Smith, G.P. (1990) Searching for peptide ligands with an

epitope library. Science 249, 386–390
3 Smith, G.P. and Scott, J.K. (1993) Libraries of peptides and proteins

displayed on filamentous phage. Methods Enzymol. 217, 228–257
4 Forrer, P. et al. (1999) Beyond binding: using phage-display to select for

structure, folding and enzymatic activity in proteins. Curr. Opin. Struct.
Biol. 9, 514–520

5 Kassner, P.D. et al. (1999) Genetic selection of phage engineered for
receptor-mediated gene transfer to mammalian cells. Biochem. Biophys.
Res. Commun. 264, 921–928

6 Larocca, D. et al. (1998) Targeting bacteriophage to mammalian cell
surface receptors for gene delivery. Hum. Gene Ther. 9, 2393–2399

7 Larocca, D. et al. (1999) Gene transfer to mammalian cells using
genetically targeted filamentous bacteriophage. FASEB J. 13, 727–734

8 Larocca, D. et al. (2001) Receptor targeted gene delivery using
multivalent phagemid particles. Mol. Ther. 3, 476–484

9 Uppala, A. and Koivunen, E. (2000) Targeting of phage-display vectors
to mammalian cells. Comb. Chem. High Throughput Screen 3, 373–392

10 Poul, M. and Marks, J.D. (1999) Targeted gene delivery to mammalian
cells by filamentous bacteriophage. J. Mol. Biol. 288, 203–211

11 Di Giovane, M. et al. (2001) Binding properties, cell delivery and gene
transfer of adenoviral penton base displaying bacteriophage. Virology
282, 102–112

12 Petrenko, V.A. et al. (1999) A library of organic landscapes on
filamentous phage. Protein Eng. 9, 797–801

13 Greenwood, J. et al. (1991) Multiple display of foreign peptides on a
filamentous bacteriophage. J. Mol. Biol. 220, 821–827

14 Markland, W. et al. (1991) Design, construction and function of a
multicopy display vector using fusions to the major coat protein of
bacteriophage M13. Gene 109, 13–19

15 Jespers, L.S. et al. (1995) Surface expression and ligand-based selection
of cDNAs fused to filamentous phage gene VI. Biotechnology 13, 378–382

16 Fuh, G. and Sidhu, S.S. (2000) Efficient phage-display of polypeptides
fused to the carboxy-terminus of the M13 gene-3 minor coat protein.
FEBS Lett. 480, 231–234

17 Fuh, G. et al. (2000) Analysis of PDZ domain-ligand interactions using
carboxyl-terminal phage-display. J. Biol. Chem. 275, 21486–21491

18 Smith, G.P. and Petrenko, V.A. (1997) Phage-display. Chem. Rev. 9,
391–410

19 Hoogenboom, H.R. et al. (1998) Antibody phage-display technology
and its applications. Immunotechnology 4, 1–20

20 Cabibbo, A. et al. (1995) Monovalent phage-display of human
interleukin (hIL)-6: selection of superbinder variants from a complex
molecular repertoire in the hIL-6 D-helix. Gene 167, 41–47

21 Saggio, I. et al. (1995) CNTF variants with increased biological potency
and receptor selectivity define a functional site of receptor interaction.
EMBO J. 14, 3045–3054

22 Bass, S. et al. (1990) Hormone phage: an enrichment method for
variant proteins with altered binding properties. Proteins 8, 309–314

23 Ballinger, M.D. et al. (1998) Selection of heregulin variants having
higher affinity for the ErbB3 receptor by monovalent phage-display. 
J. Biol. Chem. 273, 11675–11684

24 Tang, X.B. et al. (1997) Construction of transforming growth factor
(TGF-α) phage library and identification of high binders of epidermal
growth factor receptor (EGFR) by phage-display. J. Biochem. (Tokyo) 122,
686–690

25 De Kruif, J. et al. (1995) Rapid selection of cell subpopulation-specific
human monoclonal antibodies from a synthetic phage antibody
library. Proc. Natl. Acad. Sci. U. S. A. 92, 3938–3942

26 Hoogenboom, H.R. et al. (1999) Selection-dominant and nonaccessible
epitopes on cell-surface receptors revealed by cell-panning with a large
phage antibody library. Eur. J. Biochem. 260, 774–784

27 Szardenings, M. et al. (1997) Phage-display selection on whole cells
yields a peptide specific for melanocortin receptor 1. J. Biol. Chem. 272,
27943–27948

28 Pereira, S. et al. (1997) A model system for detection and isolation of a
tumor-cell surface antigen using antibody phage-display. J. Immunol.
Methods 203, 11–24

29 Pasqualini, R. and Ruoslahti, E. (1996) Organ targeting in vivo using
phage-display peptide libraries. Nature 380, 364–366

30 Pasqualini, R. and Ruoslahti, E. (1996) Tissue targeting with phage
peptide libraries. Mol. Psychiatry 1, 423

31 Hart, S.L. et al. (1994) Cell binding and internalization by filamentous
phage-displaying a cyclic Arg-Gly-Asp-containing peptide. J. Biol. Chem.
269, 12468–12474

32 Barry, M.A. et al. (1996) Toward cell-targeting gene therapy vectors:
Selection of cell-binding peptides from random peptide-presenting
phage libraries. Nat. Med. 2, 299–305

33 Ivanenkov, V.V. et al. (1999) Targeted delivery of multivalent phage-
display vectors into mammalian cells. Biochim. Biophys. Acta 1448, 463–472

34 Poul, M.A. et al. (2000) Selection of tumor-specific internalizing human
antibodies from phage libraries. J. Mol. Biol. 301, 1149–1161

35 Ivanenkov, V.V. et al. (1999) Uptake and intracellular fate of phage-display
vectors in mammalian cells. Biochim. Biophys. Acta 1448, 450–462

36 Becerril, B. et al. (1999) Toward selection of internalizing antibodies
from phage libraries. Biochem. Biophys. Res. Commun. 255, 386–393

37 Wrighton, N.C. et al. (1997) Increased potency of an erythropoietin
peptide mimetic through covalent dimerization. Nat. Biotechnol. 15,
1261–1265

38 Ballinger, M.D. et al. (1999) Sem-rational design of a potent, artificial
agonist of fibroblast growth factor receptors. Nat. Biotechnol. 17,
1199–1204

39 Burg, M. et al. (2000) EGF-targeted phage gene transfer to human
carcinoma cells is enhanced by camptothecin. Cancer Gene Ther. 7, O-39
(abstract)

40 Crameri, R. et al. (1996) PJuFo: a phagemid for display of cDNA libraries
on phage surface suitable for selective isolation of clones expressing
allergens. Adv. Exp. Med. Biol. 409, 103–110

41 Crameri, R. and Blaser, K. (1996) Cloning Aspergillus fumigatus allergens
by the pJuFo filamentous phage-display system. Int. Arch. Allergy
Immunol. 110, 41–45

42 Hufton, S.E. et al. (1999) Phage-display of cDNA repertoires: the pVI
display system and its applications for the selection of immunogenic
ligands. J. Immunol. Methods 231, 39–51

43 Wong, K.K. et al. (1996) Use of tagged random hexamer amplification
(TRHA) to clone and sequence minute quantities of DNA – application
to a 180 kb plasmid isolated from Sphingomonas F199. Nucleic Acids Res.
24, 3778–3783

44 Cochrane, D. et al. (2000) Identification of natural ligands for SH2
domains from a phage-display cDNA library. J. Mol. Biol. 297, 89–97

45 Santini, C. et al. (1998) Efficient display of an HCV cDNA expression
library as C-terminal fusion to the capsid protein D of bacteriophage
lambda. J. Mol. Biol. 282, 125–135

800

DDT Vol. 6, No. 15 August 2001reviews research focus



reviewsresearch focus

801

DDT Vol. 6, No. 15 August 2001

46 Santi, E. et al. (2000) Bacteriophage lambda display of complex cDNA
libraries: a new approach to functional genomics. J. Mol. Biol. 296, 497–508

47 Verma, I.M. and Somia, N. (1997) Gene therapy – promises, problems
and prospects. Nature 389, 239–241

48 Hodgson, C.P. (1995) The vector void in gene therapy. Bio/Technology
13, 222–225

49 Cristiano, R.J. and Roth, J.A. (1995) Molecular conjugates: a targeted
gene delivery vector for molecular medicine. J. Mol. Med. 73, 479–486

50 Cooper, M.J. (1996) Non-infectious gene transfer and expression
systems for cancer gene therapy. Oncology 23, 172–187

51 Guy, J. et al. (1995) Delivery of DNA into mammalian cells by receptor-
mediated endocytosis and gene therapy. Mol. Biotechnol. 3, 237–248

52 Perales, J.C. et al. (1994) An evaluation of receptor-mediated gene transfer
using synthetic DNA-ligand complexes. Eur. J. Biochem. 226, 255–266

53 Buschle, M. et al. (1995) Receptor-mediated gene transfer into human T
lymphocytes via binding of DNA/CD3 antibody particle to the CD3 T
cell receptor complex. Hum. Gene Ther. 6, 753–761

54 Sosnowski, B.A. et al. (1996) Targeting DNA to cells with basic fibroblast
growth factor (FGF2). J. Biol. Chem. 271, 33647–33653

55 Merril, C.R. et al. (1996) Long-circulating bacteriophage as antibacterial
agents. Proc. Natl. Acad. Sci. U. S. A. 93, 3188–3192

56 Sokoloff, A.V. et al. (2000) The interactions of peptides with the innate
immune system studied with use of T7 phage peptide display. Mol. Ther.
2, 131–139

57 Samoylova, T.I. and Smith, B.F. (1999) Elucidation of muscle-binding
peptides by phage-display screening. Muscle Nerve 22, 460–466

58 Burg, M.A. et al. (2001) Receptor-targeted gene delivery to human
carcinoma cells using filamentous phage. Mol. Ther. 3, S179 (Abstract)

In the 15th August 2001 issue of Drug Discovery Today… 

Editorial Chemoinformatics: manipulating chemical information to facilitate decision-making in drug 
discovery
by Timothy J. Ritchie

Update news and views

● Donald Francis discusses recent developments in vaccines and therapies for HIV
● Discussions on allaying public fears surrounding clinical trials; whether there is a future for

neural grafting; and the broader applications of uHTS
● Conference reports: Part 2 of a review of IBC’s Proteomics: Delivering New Routes to Drug

Discovery conference and highlights of High Throughput Technologies 2001
● Up-to-date News, News in brief and People

Reviews Pharmacogenetics of the human drug transporter gene MDR1: impact of polymorphisms
on pharmacotherapy
by Ulrich Brinkmann, Ivor Roots and Michel Eichelbaum

Pure compound libraries – a new perspective for natural-product based drug discovery
by Kai U. Bindseil, Jens Fuchser, Dietmar Wolf, Jasmin Jakupovic and H. Fliri 

Inhibition of osteopenia by low-magnitude, high-frequency mechanical stimuli
by Clinton T. Rubin, Dirk W. Sommerfeldt, Stefan Judex and Yi-Xian Qin 

Delivery systems for DNA-binding drugs as gene-expression modulators
by Rita Cortesi and Claudio Nastruzzi

Monitor Molecules, novel antiviral molecules, combinatorial chemistry and drug delivery


