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Strategies for restoring (3-cell function in diabetic pa-
tients would be greatly aided by the ability to target
genes, proteins, or small molecules specifically to these
cells. Furthermore, the ability to direct imaging agents
specifically to f3-cells would facilitate diagnosis and
monitoring of disease progression. To isolate ligands
that can home to f-cells in vivo, we have panned a
random phage-displayed 20-mer peptide library on
freshly isolated rat islets. We have isolated two 20-mer
peptides that bind to islets ex vivo. One of these pep-
tides preferentially homes to the islets of Langerhans in
a normal rat with clear differentiation between the
endocrine and exocrine cells of the pancreas. Further-
more, this peptide does not target f3-cells in a type 2
diabetes animal model, suggesting that the peptide can
discriminate between glucose-stimulated insulin secre-
tion—-functional and -dysfunctional (3-cells. Diabetes 54:
2103-2108, 2005

he B-cells of the islets of Langerhans in normal
mammals adjust their secretion of insulin in
response to changes in the levels of metabolic
fuels and insulinotropic hormones. Loss of 3-cell
function is central to the development of both major forms
of diabetes. Type 1 diabetes occurs when pancreatic islet
B-cells are destroyed by the host immune system. Type 2
diabetes involves loss of key B-cell functions such as
glucose-stimulated insulin secretion (GSIS) and a gradual
loss of B-cell mass by nonautoimmune mechanisms. Inten-
sive research efforts are currently focused on identifying
pathways by which insulin secretion can be increased or
B-cell growth and survival can be enhanced. However, the
therapeutic relevance of such discoveries for enhancing
islet function or preserving B-cell mass in pre-diabetic or
diabetic states may be limited by the inability to deliver
new therapeutic drugs, genes, or proteins directly to islet
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B-cells. The current study attempts to address this issue by
the application of phage-display technology for the identi-
fication of peptides that target specifically to B-cells in
pancreatic islets of living animals.

Specific delivery of molecular cargo to pancreatic islets
has been a long-standing goal of diabetes researchers.
Recombinant adenovirus and adeno-associated virus vec-
tors have been used for efficient delivery of genes and,
more recently, small interfering RNA constructs to pri-
mary cultures of pancreatic islets (1-4). However, these
vectors have traditionally not been useful for delivery of
genes to pancreatic islets of living animals because of very
efficient clearance of systemically injected virus by the
liver and the need to traverse vascular barriers in islets.
Recently, some limited success in gene transfer (an aver-
age of 20% of cells in 70% of islets) has been reported in
studies involving systemic infusion of adenovirus into
mice in which the hepatic circulation (portal vein, hepatic
artery, and bile duct) had been surgically clamped for a
period of 30 min (5). The major surgical intervention
required in this approach and the potential for immune
responses to adenoviral vectors may limit its applicability
for human studies. Another recent study presented an
alternative strategy for islet targeting involving infusion of
a cationic peptide transduction domain (PTD-5) fused to
peptide inhibitor of IkB kinase (IKK), resulting in im-
proved islet function and viability upon subsequent isola-
tion (6). Implementation of this strategy required infusion
of the PTD-5/IKK inhibitor fusion peptide via the surgically
resected bile duct, again seemingly limiting its broad
applicability. Clearly, strategies for restoring B-cell func-
tion and preserving islet mass in diabetes would be greatly
aided by the ability to target genes, proteins, or small
molecules in a more noninvasive and specific fashion than
has been achieved to date. Furthermore, the ability to
direct imaging agents specifically to 3-cells would facili-
tate diagnosis and monitoring of disease progression (7).

M13 phage-display technology is a powerful approach
for isolating peptides that bind to cell surface receptors
(8). In vivo phage panning has been successfully used to
isolate peptides that mediate targeting to the vasculature
beds of specific organs (9,10), including the pancreas (11).
However, no accumulation of these selected peptides has
been observed in the islets. Targeting to islets is made
challenging by the fact that these cells in aggregate repre-
sent only 2% by weight of the entire pancreas (12). We
have previously demonstrated that phage panning can be
carried out on cells in culture to obtain peptides that
mediate specific binding to the target cells while not
binding to undesired cell types (8,13-17). The high dis-
criminating power of the selected phage suggests that
peptides could be identified that specifically bind to 3-cells
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within the pancreas. Furthermore, since intact cells are
used as the bait for peptide binding, no prior information
about B-cell-specific cell surface biomarkers is required.
Toward the eventual goal of delivering molecular cargo to
B-cells in a specific fashion in vivo, we have panned a
phage-displayed peptide library on isolated rat islets and
have isolated a 20—amino acid peptide that homes to the
islets of Langerhans within living rats.

RESEARCH DESIGN AND METHODS

Cell lines and reagents. A previously described random 20-mer peptide
library, designated ONbH43.2, was used for the isolation of B-cell-specific
peptides (18). This library represents 10° different peptide sequences dis-
played on the NH,-terminus of the pIII protein of filamentous bacteriophage
fd-tet. The INS-1-derived INS 832/13 cell line was maintained in culture as
previously described (19). Female Sprague-Dawley rats were purchased from
Harlan Industries (Indianapolis, IN). Male Zucker diabetic fatty (ZDF) rats
were purchased from Charles River Laboratories (Wilmington, MA) and fed
Purina Mills Formulab Diet 5008 (St. Louis, MO) to maintain their diabetic
state (20,21). The experiments were performed with 12-week-old ZDF rats, at
which time the animals were diabetic. All animal protocols were approved by
the institutional animal care and research advisory committee at the Univer-
sity of Texas Southwestern Medical Center, Dallas, Texas.

Isolation of primary islets. Primary islets were isolated from six female
Sprague-Dawley rats weighing ~225-250 g for each panning experiment
according to standard protocols with minor modifications (22,23). Hank’s
balanced salt solution (HBSS, pH 7.4; Invitrogen, Carlsbad, CA) supplemented
with 1g/1 of glucose and 200 mg/l BSA (Sigma-Aldrich, St. Louis, MO) was
aerated with a 95% O, and 5% CO,, gas mixture for 20 min on ice. The pancreas
was perfused with 50 ml enzymatic digestion HBSS containing collagenase
(112 units/ml; Sigma-Aldrich). Two pancreata at a time were treated by
collagenase digestion at 37°C over a period of 21 min. During the first 5 min,
the solution was aerated with 95% O, and 5% CO,, gas, followed by continued
incubation without the gas mixture for the next 4 min. The flask was
vigorously shaken every 2 min for the remaining 12 min while being incubated.
The digested pancreas was isolated by centrifugation, and discontinuous
Ficoll (Amersham Biosciences, Piscataway, NJ) gradients in HBSS were used
to separate islets. The samples were centrifuged at 500g for 20 min at 4°C.
After collecting islets from all six rats, the islets were isolated by centrifuga-
tion at 200g and immediately used for panning.

Ex vivo phage library panning on primary rat islets. The panning
procedure was modified from previously published protocols (8,14) for use
with freshly isolated islets. Preclearing of cell surface receptors was not
necessary since islets were isolated in serum-free media. Islets in suspension
were mixed with 3 X 10'° phage particles, 100 pmol/l chloroquine (Sigma-
Aldrich), and 1 X protease inhibitor cocktail (Roche Diagnostics, Mannheim,
Germany). Islets were incubated with phage for 1 h at 37°C with gentle
shaking. The islets were washed twice by suspension in 1 ml HBSS, followed
by one 1-ml wash with 0.1 N HCIl-Glycine (pH 2.2). The cells were lysed by the
addition of 1 ml hypotonic solution (30 mmol/l Tris-HC], pH 8.0), followed by
a single freeze-thaw cycle. The phage from the output fraction was amplified
according to standard protocols for use in the next round of panning (24).
Aliquots of the initial input and output samples were titered, and the
output-to-input phage ratio based on colony-forming units was determined to
monitor the progress of each round of library panning (24). To compare phage
binding to cells, an output-over-input ratio was calculated as follows: output-
to-input ratio = output titer of phage from lysed cells/input titer of total phage
incubated with cells.

Sequence determination. Random phage clones from titration plates were
routinely sequenced after round 3 of the library panning to identify convergent
peptide sequences as previously described (15). Convergent peptide-display-
ing phage clones were isolated for further characterization.

In vitro phage specificity panning. Isolated phage clones selected from the
library panning were characterized by panning on cell lines as previously
described (14) using 2 X 10° phage particles of each phage clone. Incubations
were carried out for 1 h before the removal of unbound and surface-bound
phages. Specificity panning on islets was performed in the same manner as the
library panning with the exception that 2 X 10° phage particles of a
single-phage clone were placed on the purified islets from Sprague-Dawley
rats. Colony-forming units were determined from bacterial titering of the
output and input samples, and output-to-input ratios were calculated to
determine phage binding.

In vivo phage delivery in Sprague-Dawley and ZDF rats. Rats were
anesthetized with pentobarbitol at 100 mg/kg and injected with 2 X 10® phage
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particles via the jugular vein. After 2 h, the animals were perfused with 150 ml
PBS via cannulation of the carotid artery. The abdominal cavity was opened
to expose the liver to monitor blanching of this tissue during perfusion. Heart,
lung, spleen, pancreas, skeletal muscle, kidney, and liver were harvested and
fixed in Carson’s modified buffered formalin (Richard-Allan Scientific, Kalama-
zoo, MI) overnight. Paraffin processing, embedding, and sectioning were
performed by standard procedures by the Molecular Pathology Core at the
University of Texas Southwestern Medical Center.

Immunohistochemistry. Paraffin-embedded tissue sections were deparaf-
finized using a Sakura Tissue-Tek DRS (Torrence, CA). Tissue samples were
permeabilized with 0.5% Triton X-100 in PBS for 5 min at room temperature
followed by blocking with 2% normal goat serum (Jackson ImmunoResearch
Laboratories, West Grove, PA) in PBS" (8.2 mmol/l Na,PO4, 1.5 mmol/l
KH,PO4, 137 mmol/1 NaCl, 2.7 mmol/1 KCIl, and 0.5 mmol/l CaCl,, pH 7.4)
containing 0.5% BSA for 40 min. Spleen samples were also blocked using
FC-Block (1:200) (BD Pharmingen, San Diego, CA) to minimize non-antigen-
specific binding. The samples were incubated overnight at 4°C with a 1:50
dilution of mouse anti-phage polyclonal antibody (15) or mouse monoclonal
anti-insulin antibody (Sigma, St. Louis, MO) in PBS*/0.5% BSA. Excess
antibody was washed off with PBS™ containing 0.5% BSA and a 1:24 dilution
of fluorescein isothiocyanate—conjugated goat anti-mouse immunoglobulin
antibody (Jackson ImmunoResearch Laboratories) was incubated with the
tissues for 1 h at room temperature. Excess antibody was removed with serial
washes with PBS, and a 1:5,000 dilution of Hoechst Dye #33342 (Molecular
Probes, Eugene, OR) was used to stain nuclei. Tissue samples were covered
with Vectashield (Vector Laboratories, Burlingame, CA). Tissue slides were
evaluated and photographed via fluorescent microscopy on an Eclipse TE2000
fluorescent microscope (Nikon, Melville, NY) equipped with a CoolSNAP,,
camera (Roper Scientific, Tuscon, AZ). Images were captured using MetaVue
v4.619 (Universal Imaging, Downington, PA) acquisition and analysis software.

RESULTS

Isolation of an islet-binding peptide from a peptide
library. To obtain peptides that recognize B-cells in a
biologically relevant system, freshly isolated pancreatic
islets were used to pan a complex peptide phage library.
This library contains 10® different 20-mer peptides fused to
the NH,-terminus of the pllII coat protein of fd-tet bacte-
riophage. After six rounds of panning, a dramatic increase
was observed in the output-to-input phage ratio, represent-
ing a 70-fold enrichment from the starting library (Fig. 1).
Sequencing of 32 phage clones at round 6 of the panning
revealed two major peptides. The first peptide, named rat
islet peptide (RIP)-1, has the sequence LSGTPERS-
GQAVKVKLKAIP and was present in 15 of the 32 clones.
The second peptide, RIP2, represented 256% of the phage
clones and has the sequence GAWEAVRDRIAEWGSW-
GIPS. Sequencing of phage clones from earlier rounds of
the panning process revealed that the RIP1 phage clone
was present as early as round 4 of the panning protocol
and was >20% of the phage pool at round 5. Surprisingly,
the RIP2 sequence was not present until round 5 and then
only as a single clone of the 28 sequenced. One other
phage was present in duplicate in round 6, but because it
represented <10% of the phage population and was not
observed in earlier rounds of panning, this peptide was not
retained for further analysis.

A BLAST (basic local assignment search tool) search of
the National Center for Biotechnology Information se-
quence database for short, nearly exact matches of the
RIP1 and RIP2 sequences encountered no significant ho-
mology with any known protein sequences (25).

RIP1 and RIP2 peptides mediate binding to islets. The
binding of the RIP1 and RIP2 phage clones was tested on
isolated islets, and the output-to-input phage ratio was
used as a measure of phage binding to the islets. Both
phage clones exhibit significant binding with 0.5% of the
RIP1 phage and 7% of the RIP2 phage input being retained
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FIG. 1. The output-to-input ratio of bac-
teriophage increases over successive
rounds of panning as binding phage
clones are successively amplified and
nonbinding phage clones are depleted.
Binding of phage clones from round 6 is
70-fold greater than the complete li-
brary from round 1. Sequence results

1 2 3 l 4
Round of Library Panning

(Table 1). It is unexpected that the binding retention
would be less for the RIP1 phage, which was the predom-
inate clone in the phage selection. However, selection
pressures other than cell binding can influence the isola-
tion of phage clones, stressing the importance of assessing
binding in vitro and in vivo of individual phage clones.
Since islets represent a mixture of cells, the peptides
were tested for binding to a B-cell line in culture. Specif-
ically, the output-to-input ratio of the two phage clones
was determined for binding to cell line 832/13 (19), a cell
line with robust GSIS derived from INS-1 rat insulinoma
cells (26) (Table 1). Surprisingly, while the RIP2 clone has
higher phage retention on the islets than RIP1, the con-
verse is true for binding on the Ins832/13 3-cell line; eight
times greater phage capture is observed for the RIP1 clone
compared with the RIP2 phage. These data suggest that
the RIP1 phage is binding to B-cells where the RIP2 phage
may be binding to other cell types within the islets. It is
important to note that both phage clones exhibit a signif-
icant decrease in the output-to-input phage ratio when
studied on the B-cell line compared with primary islets.
This decrease in phage capture could be the result of the
cells in culture not being an ideal representation of (3-cells
in vivo, at least at the level of cell surface architecture.
Alternatively, the discrepancy could arise from the differ-
ence in the total cell number of B-cells per islet compared
with the number of B-cells in cultures that were used for
panning.
The RIP1 phage homes to the islets of Langerhans in
living rats. The true test of the relevance and potential

TABLE 1
Phage retention on isolated islets and a 3-cell

RIP1 phage RIP2 phage
Cell type output-to-input ratio output-to-input ratio
Primary islets 5.2X1073 7.3X1072
Ins832/13 B-cell line 2.1x107* 2.6X10°°

The same phage amounts were included in all experiments.
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from round 6 indicate that RIP1 phage
clone comprises 50% of the population
and RIP2 comprises 25% of the popula-
tion.

applicability of our approach is to assess the ability of
selected phage to target B-cells in an animal. To test this,
RIP1, RIP2, or a control phage containing a random
peptide sequence were injected into the jugular vein of a
rat. Phage was allowed to circulate for 2 h, after which the
animal was killed and organs harvested. The presence of
phage in islets and other tissues was then determined by
immunohistochemistry using an anti-phage antibody. The
results are shown in Fig. 2. In animals that received the
RIP1 phage, phage immunostaining is clearly identifiable
in the islets and the signal overlaps with insulin expres-
sion, suggesting that the phage is binding to the B-cells.
Diffuse, less intense staining is observed in the exocrine
cells in the pancreas. Similar diffuse staining is seen
throughout the pancreas of animals that have not received
a phage injection or have been administered an irrelevant
control phage, suggesting that this is background binding
of antibody. However, we cannot rule out that the phage is
also binding weakly to the nonendocrine cells of the
pancreas. Similar but less dramatic preferential staining of
the islets relative to the exocrine pancreas was obtained
with the RIP2 peptide. Importantly, animals that were
infused with the control phage containing a random pep-
tide sequence exhibited no preferential phage immunolo-
calization in islets, indicating that the selected RIP1 and
RIP2 peptides are mediating binding to the B-cells and this
staining pattern is not due to nonspecific uptake of the
phage particles (online appendix [available at http:/diabetes.
diabetesjournals.org]).

In order for the B-cell-targeting phage to be useful for
further research, the peptides must localize within the
islets but avoid uptake by nontargeted tissues. The binding
of the RIP1 and RIP2 phage clones to other organs was
characterized by performing immunohistochemistry using
an anti-phage antibody (Fig. 3). The RIP2 phage clone
demonstrates nonspecific accumulation throughout the
animal, with especially strong accumulation occurring in
the spleen, heart, and skeletal muscle (online appendix).
However, no specific binding of RIP1 phage was observed
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Anti-Insulin

Anti-Phage

RIP1 ®

Sprague-
Dawley Rat

RIP2 ¢

Sprague-
Dawley Rat

PBS
Control

Sprague-
Dawley Rat

RIP1 ¢

Zucker Diabetic
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FIG. 2. In vivo distribution of RIP1 and RIP2 phage in pancreata from Sprague-Dawley or ZDF rats. The phage was injected intravenously into
the jugular vein of a rat and allowed to circulate for 2 h, after which the animal was killed and organs harvested. The presence of the phage was
determined by immunohistochemistry using an anti-phage antibody. Aligned sections are shown staining with anti-insulin or anti-phage
antibodies. All panels are at 100X magnification. Significant accumulation of RIP1 and RIP2 phage in the islets of the Sprague-Dawley rats is
visible. No significant accumulation of RIP1 phage is seen within the islet of a ZDF rat.

to heart, muscle, lung, or spleen tissue. Whereas some
diffuse staining is observed in the liver of rats infused with
RIP1, similar staining is seen with the control phage
containing a random peptide sequence (online appendix)
consistent with nonspecific clearance of the phage by the
reticuloendothelial system. Similar results have been ob-
served by our laboratory (15) and others (9,11). Interest-
ingly, animals infused with the RIP1 phage exhibit
significant staining in the kidney tubules. This is surprising
because the size of the phage should prevent clearance
through the kidneys. We suspect that the staining is a
result of the clearance of degraded phage coat proteins

Muscle Heart

Liver Spleen
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that are still recognized by the anti-phage antibodies.
Similar intensity and staining patterns are observed in the
kidneys from rats injected with all phage clones tested,
indicating that the finding is unlikely to be explained by
peptide-mediated binding in the kidneys. Overall, these
data indicate that the RIP1 peptide is accumulating pref-
erentially within the islets, although at this time, we
cannot rule out the possibility that the peptide has some
affinity for cells in the liver and kidney.

A valuable feature of B-cell-targeting reagents would be
the ability to distinguish between normal, functional
B-cells and those beginning to exhibit defective function,

Lung

Kidney

FIG. 3. In vivo distribution of the RIP1
phage throughout a Sprague-Dawley rat.
No significant phage accumulation is ob-
served in muscle, heart, and lung. Nonspe-
cific clearance of phage can be seen in liver,
spleen, and kidneys. All panels are at 100X
magnification.
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e.g., loss of GSIS. For this reason, we assessed the ability
of the RIP1 phage to target B-cells in 12-week-old ZDF rats,
an animal model of type 2 diabetes in which GSIS is
dramatically impaired (20,21). As in the previous experi-
ments, the phage was injected intravenously into the
jugular vein of the rat. The phage was allowed to circulate
for 2 h, after which the animal was killed and organs
harvested. The presence of the phage was determined by
immunohistochemistry using an anti-phage antibody. As
shown in Fig. 2, the RIP1 phage has a very different
staining pattern in the ZDF rats compared with the
Sprague-Dawley rats. No specific accumulation of phage is
observed in the islets and the intensity of phage staining is
comparable to a control phage (online appendix). Taken
together, these data suggest that the isolated RIP1 phage
binds with specificity to fully functional pancreatic islets
and loses its ability to target structurally disorganized and
dysfunctional islets of ZDF rats.

DISCUSSION

The ability to target genes and therapeutics specifically to
B-cells would facilitate diabetes treatment. Furthermore,
determination of -cell mass and function in vivo has been
hampered by the inability to direct imaging agents to
B-cells within the pancreas. Typically, cell-specific delivery
is achieved by attaching the desired biomolecule to a
ligand for a well-characterized cell surface molecule that is
preferentially expressed in the targeted cell type. Using
antibodies as the homing agent, this approach has been
used for tumor-specific delivery of chemotherapeutics
(27,28), and several immunotherapies are currently in the
clinic (29). However, little is known about the cell surface
profile of B-cells, and currently, the IC2 antibody is the
only ligand used for delivery to B-cells in animals (30,31).

To circumvent the need for a defined biomarker, we
used biopanning to isolate peptides that bind to islets of
Langerhans from normal Sprague-Dawley rats. After six
rounds of reiterative panning, the output-to-input phage
ratio increased 70-fold. From a phage-displayed peptide
library representing 10° different members, we isolated
two 20-amino acid peptides, RIP1 and RIP2, that bind to
islets ex vivo as determined by phage retention. It is
important to note that little similarity is observed between
the RIP1 and RIP2 peptide sequences, suggesting that they
are most likely binding to different cellular receptors or
different binding pockets within the same receptor. Further-
more, neither of these peptides show significant sequence
similarity to previously isolated peptides that home to the
pancreas vasculature (11). A BLAST analysis for short pep-
tides of similar sequence revealed no significant homologies
to known proteins in the NCBI database (25).

The major goal of this study was to identify peptides
that mediate binding to B-cells within a living animal.
Realization of this goal requires that the identified peptides
have a significantly higher affinity for 3-cells than for other
cell types, the phage clones can escape the vasculature to
reach the appropriate cells, and the peptide is stable in
vivo. To address this, the isolated RIP1 and RIP2 phage
clones were injected into normal Sprague-Dawley rats,
followed by harvesting of tissue and immunohistochemi-
cal analysis with anti-phage antibodies to determine the
phage localization. The RIP1 phage preferentially homes
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to the islets of Langerhans in a normal rat with differenti-
ation between the endocrine and exocrine cells of the
pancreas. The immunohistochemical signal is observed
throughout the islet and colocalizes with staining obtained
with anti-insulin antibodies, indicating that the phage
clone is binding to the B-cells within the islets. The RIP1
phage is not enriched in other tissues, although a nonspe-
cific signal is observed in liver and kidney that is equal in
intensity to that observed following injection of a control
phage containing a random peptide sequence. We suspect
that this signal is due to nonspecific clearance of the
phage, but at this time, we cannot rule out that the peptide
has some affinity for these cells as well. The RIP2 phage
also accumulates in the islets, but the preferential local-
ization to endocrine cells is less pronounced than ob-
served with the RIP1 phage, even though the RIP2
displayed higher phage retention on islets in vitro. Further-
more, this phage showed significant accumulation in tis-
sues and organs, indicating that this peptide binds
nonspecifically to different cell types.

Because the RIP1 phage was selected on islets from
healthy Sprague-Dawley rats, we sought to determine
whether this phage clone could also target to B-cells in
ZDF rats at 12 weeks of age, at which time the animals are
severely diabetic and exhibit defective GSIS. We found
that the RIP1 phage does not target p-cells in diabetic ZDF
rats. This suggests that this peptide is recognizing a cell
surface feature on normal, fully functional B-cells that is
lost or obscured during disease progression. This cell
surface feature might be related to the loss of GSIS, or
alternatively, may be influenced by the increased infiltra-
tion of fibrotic tissue or the increased rate of cell death
that occurs in ZDF islets in concert with progression to
diabetes (32,33). Further studies will be required to deter-
mine whether RIP1 phage are able to target ZDF islets
before onset of diabetes and conversely whether peptides
can be identified that bind specifically to islets in diabetic
animals.

In summary, we have isolated a peptide that is able to
home to normal B-cells in the islets of Langerhans without
prior knowledge of a B-cell biomarker. We anticipate that
this peptide will be of utility for B-cell-specific delivery of
molecular cargo, possibly including plasmids that contain
specific therapeutic/protective genes, bioactive peptides
or proteins, small molecules, or imaging agents. Use of the
RIP1 peptide for these purposes will require demonstra-
tion of the ability of the isolated peptide, removed from the
context of phages, to target islets in a manner similar to
what has been observed for the phage clone. The peptide
will then be utilized to deliver active biomolecules to the
target cells. While these are significant hurdles, the current
study provides promise for the use of selected peptides for
islet-specific targeting applications in the near future.
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