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Abstract

Phage display is considered as a gold-standard technique for the extraction of monoclonal antibodies. Within the past decade,

the technique has been extensively applied in clinical studies for the discovery of peptides, ligands and antibodies that can be

implemented for the detection of clinical biomarkers and therapeutic purposes. This review highlights recent advancements in

the field of phage display technology that has aided medicine in therapeutic and diagnostic terms.

1. Introduction

Phage display technology was first introduced by George P. Smith, who integrated protein coding fragments
into filamentous bacteriophage M13 and the process of selection of desired protein fragment was named as
panning [1].

Phage display is an inexpensive technology exploited for exogenous peptides, aiding increased target affinity
and interaction [2]. It integrates the principles of genetic engineering with combinatorial chemistry. In
general, phage display is composed of a system where exogenous DNA is interested in a filamentous phage
genome along with the phage coat encoding sequence. Expression leads to the phage particles that express
the sequence of interest in fusion with on the coat protein. These sequences are capable of interacting with
various external targets/ligands. One of the significant characteristics of phage display is the production
of large number of libraries and hence, these libraries can be used for the determination of the functional
peptides with desired properties [3]. Proteins, peptides and antigens depend on the conformational changes to
attain complete structural and functional characteristics. Immunization methods are barrier to this whereas,
phage display method can be used to determine peptides and antigens for several ranges of epitopes and
peptides [1].

M13 bacteriophage is the most commonly used phages for the purpose, owing to its flexible cylindrical
protein structure and a large number of coat proteins including pIII, pVI, pVIII,pVII and pIX. pIII coat
protein is responsible for the attachment of the bacteriophage virus to the pilus of the bacteria. After the
attachment of pIII to the membrane protein, the genome of the phage is transferred into the bacteria where
it is converted into a double stranded DNA and synthesis of new proteins occur around single stranded
phage genome. The final phage particles are extruded from the bacteria, however, M13 phages do not kill
the bacteria and remain in the constant phase of infection and growth [4]. The basic process of phage display
is summarized in figure 1.

1.1 Natural and synthetic peptide library:

In term of peptides, phage libraries are either composed of natural peptides or synthetic ones. Natural
peptide libraries are constructed by extracting DNA fragments from the organism (example: mice) and
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inserting it into the phage particle. As a result, phage particles, on their surface, express natural peptides.
However, synthetic libraries are composed of cloned synthetic and randomly generated oligomeric sequences
inserted into the phage genome [4].

1.2 Antibodies-based libraries

Several small antibody fragments such as; scFv (variable light and heavy chain fragments joined by polypep-
tide linker), Fab (antigen binding region) have been used to prepare phage libraries. These antibody-based
libraries are widely used for epitope mapping, by biopanning of the antigen or the whole cell [5]. These li-
braries can naive that is, they are generated by extracting antibodies antigen-immunized animals. Whereas,
nonimmunized libraries are constructed by rearrangement of antibody fragment, extracted from the healthy
B cells. The process is achieved by the means soeing PCR (polymerase chain reaction) [4].

1.3 Biopanning

Following the amplification and infection of the bacteriophage viruses in the bacteria, the obtained phages are
used for the biopanning process. The process involves introduction of the libraries to the target (cell, antigen,
receptor or other proteins) bound onto the solid surface. Unbound phages are washed and removed whereas,
bound ones are eluted, and the results are analyzed by the means ELISA (enzyme linked immunosorbent
assay). In order to obtained high affinity and specific phages, 4-5 rounds of panning are performed using the
phages obtained from the preceding rounds [6].

This review is designed to highlight some of the significant applications of phage display in the field of
medical sciences, implemented as a tool for diagnostic and therapeutic medicine.

2. Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by dementia and is a significant
cause of disability and socioeconomic burden. Aggregation of extracellular deposits of amyloid-beta (Aβ)
peptides composed of tau protein forming mesh-like plaques and intracellular neurofibrillary tangles are
known pathological mechanisms of AD. Most of the currently available drugs are targeted at the late stage
of the disease and contribute minimally to the cure of the disease [7]. In earlier studies, mirror phage display
had been exploited to extract D3 enantiomer from 9-mer peptide library that was able to reduce plaque
formation in rats’ brain [8].

Dammers, et al. [9] discovered a D-enantiomer peptide that binds to the parried helical fragment 6 (PHF6)
of the tau protein and regulates the aggregation of the protein. They concluded that, owning to the cell-
penetrating abilities, stability and low immunogenicity of this peptide, it can be further studied for the
treatment and diagnosis of AD. Using mirror phage display, Rudolph, et al. [10] reported Mosd1 (monomer
specific d-peptide 1) peptide that could degrade Aβ1–42 and reduce the corresponding toxicity in ex-vivo
studies. Also, in a recent findings, β-secretase (BACE1) peptide, using phage display, has been identified
that could bind to BACE1 and reduce the production of Aβ plaques [11]. Similar techniques have been
exploited for the generation of peptides against receptor for advanced glycation end product (RAGE) that
decreases Aβ-associated cellular degradation, simply by down-regulating apoptosis, reducing oxidative stress
and BACE1 responses [12].

The engineering of Anticalins, as Aβ neutralizing agents from human lipocalin has also been achieved using
similar techniques, where the peptides were reported to reduce the Aβ aggregation [13].

Munke, et al. [14]developed a strategy to inhibit the fibril-dependent nucleation of Aβ peptide, in order to
repress the process of aggregation. Using phage display technique, they achieved scFv fragments from three
rounds of biopanning against Aβ42 fibrils. These antibodies had potency to inhibit secondary nucleation
due to their increased specificity towards the Aβ fibrils, thereby suppressing aggregation. Moreover, in a
recent clinical study [15], peptides from AD patients and controls were selected using phage display. These
peptides have been reported to detect AD inflammation-associated cytokines and have a potential to be
used as a biomarker for the diagnosis. Furthermore, high throughput-screening has allowed the diagnosis of
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AD autoantibodies using T7 phage libraries enabling the detection of blood-based markers in the sera and
cerebrospinal fluid [16]. A recent study identified that peptides such as Anthrax toxin receptor 1, Nuclear
protein 1, Glycogen phosphorylase, and Olfactory receptor 8J1 can be exploited for the diagnosis of AD,
where T7 phage library can used for the identification of these peptides from AD samples [17].

Similarly, a cyclic peptide DAG, identified from phage display, binds to the different peptides in mice models
that marks the upregulation of pathologic molecules such as, connective tissue growth factor in AD models
[18]. To it, tau antibodies have also been identified in AD patients using phage display and hybridoma
techniques [19].

3. Diabetes Mellitus (DM)

Of 422 million people with diabetes, 90% of them suffer from type 2 diabetes (T2D) [20]. Type 1 diabetes
(T1D) is an autoimmune disease characterized by the destruction of pancreatic beta islets, disabling the
secretion of insulin. In both the cases, DM is characterized by hyperglycemic conditions, increased oxidative
stress and apoptosis of beta cells. Furthermore, systemic effects such as; nephropathy, cardiomyopathies, of
both the types are nearly similar [21]. For which, diabetes- associated thrombotic risk was studied and phage
display-based therapeutic approach has been exploited [22]. Additionally, diabetes-associated molecules such
as; Glucose transporter type 4 (regulated by insulin) are also studied and analyzed using the technique [23].

α-amylase converts starch into the simple sugars and owing to the low levels of insulin in diabetic patients, this
is not considered to be a favorable condition. Therefore, several approaches have been designed to produce
α-amylase inhibitor, as a therapeutic measure in diabetic patients. Ngoh, et al. [24] used phage display to
screen novel anti-α-amylase from pinto beans. They reported SyP9 clone with the greatest inhibitory activity
where, tyrosine, leucine, methionine, aspartic acid, alanine and histidine of α-amylase showed strongest
affinity towards the peptide.

Chimeric antigen receptors (CARs) along with T regulatory cells have been therapeutically targeted towards
the antigen of interest. Insulin-specific CARs and scFvs, generated using phage display have been recently
reported by Tenspolde, et al. [25]. scFv HAL9 and HAL10 phage libraries were used to extract insulin-
specific phages. These were then, used to generate insulin-specific CARs by using retroviral CAR vector
containing T-cell activation and co-stimulation domains (CD28) and Foxp3, as illustrated in figure 2. These
insulin-specific CAR converted Treg cells showed high affinity towards insulin, and the technique was able
to change the specificity of T cells.

Exenatide is widely used for the treatment of type II diabetes however, it is known to have a very short
half-life. In a study, a phage display method was used to extract human serum albumin binding peptide,
aptide. It was reported that this peptide has high affinity for exenatide and increases the half-life of the drug
by 4-folds. Furthermore, improved glucose tolerance was also seen [26]. Demartis, et al. [27] extracted the
peptides using phage display libraries that were agonist for glucagon and glucagon like receptors, suggesting
that these peptides can be used for antidiabetic and antiobesity studies, due to the role of these receptors
in the following disorders.

Zinc transporter protein 8 (ZnT8) is secreted by pancreatic beta islets and autoantibodies of this proteins
have been recently studied as type 1 diabetes marker [28]. Using scFv phage display library, ZnT8-specific an-
tibodies have been extracted which had great specificity for beta cells, having immunodiagnostic applications
[29].

PACAP (pituitary adenylate cyclase activating polypeptide) is a neuropeptide that is known for its protective
effects in various pathologies including diabetes [30]. A 31-mer PACAP-derived peptide constituting of a 7-
mer albumin biding peptide, factor Xa and dipeptidyl peptidase IV cleavage peptide enable increased section
of insulin and alleviation of blood glucose levels by binding specifically to VPAC2 (Vasoactive intestinal
peptide receptor 2 ) [31]. Urinary and plasma L-Carnitine reduction is seen in T2D cases in some studies
[32]. Using Tomlinson I and J scFv library, Abou El-Magd, et al. [33] identified a novel antibody fragment
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that could be used a diagnostic tool for the measurement of L-carnitine levels, owing to its specific L-
carnitine-like binding abilities.

4. Gastrointestinal disorders

In a recent study, scFv phage library was used for the extraction of antibodies against vacuolating cytotoxin
A (VacA) toxins from h. pylori (helicobacter pylori). The complementarity determining regions (CDR) of
these antibodies showed high affinity against VacA toxin, indicating its application as diagnostic tool [34].
Similarly, a recent study has reported ArsS antagonistic peptides that are capable of blocking acid-sensing
signals, ultimately, providing a challenging environment for the growth of h. pylori [35]. Facchin, et al.
[36] extracted peptides from ulcerative colitis and Crohn’s disease patients which were integrated into virus-
mimicking nanoassemblies, composed of 400 peptides per nanoparticle. Next, the colorimetric assay and
immunofluorescent staining were used to distinguish between ulcerative colitis and Crohn’s disease samples.

Furthermore, Cardona-Correa and Rios-Velazquez [37] used 7-mer phage library for the detection of peptides
involved in the pathogenesis of Bacillus anthracis toxin, lethal factor.

5. Cardiovascular diseases

Several biomarkers are now discovered for early identification of cardiovascular diseases. Phage display
technique is widely studied in this respect. Park, et al. [38] identified 12-mer peptide specific for rat troponin
I that had the potential of early detection of acute myocardial infraction. Similarly, scFv library ETH-2-
Gold was used for the discovery secretome-specific antibody against junction plakoglobin in atherosclerosis
plaques, thrombi of acute coronary syndrome and peripheral monocytes and macrophages [39]. In a recent
study by Hemadou, et al. [40], in-vivo phage display using scFv library has been performed for the extraction
of atherosclerosis-specific antibodies. In this study, phages were injected into the atherosclerotic region in the
rabbit and in-vivo biopanning of aorta was performed. Next, flow cytometric analysis was conducted on these
eluted phages against atherosclerotic proteins such as; apolipoprotein, enolase 2, fatty acid-binding protein
7, matrix metalloproteinase 2, plasminogen and Acyl-coenzyme A oxidase 1 (to name few). A recent study
has also proposed for the detection of galectin 3 in atherosclerosis plaques in preclinical and human-based
models [41].

Kawasaki disease, presented by the inflammation of medium-sized vessels that leads to several other cardio-
vascular disorders, has also been studied in this aspect. In a recent clinical study, sera of patients with known
viral cause were screened using phage display to compare with the ones with unknown etiology. However,
owing to the complicated nature of the infection, unique information was very scarce in this study [42].

Furthermore, high-density lipoprotein (HDL) from coronary artery disease patients have also been used for
biopanning to obtain anti-HDL antibodies. These antibodies were capable of binding with apolipoproteins
A-1 and 2, illustrating the diagnostic application of the technique [43].

6. Cancer

Several peptides have been identified to for the diagnosis and treatment of cancer. These are capable of
targeting tumor microenvironment including immune cells, cancer fibroblasts, extracellular matrix, tumor
vasculature and tumor endothelial cells [44]. Cyclic phage libraries are also used for the discovery of anti-
tumorigenic cyclic peptides like beta-catenin, γ-melanocyte-stimulating hormone and ligands for notch 1
receptor [45]. Claudins are transmembrane proteins that are over-expressed in cancerous cells. A recent
study reported a discovery of IgG1 monoclonal antibody h4G3 that showed cytotoxic effects in claudin
3 expressing tumors [46]. A phase I clinical trial including 6 patients in the IV stage of the cancer was
conducted by Shukla, et al. [47]. In this study, soluble scFv phage library was administered to the patients
and the tumor was surgically resected. The antibody fragments showed great specificity towards the tumor
cells, where one of the clones was similar to IL17A. The results of the study concluded the safety and
specificity of the method in human subjects. Furthermore, phage display-extracted peptides are also used
for the detection of cancer cells in biopsies samples [48].
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6.1 Thyroid Cancer: Carneiro, et al. [49] reported a peptide using scFv phage library that had affinity to
bind to papillary thyroid carcinoma proteins, OTU domain-containing protein 1, particularly those presented
in stage I and II of the tumor. To it, monoclonal 131I-scFv antibody, designed by the amplification of VL
and VH genes, has also been reported for the detection of medullary thyroid carcinoma using radiolabeled
imaging methods. The authors concluded that this molecular probe is effective for the diagnosis of tumor
angiogenesis [50].

6.2 Prostate Cancer: Prostate-specific membrane antigen (PSMA) that is over-expressed in prostate cancer
and is a known biomarker, that showed specific binding with GT1 peptide, obtained from the rounds of
biopanning on PSMA-positive LNCaP cells. This peptide can also deliver proapoptotic peptide to the cells,
hence inducing cell death. These applications have allowed researchers to investigate the phage display
technique for the delivery of the drugs within the specific cells [51]. Ph.D.-C7C, a library of random peptides
containing disulfide constrained loops, has also been exploited for the detection of prostate cancer. Wada, et
al. [52] reported that LN1 peptide binds specifically to prostate cancer cells and when bound to apoptotic
peptide (KLA peptide) can induce the inhibition of the proliferation of cells.

6.3 Leukemia : Whole cell biopanning with acute myeloid leukemia M2-derived Kasumi-1 cell for specific
scFv fragments was performed by Fitting, et al. [53]. They reported that these fragments, when fused with
Pseudomonas exotoxin A, can induce cell apoptosis.

Adult T-cell leukemia (ALT), caused by T-cell leukemia virus type I, expresses sugar chain that are likely to
be specific for the diseased state. Using fiber-type Sugar Chip (fiSC) that could enables the interaction of
sugar binding proteins with sugar chains, Muchima, et al. [54] screened scFv fragments that could bind to
ALT cell surface sugar chain, O-glycan, illustrated in figure. The study reported the extraction of two highly
sulfated disaccharide structures having high affinity for ALT where, non-ALT cells were used as the control.
Similarly, 9mer M13 phage library labelled with fluorescein isothiocyanate (FITC) was used for the detection
of chronic lymphocytic leukemia (CLL). The researchers designed a single drop biosensor based on labelled
phage probes for the detection of CLL peripheral blood mononuclear cells [55]. Antibodies against CD32,
CD200, and HLA-DR (human leukocyte antigen-DR) on CLL cells, screened using phage display have shown
great potency for the treatment of the disease as compared to the already existing CD20-specific monoclonal
antibody, rituximab. These antibodies are currently in phase I and Phase II of the clinical trials. [56]

6.4 Breast cancer: A number of studies have reported the diagnostic and therapeutic applications of phage
display technique for breast cancer. The tumors are known to present a great level of heterogeneity that has
challenged an early diagnosis and the treatment of the cancer. Antibodies and peptides against CD271+
[57], Mrps18a [58], neuropilin-1, platelet-derived growth factor and human epidermal growth factor receptor
2 have been identified using this technique [59]. To it, cell biopanning has also been studied in this aspect
[60-62]

6.5 Colon cancer: Hou, et al. [63] reported peptide CBP-DWS, using phage display, that had an ability to
bind to colon cancer cells. Bioinformatic analysis showed that this peptide binds to glypican-3 on the colon
cancer cells. A recent study, conducted by Ferreira, et al. [64] Biopanning and Rapid Analysis of Selective
Interactive Ligands (BRASIL) was used to obtain a peptide, RKOpep, by biopanning on RKO cell line that
could target monocarboxylate transporter 1 on the cell surface.

A proliferation-inducing ligand (APRIL) peptide, that is predominantly expressed in tumor tissues and
is responsible for the growth and metastasis of the tumors along with the drug resistance, was targeted
for colon cancer therapy in mouse model. The study reported that phage clones bind to these peptides
on LOVO cells and inhibit the progression of cell cycle and proliferation, thereby inducing apoptosis [65].
Similar methods have been applied for the diagnosis of gastric cancer [66], colorectal cancer [67], esophageal
cancer [68], urinary bladder cancer [69] and hepatocellular carcinoma [70]. Wang, et al. [71] reported P4
peptide extracted using 7-mer phage library, that shared homology with domain II-III of fibroblast growth
factor-9 (FGF9) high affinity receptor. P4 showed tight binding with FGF9 and suppressed cell proliferation.
Furthermore, in chemotherapy resistant tumor cells, mediated by the action of FGF9, P4 is hypothesized to
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have therapeutic potential.

6.6 Ovarian and cervical cancer: Phage display method has been used for the identification of ovarian cancer-
specific peptides. These peptides not only recognize tumor cells, but also have the ability to reduce the tumor
growth and metastasis [72]. Using 7-mer phage library, cell biopanning was performed on HO-8910 ovarian
cancer cell line to obtain a peptide that specifically binds to these cells [73].

Similarly, CSP3 from 12-mer phage library has been reported to have specific binding to SiHa cells (cervical
cancer cell lines) [74]. A recent study constructed a drug delivery system based on this peptide, that
was composed of chemotherapeutic agent (doxorubicin) conjugated with miRNA 101 and CSP3 peptide.
Preliminary results from the study have shown that this system has great specificity towards drug-resistant
SiHa cells and enhanced cytotoxicity [75].

7. Renal Disease

Cystatin C is regarded as a crucial 0marker for the evaluation of glomerular filtration rate [76]. A phage
display-based nanobody library was used to extract cystatin C nanobody which was then integrated into
titanium dioxide nanotube immunosensor. This sensor resulted in the detection of serum cystatin C with
great sensitivity and specificity [77]. Similarly, kidney injury molecule-1 (KIM1) that is over expressed in
damaged tubular cells, ischemic kidney injury and kidney, ovarian and lung cancer conditions, has also been
used as antigen for biopanning in order to obtain a peptide that could bind in KIM1-overexprressed cells,
especially in renal carcinoma cells [78].

In a recent study, Kim, et al. [79] reported the extraction of agonist of cMet, the transmembrane tyrosine
kinase receptor for hepatocyte growth factor, using scFv phage library for antigen biopanning. The antibody
had high affinity for cMet and mediated cell migration and proliferation, thereby alleviating kidney fibrosis.
The effects were seen by the reduction in the expression of αSMA (alpha smooth muscle actin), fibronectin
and Bax-2 (Bcl-2 associated x protein) while, increasing the expression of Bcl-2 (B-cell lymphoma) and
phospho-cMet proteins.

8. Other therapeutic application

Phage display has also been exploited for the discovery of snake anti-venom peptides. A study has shown
that peptides against Phospholipase A2 (PLA2) inhibits PLA2 activity of the venom of western cottonmouth
[80].

A recent study has reported the use of phage display method to produce vaccine against systemic candidiasis
as shown in figure 4.

Nielsen, et al. [81] produced 68Ga-labelled cyclic and two linear dodecapeptides for positron emission to-
mography (PET) scan for the detection of Staphylococcus aureus.

Conclusion and future aspect

Up to 80 monoclonal antibodies, extracted from phage display technology have entered clinical trial stages
and 7 antibodies are approved products. Lately, it has been considered as a gold-standard for the isolation
of monoclonal antibodies due to its robust nature and high stability. Phages can bear harsh environmental
conditions such as exposure to ultraviolent radiation, extreme temperature and pH and proteolytic enzymes
[82]. In the field of medicine, this technology has been extensively used for the detection of biomarkers, drug
delivery and analyzing molecular interactions. To the date, the method is performed in several research
laboratory, focusing on clinical researches. However, among some of the limitations of the technique; the
requirement of the library and the discovery of only the fraction of molecule (example: scFv or Fab) are the
most cumbersome ones [82].

Nonetheless, the development of this technique, in the field of biotechnology and immunology, has made
several investigations easier and has also allowed scientist and researches to come up to the better conclusions.
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Figure 1 summarizes the basic process of phage display technology.

Figure 2 depicts the use of phage display technique to produce insulin specific-chimeric receptors (CAR)
expressing T-regulatory cells

Figure 3 represents the application of phage display method to extract Adult T-cell leukemia-specific scFv,
that can specifically bind to sugars expressed on these cells.
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Figure 4 illustrates the development of vaccine against candidiasis using phage display
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