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Abstract

In vivo phage display is a new approach to acquire peptide molecules that bind stably to a given target. Phage
peptide display libraries have been selected in mice and humans and numerous vasculature-targeting peptides have
been reported. However, in vivo phage display has not typically produced molecules that extravasate to target
specific organ or tumor antigens. Phage selections in animals have been performed for very short times without
optimization for biodistribution or clearance rates to a particular organ. It is hypothesized that peptides that home
to a desired antigen/organ can be obtained from in vivo phage experiments by optimization of incubation times,
phage extraction and propagation procedures. To accomplish this goal, one must first gain a better understanding
of the in vivo biodistribution and rate of clearance of engineered phage peptide display libraries. While the fate of
wild type phage in rodents has been reported, the in vivo biodistribution of the commonly used engineered fd-tet
M13 phage peptide display libraries (such as in the fUSE5 vector system) have not been well established. Here we
report the biodistribution and clearance properties of fd-tet fifteen amino acid random peptide display libraries in
fUSE5 phage in three common mouse models employed for drug discovery – CF-1, nude, and SCID mice.

Abbreviations: AUC – area under the curve; BSA – bovine serum albumin; CHAPS – 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate; Ct – total number of phage particles injected; C0 – phage titer in blood
at time = zero; DMPB – Dulbecco’s Modified Eagles Medium + protease inhibitor + 0.25% BSA; E. coli –
Escherichia coli; Fab – antibody fragment; fd-tet – wild-type filamentous phage strain; fUSE5 – fd-tet filamentous
tetracycline resistant phage vector displaying foreign peptides on pIII; h, hour; kel– elimination constant; min –
minute; ln – natural log; p – coat protein; pIII – minor p III; pVIII – major p VIII; PBS – phosphate buffered
saline; RES – reticuloendothelial system; RT – room temperature; t1/2 – half-life; SCID – severe combined
immune deficiency; TU – transducing units; Vd – volume of distribution; V(D)J – the variable, diversity and
joining segments of the immunoglobulin heavy chain variable region gene.

Introduction

Combinatorial technologies such as phage display
provide a powerful approach to vaccine development
and in discovery of new molecules that home to a
desired target. In phage display, foreign peptides or
antibodies are displayed on the surface of modified
bacterial viruses, i.e. phage [1–5]. Most studies have
been based on the fUSE5 phage vector system origin-
ally developed some twenty years ago by George P.
Smith, in which foreign peptides are incorporated into

the N-terminus of minor coat protein III (pIII) of fd-
tet phage so that at most five copies of the peptide are
displayed [1, 6, 7]. Phage fd-tet are long filamentous
viruses that infect Escherichia coli (E. coli) harbor-
ing the F-plasmid [1, 8]. Foreign peptides have also
been fused to the major coat protein VIII (pVIII) of
phage so that thousands of copies of the peptide can
be displayed [1, 9, 10]. Peptides corresponding to
pathogenic antigenic determinants including respirat-
ory syncytial virus glycoprotein G [11], Plasmodium
falciparum [12], glycoprotein G of herpes simplex



122

virus 2 [13], hepatitis B [14], and HIV-1 reverse tran-
scriptase [15] have been expressed on pIII and pVIII
of fd-tet phage and elicit a strong immune response
in mice, suggesting that phage may be vehicles for
vaccine development [16, 17].

A more widespread application of fd-tet phage
in molecular biology and biotechnology involves the
use of combinatorial phage peptide display libraries
for novel ligand identification. Phage display libraries
can contain billions of random linear or cysteine con-
strained peptides ranging from ∼6–35 amino acids in
size. From these immense libraries, rare peptides that
bind almost any given target including receptors [18],
enzymes [19], nucleic acids [4, 5] or carbohydrates
[20, 21] have been readily isolated by in vitro af-
finity selection. An underlying problem with in vitro
selections of phage peptide libraries is that, while the
peptides often possess high affinity for the target anti-
gen in vitro, they may not effectively target the desired
antigen in vivo. This may be due to low antigen expres-
sion in vivo as well as poor peptide affinity, specificity,
and/or stability.

To solve this dilemma, in vivo combinatorial chem-
istry methods are being developed. The in vivo ap-
plication of combinatorial libraries has the advantage
over in vitro selection strategies in that one can ‘se-
lect’, in the environment of the whole animal, peptides
that bind with good stability to a tissue. Rouslahti
and Pasqualini pioneered this approach using live mice
to select for organ-targeting peptides [22, 23]. The
biodistribution of RGD-containing or random pep-
tides in a Cys-X7-Cys constrained fd-tet phage library
in the fUSE5 vector system was examined in brain,
kidney, and tumors of MDA-MB435 human breast
cancer or melanoma-bearing nude mice [24]. The
number of phage transducing units (TU) was determ-
ined after very short post-injection incubation times
(2 and 4 min). They found ten-fold more RGD phage
versus library phage in the tumors compared to the
examined organs. Immunohistochemical staining of
the phage in tumors and organs after 24 h showed
RGD-phage but not library staining of the tumors.
These in vivo selections [22–30] as well as those re-
ported by others [31, 32] resulted in a plethora of
peptide sequences with integrin-avid motifs includ-
ing RGD, GSL, or NGR that targeted organ or tumor
vasculature [23, 24, 26–28]. Because these results
indicated that each organ might contain vasculature
with unique features that may be targeted through
combinatorial chemistry approaches, a consortium of
researchers initiated a project to map tissue-specific

vascular addresses in humans using similar in vivo
phage display techniques. Thousands of peptide mo-
tifs were identified that were unique to various human
tissues including prostate and skin [28, 29]. However,
the reported in vivo experiments may have preferen-
tially selected for small and common motifs such as
the αv integrin-targeting RGD motif because of their
short selection times (15 min or less) and propagation
of only a miniscule portion of the entire phage library
[24, 25]. Furthermore, the optimal time for phage to
distribute to and clear from organs and tissues was not
reported.

Thus, a scheme that favors selection of longer,
higher-affinity and specific motifs, which would be
very rare in the initial library [1], would have benefits
over experiments designed to select very short motifs
present in many independent clones in the initial ran-
dom peptide library. In addition, these experimental
conditions may yield peptide-bearing phage that can
migrate from tumor vessels, which are known to be
particularly leaky to large macromolecules including
phage [30, 33–35], to target specific cell surface or
intracellular antigens. It has been hypothesized that in
vivo selection schemes that are optimized for incuba-
tion time in the animal while sampling the entire lib-
rary population will more effectively exploit the power
of combinatorial chemistry and, further, may yield
phage-bearing peptides that migrate from the vascu-
lature and target specific cell surface or intracellular
antigens [36]. However, to achieve this goal, one must
gain a better understanding of the in vivo biodistribu-
tion, stability and rate of clearance of the engineered
fd-tet phage libraries often used today in combinator-
ial affinity selections. To gain a better understanding of
the pharmacokinetic properties of random phage pep-
tide display fd-tet libraries in vivo, we have examined
organ and tissue biodistribution and clearance of the
phage in three common mouse models for drug dis-
covery – CF-1, nude, and severe combined immune
deficiency (SCID) mice.

Materials and methods

Animals

CF-1 normal mice were purchased from Charles River
Laboratories, Inc. (Wilmington, MA). Athymic nude
mice (nude-nu) were obtained from Harlan Sprague
Dawley, Inc. (Indianapolis, IN). CF-1 mice possess
a healthy immune system, whereas nude (athymic)
mice are T-cell deficient, but have normal B-cell and
natural killer cell production [37]. The ICR SCID
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Table 1. Tissue:blood1ratio at all time points in all mouse strains

Time2 Spleen Liver Kidney Lung

CF-1 Nude SCID CF-1 Nude SCID CF-1 Nude SCID CF-1 Nude SCID

5 min 0.011 0.008 0.012 0.026 0.040 0.035 0.001 0.000 0.004 0.000 0.005 0.008

15 min 0.021 0.507 0.038 0.350 0.082 0.369 0.002 0.002 0.004 0.001 0.005 0.011

30 min 0.844 11.783 0.495 2.520 7.224 2.319 0.058 0.024 0.046 0.021 0.197 0.246

1 h 9.321 15.314 1.427 4.617 1.788 2.775 0.578 0.739 1.165 0.621 0.816 3.289
6 h 34.578 5.112 0.595 0.343 0.075 2.214 2.387 0.429 10.989 0.995 8.862 0.091

24 h 59.770 6.021 0.385 0.779 0.823 0.272 2.172 3.515 0.625 11.730 5.349 0.158

AUC3 962.0 159.3 14.5 24.3 16.0 36.7 49.1 38.0 135.2 118.5 152.3 12.1

Time2 Intestine Muscle

CF-1 nude SCID CF-1 nude SCID

5 min 0.000 0.000 0.000 0.000 0.000 0.000

15 min 0.000 0.001 0.005 0.000 0.001 0.001

30 min 0.015 0.057 0.005 0.001 0.017 0.026

1 h 0.044 0.552 0.059 0.008 0.094 0.190

6 h 0.123 0.123 0.025 0.049 0.174 0.814
24 h 0.295 0.028 0.013 0.489 0.203 0.113

AUC3 3.9 2.8 0.3 4.5 4.4 10.7

1Tissue:blood ratio was calculated by dividing the titer (in TU/gm tissue) in a given organ at a given time by the titer in blood (in
TU/ml) at that time.
2Time after injection.
3Area under the curve. AUC was calculated by using the GraphPad Prism software package.

(Icr:Ha(ICR)-Prkdcscid) were purchased from Taconic
Farms, Inc. (Germantown, NY). These mice are an
outbred stock and are homozygous for the SCID gene
[38–40]. Thus, they lack both T and B cells due to
a defect in recombination of the variable, diversity
and joining segments (V(D)J) of the immunoglobulin
heavy chain variable region ([38], Taconic Farms,
Inc.) The backcrossing of SCID mice with ICR mice
reduces observed leakiness in the original SCID strain
that can result in B cell production and an antibody
response [38]. All mice were acquired at 4–5 weeks
of age and were used within one month, following
initial acclimation. The CF-1 mice were housed in reg-
ular cages and conditions, while the nude and SCID
mice were housed in microisolators in a temperature
and humidity controlled room. All mice had food and
water ad libitum. All experiments were conducted ac-
cording to protocols approved by the University of
Missouri Animal Care and Use Committee and the
Institutional Animal Care and Use Committee at the
Harry S Truman Memorial Veterans Hospital.

Phage library propagation, tissue processing, and
biodistribution

Cesium chloride purified filamentous fd-tet fUSE5
random peptide display library (2 × 108 primary

clones, a generous gift from George P. Smith) was
used in these studies. In a sterile hood using sterile
equipment, the library was dialyzed against sterile
phosphate buffered saline (PBS) before injection into
mice. Mice were injected in the tail vein with 1.5
× 1010 TU fUSE5 in a total volume of 150 µl in
PBS. The phage were allowed to circulate in the mice
for 5, 15, 30, 60 min and 24, 48, and 72 h. This
sample collection strategy is similar to those described
for pharmacokinetic analysis of high molecular weight
liposomal drug formulations [41–43] and monoclonal
antibodies [44, 45]. The mice were then sacrificed by
cervical dislocation. Blood was collected and the mice
were perfused with 90 ml of sterile PBS prior to or-
gan and tissue retrieval. The organs and tissue were
removed, weighed, and stored at −80 ◦C. A portion
of the tissue was formalin fixed. The distribution of
the phage in the organs and tissues was determined
after chopping the frozen tissue with a razor blade
followed by douncing in a 2 ml Kontes dounce ho-
mogenizer in 500 µl of Dulbecco’s Modified Eagles
Medium + protease inhibitor + 0.25% BSA (DMPB).
The tissues were washed three times with 1 ml DMPB.
The final tissue pellet was weighed and 500 µl
of DMPB containing 0.25% 3-[(3-cholamidopropyl)-
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dimethylammonio]-1-propanesulfonate (CHAPS) was
added to facilitate phage extraction. The samples were
placed on a rotator at 4 ◦C for 1 h. These mixtures were
used to infect K91BlueKan E. coli cells concurrently
with appropriate controls to account for variability
in phage infectivity. The amount of infectious phage
particles in the blood was determined by incubating
50 µl of blood with 500 µl DMPB containing 0.25%
CHAPS, rotating at 4 ◦C for 1 h, prior to infecting the
E. coli.

Pharmacokinetic analyses

Phage titer in the blood was analyzed at several time
points by determining the titer of phage in the blood
at each time point and then plotting the normalized
titer against circulation time. The highest titer value
for each strain was used as 100% for that strain.
Pharmacokinetic parameters describing phage elimin-
ation were estimated by nonlinear regression analysis
[46–48]. Computerized fitting was conducted using
Graphpad Prism software. Half-life was estimated us-
ing the formula: t1/2 = ln 2/kel, where kel, is the
elimination constant, which was derived from the non-
linear regression analysis. Volume of distribution (Vd)
was estimated using the formula: Vd = Ct/C0, where
Ct is the total number of phage particles injected (1 ×
1011 TU/ml) and C0 is the phage titer in the blood at
time zero, as estimated by using nonlinear regression
analysis. The magnitude of phage accumulation in or-
gans was estimated by using Graphpad Prism software
to calculate the area under the curve (AUC) for a graph
of tissue:blood ratio versus time.

Immunohistochemical staining

Tissue was embedded in Tissue-Tek O.C.T compound
(Sakura Finetek, Torrance, CA) and was cut at −20 ◦C
to a thickness of 5 µm before applying to glass slides.
Slides were air dried overnight at room temperature
(RT), treated with acetone for 10 min at 4 ◦C, and air
dried at RT. The slides were stored at −80 ◦C prior to
use. For immunohistochemistry, slides were brought
to RT, rinsed 2 times in PBS, and treated with 4% par-
aformaldehyde for 15 min. Slides were then rinsed 3
times in PBS, blocked with PBS containing 2% bovine
serum albumin (BSA), and incubated for 1 h at RT
with a 1:100 dilution of a rabbit anti-phage polyclonal
antibody (gift of George P. Smith). Slides were rinsed
for 2 min in 3 changes of PBS, blocked with PBS
containing 2% BSA for 30 min at RT and a 1:200
dilution of an AlexaFlour 488 conjugated goat anti-
rabbit antibody (Molecular Probes, Eugene, OR) was

added at RT for 30 min. Slides were again rinsed for
2 min in 3 changes of PBS, cover slips applied, and
laser scanning confocal microscopy was performed on
the sections using a Bio-Rad MRC 600 confocal mi-
croscope (University of Missouri Molecular Cytology
Core Facility).

Results and discussion

The in vivo biodistribution properties of the commonly
used engineered fd-tet phage peptide display librar-
ies in the fUSE5 vector system have not been well
established. However, the results, in toto, of stud-
ies, in which various phage types, including lambda
[49], T2, φX 74 [50], T4 [51–53], and M13 [54]
phage, were injected into animals have provided spe-
cific hints of the in vivo pharmacokinetic behavior of
phage. Thirty years ago, Merril and co-workers [49]
reported the fate of lambda phage in germ-free mice.
They examined the number of plaque forming units
in blood, kidney, liver, peritoneum, and spleen at
various times post injection and found the spleen to
contain the highest phage titer. Phage were detected
in the spleen for up to 7 days. An antigen trapping
mechanism in the spleen was thought to account for
this long retention time. In contrast, the other organs
examined showed little residual phage after 48 h. Mer-
ril’s work, as well as that of others, suggested the large
phage particles possess biodistribution and clearance
properties similar to colloidal particles that are pro-
cessed through the reticuloendothelial system (RES),
[49, 51, 53]. This analysis was echoed in a recent
study by Molenaar, et al., [55] who reported predom-
inate uptake of 35S-methionine/cysteine radiolabeled
M13 phage by the RES and a serum half-life of 4.5 h.
Importantly, the Molenaar study advanced the notion
that phage were able to extravasate to subendothelial
tissue and that such phage could be readily selected
from a diverse random phage display library. Specific
uptake of phage by parenchymal cells was analyzed
and a small proportion (8%) of the wild-type phage
were found to be extravasated. Finally, a study with
phage engineered to display antibody fragment (Fab)
molecules indicated that not only the type of phage
but also the nature of the displayed polypeptide might
affect phage biodistribution in vivo [56]. The serum
half-life of these phage was found to be ∼3.6 h. Pre-
dominant phage uptake occurred in lungs, kidney, and
liver as well as spleen [56], which is in contrast to the
lambda phage studies of Merril [49] where spleen was,
by far, the major organ for phage accumulation. Taken
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Figure 1. Time course of phage elimination from blood. The immunocompetent mouse strain (CF-1) was observed to more efficiently eliminate
phage from the blood than did the immunocompromised strains (SCID, nude). The concentration of phage per ml of whole blood was determined
as described in ‘Materials and methods’. The phage concentration in blood expressed as a percentage of the maximum titer observed in blood
was plotted against time (in h) after injection. Pharmacokinetic parameters (half-life, t1/2; volume of distribution, Vd) were estimated by
using nonlinear regression analysis. Calculated half-life values were CF-1 (open squares), t1/2 = 12.1 min; SCID (open upward triangle),
t1/2 = 16.1 min; nude (open downward triangle), t1/2 = 17.9 min. Relative Vd (inset panel) was calculated by dividing the calculated Vd
values for the SCID and nude strains by the calculated Vd value for the CF-1 strain.

together, these findings lend further support to the no-
tion that biodistribution of different types of phage –
whether wild type or engineered – must be empirically
determined in animals to optimize/facilitate discovery
of organ or tumor cell specific-targeting phage and
corresponding peptides.

Here, the biodistribution pattern of the commonly
employed fUSE5 phage random peptide library was
evaluated in three laboratory strains of mice. CF-1,
nude, and ICR SCID mice were chosen because they
are among the most commonly used laboratory strains
of mice employed in biology, oncology, drug dis-
covery and combinatorial chemistry and because they
represent a range of immune system function back-
grounds. The time course of elimination of infectious
phage particles from the blood was analyzed (Fig-
ure 1). In all experiments, this analysis defined only
the concentration of infectious phage particles in the
blood but did not quantify the reduction in blood con-
centration due to inactivation or break down of phage.
Prior to 4 h, no differences in phage pharmacokinetics
were observed between the mouse strains. As shown,
the highest phage titer detected in blood occurred at
5 min for both CF-1 and SCID mice whereas phage
titer in the blood of nude mice did not reach a max-

imum until 15 min of circulation time. The number
of infectious phage in the blood was reduced after 15
min in all mouse strains. The half-life of phage in
the blood of the mice was determined from nonlinear
regression analyses. In CF-1 mice, the serum half-
life of the phage was ∼12 min, while it was 16 and
18 min in SCID and nude mice, respectively. These
values are consistent with the slightly larger volumes
of distribution found for phage in the SCID and nude
mice (Figure 1 inset). These data may be insufficient
to detect the alpha phase of phage distribution in the
blood of CF-1 and SCID mice. However, since our
study was interested in the kinetics of the extravasa-
tion process, which occurs at later time periods, the
lack of data at time points prior to 5 min does not de-
tract from our conclusions. Nevertheless, if one were
interested in the kinetics of the phage distribution in
the circulation, addition of one or more time points
prior to 5 min might prove useful. The observed half-
lives for the fd-tet phage library in all three strains of
mice were shorter than the 4.5 h half-life reported for
wild-type M13 phage in C57BI/6KH mice [54, 55].
These differences may be due to the use of engineered
phage versus wild type phage and/or the mouse strains
utilized. However, modification of the wild type M13
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Figure 2. Organ distribution of phage in CF-1 mice at 1 h post-injection. After one hour of in vivo incubation, the mouse was sacrificed, the
organs were excised and weighed, and phage remaining in the tissue were isolated and titered, as described in ‘Materials and methods’. Phage
TU/gm tissue (Y-axis) was plotted against the organs (X-axis) from which tissue was collected. Bar shading is varied for clarity but does not
correlate with individual organs. The data is derived from a single representative CF-1 mouse.

phage by lactosamination reduced the serum half-life
of the phage to 18 min [54, 55]. One might surmise
that modifications to the phage coat may drastically
alter its half-life and/or clearance in vivo. This notion
is further supported by results of the biodistribution
properties of filamentous phage displaying Fab on pIII
in nude mice. A blood half-life of 3.6 h was ob-
served with predominant uptake in the lung, kidney,
spleen, and liver [56]. The long half-life was consist-
ent with modification of the phage with large antibody
fragments (∼50 kDa) [56].

The number of infectious phage particles (trans-
ducing units, TU) in organs and tissues at various
times post-injection was determined in frozen tissue
samples. Control experiments were conducted to de-
termine that freezing did not significantly change the
phage titer in the tissues and that 0.25% CHAPS
was the optimal detergent concentration to maximize
phage extraction with no reduction in infectivity (data
not shown). The biodistribution of intact, infectious
phage in all major organs and tissues in CF-1 mice
was evaluated at 15 min (data not shown) and 1 h.
As shown in Figure 2, there was a marked difference
among organs in the amount of phage uptake per gram
of tissue after 1 h, with liver and spleen retaining the
most phage and muscle, pancreas, and brain harboring
the least. These results are consistent with fd-tet phage
preferentially accumulating in organs of the RES, as
was also observed for MCO1 phage displaying Fab
[56].

Subsequent comprehensive time course analysis in
the three strains of mice focused on fd-tet phage lib-

rary uptake in major organs (intestine, kidney, liver,
lung, spleen and muscle) (Figure 3). Depending on the
study, up to three independent replicates of the phar-
macokinetic experiments were performed with similar
patterns of results observed among the replicates. For
these studies, CF-1, nude and SCID mice were injec-
ted with phage, which were allowed to distribute for 5,
15, 30, 60 min and 24, 48, and 72 h. The titer of in-
fectious phage particles in each organ was determined
and plotted against time. Prior to 24 h, the differences
between the strains in the phage detected per gram
of tissue were subtle. At 5 and 15 min, the highest
number of phage per gram tissue were detected in the
blood in all three strains (Figure 3). By 15 min, phage
accumulation in the liver and spleen began to rise in
all three mice strains. At 30 min, the phage concen-
tration was beginning to decrease in all organs in all
three strains, with the highest number of phage per
gram tissue in all three strains remaining in the liver
and spleen. CF-1 and SCID mice, but not the nude
mice, appeared to be retaining phage in the blood and
kidney, as well. By 24 h of circulation, the CF-1 strain
had the lowest number of phage per gram tissue in the
blood. It was only at longer time points (48 and 72 h
after injection) that significant differences in phage
pharmacokinetics were observed between the strains.
In the immunocompetent CF-1 mice, phage were de-
tected only in the spleen, kidney, liver and lung but,
most significantly, not in the blood. In contrast, infec-
tious phage particles were not identified in the spleen
of the immunocompromised SCID and nude mice by
72 h, although these strains still harbored phage in the



127

Figure 3. Comparison of changes in distribution of phage with time
in CF-1, SCID and nude mouse strains. Phage were injected into
the tail vein of CF-1, SCID and nude mice and then incubated for
varying time lengths ranging from 5 min to 72 h. At the end of
each incubation, animals were sacrificed, organs were excised and
weighed and phage remaining in the tissue were isolated and titered,
as described in ‘Materials and methods’. Log phage TU/gm tissue
(Y-axis) was plotted against time in h (X-axis). Symbols: Liver, �
, solid line; kidney, � , dotted line; spleen, � , dashed line; lung,
♦ , dash-dot line; intestine, � , dash-dot-dot line; muscle, � , solid
line; blood,� , dotted line. The values shown are the means ± range
of up to three independent replicates with similar patterns of results
observed among the replicates. Range bars were eliminated for clar-
ity. (A) Phage distribution in CF-1 mice. (B) Phage distribution in
SCID mice. (C) Phage distribution in nude mice.

liver, kidney, and lung. The blood of both the nude and
SCID mice also contained infectious phage particles
at 72 h. Thus, in the immunocompromised mice used
in drug discovery, the spleen did not appear to be a
sink for phage particles, which suggested that phage
extravasation to target organs might be more efficient
in these animals. Alternatively, the spleen in the CF-1
mice may act to increase the specificity of phage ex-
travasation by reducing the level of nonspecific phage
binding in the target organs.

Accumulation of intact infectious phage particles
in the organs was analyzed by using tissue:blood ra-
tios (as opposed to the concentration of infectious
phage used in the earlier analyses). In all tissues ex-
amined, the tissue:blood ratio of phage was much less
than one at 15 min, which indicated the phage re-
mained primarily in the blood at this time. At later
time points, the circulation time to obtain optimum ex-
travasation of phage to specific organs appeared to be
an organ and mouse strain-specific characteristic that
varied with the combination of mouse strain and or-
gan. There was no overall pattern of peak tissue:blood
ratios with respect to circulation time, although the
peak tissue:blood ratios tended to occur slightly earlier
in the SCID (i.e., peak lung ratio at 1 h) and nude
(i.e., peak lung ratio at 6 h) mice than in CF-1 mice
(i.e., peak lung ratio at 24 h). Furthermore, strain-
specific differences in the magnitude of accumulation
of phage in specific organs were observed, which were
estimated by calculating AUC. In the CF-1 and nude
strains, the AUC values indicated, that over the 24 h
study period, phage accumulated and remained in-
fectious in the spleen and lung. In the SCID strain,
however, phage appeared to pass through and then dis-
appear from organs. In the kidney, a peak ratio (ratio =
10.99) occurred at 6 h although, at 1 h and 24 h (ra-
tio ∼= 1.0), there was no difference between the phage
concentrations in tissue and blood (AUC = 38). Thus,
preferential, but transient, phage accumulation was
observed in the SCID kidney. These analyses sugges-
ted that circulation time might need to be determined
empirically for each combination of mouse strain and
target organ and that the choice of target organ in a
particular experiment might determine the choice of
mouse strain. Furthermore, the data indicated that,
over a long incubation period, the immunocompetent
CF-1 strain might be able to more efficiently move
phage, in terms of both time and magnitude, from the
blood into the organs of the RES than the other strains.
In general, the elevated tissue:blood ratios in RES or-
gans indicated that clearance and catabolism of the
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Figure 4. Histological detection of phage particles in excised SCID mouse organs. Phage particles remaining in (A) kidney and (B) liver at
various times (shown above photographs) were detected using a polyclonal anti-phage antibody and an AlexaFluor 488 conjugated secondary
antibody, as described in ‘Materials and methods’. The negative controls were tissue sections incubated with the secondary antibody only.

phage in all three strains of mice occurred via the ma-
jor organs of the RES. Rapid blood clearance and high
spleen uptake of macrophage phagocytosed phage
were previously observed for T4 phage in normal mice
[51–53]. Interestingly, the catabolism of T4 phage via
macrophages, led to high levels of anti-T4 antibod-
ies due to macrophage-lymphocyte interactions in the
spleen [50–53].

The localization of the phage in organs at various
times post-injection was also analyzed using immun-
ohistochemistry. These studies were done to visualize
phage protein components and/or catabolites that may
or may not represent functional infectious particles.
Thin sections of tissue were analyzed for the presence
of fd-tet phage using a rabbit anti-phage polyclonal
antibody and detected using an AlexaFlour 488 con-
jugated fluorescent goat anti-rabbit antibody. Repres-
entative results are shown for kidney and liver sections
from SCID mice. As shown in Figure 4, phage accu-
mulated maximally in the SCID mice in the kidney
and liver at 1 h. Phage could still be immunohisto-
chemically detected at 24 h, but not by 72 h in all
three strains of mice (data not shown). The inability
to detect immunoreactive phage proteins in the nude
and SCID mouse tissue sections at 72 h implies that

this method of phage detection is not as sensitive as
phage titering experiments (Figure 3).

Taken together, these results suggest that imple-
mentation of a single in vivo incubation time to allow
phage to circulate may not be the best approach for
isolation of organ-targeting phage-displayed peptides.
Previous studies [22, 23, 25] with phage libraries have
allowed the phage to circulate for as little as 3 min
and, at most, 15 min – times that are insufficient
for phage to distribute to most organs, particularly in
the immunodeficient mice, which are often used for
drug discovery. The time it takes for optimal phage
localization and clearance is dependent on the organ
that is targeted and which strain of mice is utilized.
Based on our findings as well as other studies, biod-
istribution patterns are likely to vary between types of
phage (fd-tet, MCO1, M13, lambda) and the nature
of the displayed foreign molecule [24, 54–56]. Our
results may have widespread application because the
phage libraries utilized in these studies are among the
most commonly employed libraries used today in drug
discovery and in in vivo combinatorial approaches.
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