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Fig. 2. The relation between social 100
network diversity and socioeconomic 90
rank. Diversity was constructed as a
composite of Shannon entropy and 80
Burt's measure of structural holes, 70
by using principal component anal- 60
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Although both social and spatial network diver-
sity scores were strongly correlated with IMD rank
(r=0.73 and r = 0.58, respectively), we found a
weaker positive correlation present using number of
contacts (# = 0.44) and a negative correlation for
communication volume (» = —0.33). For example,
whereas inhabitants of Stoke-on-Trent, one of the
least prosperous regions in the UK, averaged a
higher monthly call volume than the national aver-
age, they have one of the lowest diversity scores in
the country. Similarly prosperous Stratford-upon-
Avon has inhabitants with extremely diverse net-
works, despite no more communication than the
national average.

The strong association between diversity and
IMD rank persists using other network diversity
metrics, including Burt’s measure of “structural
holes” (9). A structural hole is a missing relation
between any two of a node’s neighbors, creating an
open triad. Burt's seminal work showed that remu-
neration within an organization increases with the
number of structural holes that surround a node. Our
results show that this relation scales to the level of
communities, whose socioeconomic opportunities
increase with the number of structural holes in the
ego networks of the members (7= 0.72). Moreover,
a composite measure constructed via principal
component analysis was an even better predictor
of economic development than either component
alone, as illustrated in Fig. 2 (r = 0.78).

By coupling the most complete population-
level social network studied to date with community-
level economic outcomes, we were able to validate
a central assumption that is widely accepted in net-
work science but was untested at the population
level: Do more diverse ties provide greater access to
social and economic opportunities? Although the
causal direction of this relation—whether network
diversity promotes opportunity or economic devel-
opment leads to more diversified contacts—cannot
be established, social network diversity seems to be
at the very least a strong structural signature for the
economic development of a community. On a pop-
ulation level, the surprisingly strong correspondence
we discovered between the structure of social con-
tacts and the economic well-being of populations
highlights the potential benefit of socially targeted
policies for economic development. However,
additional research will be required to derive reliable
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policy implications. In particular, establishing the
causal mechanisms underlying the observed corre-
spondence between network diversity and economic
development may require additional longitudinal
social network and economic data (26-28).
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Coadministration of a Tumor-Penetrating
Peptide Enhances the Efficacy

of Cancer Drugs

Kazuki N. Sugahara,™* Tambet Teesalu,** Priya Prakash Karmali,? Venkata Ramana Kotamraju,*
Lilach Agemy,* Daniel R. Greenwald,® Erkki Ruoslahti'?t

Poor penetration of anticancer drugs into tumors can be an important factor limiting their efficacy. We
studied mouse tumor models to show that a previously characterized tumor-penetrating peptide, iRGD,
increased vascular and tissue permeability in a tumor-specific and neuropilin-1-dependent manner,
allowing coadministered drugs to penetrate into extravascular tumor tissue. Importantly, this effect did
not require the drugs to be chemically conjugated to the peptide. Systemic injection with iRGD improved
the therapeutic index of drugs of various compositions, including a small molecule (doxorubicin),
nanoparticles (nab-paclitaxel and doxorubicin liposomes), and a monoclonal antibody (trastuzumab).
Thus, coadministration of iRGD may be a valuable way to enhance the efficacy of anticancer drugs while
reducing their side effects, a primary goal of cancer therapy research.

he therapeutic efficacy of many anticancer
drugs is limited by their poor penetration
into tumor tissue and by their adverse ef-

fects on healthy cells, which limits the dose of
drug that can be safely administered to cancer
patients. In solid tumors, many anticancer drugs
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penetrate only 3 to 5 cell diameters from the
blood vessels, leading to reduced efficacy and the
development of drug resistance (I, 2). We re-
cently identified a tumor-penetrating peptide,
iRGD (CRGDK/RGPD/EC) (3), that, when chem-
ically conjugated to a drug, can carry the drug
deep into extravascular tumor tissue (4). Like
conventional RGD peptides, iRGD homes to
tumors by initially binding to av integrins that are
specifically expressed on the endothelium of tu-
mor vessels (4-6). iRGD is then proteolytically
cleaved in the tumor to produce CRGDK/R. The
truncated peptide loses much of its integrin-binding
activity, but gains affinity for neuropilin-1 (NRP-1)
because of the C-terminal exposure of a conditional
C-end Rule (CendR) motif (R/KXXR/K) (7). The
NRP-1 binding triggers tissue penetration, which
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Fig. 1. Comparison of
the drug-delivery effi-
ciency of the iRGD com-
bination regimen and
conjugated drug delivery.
(A and €) Nab-paclitaxel
(ABX) quantification in
orthotopic human breast
tumor (BT474) (A) and
human prostate tumor
(22Rv1) (O xenograft
models. ABX with free
iRGD (combination), ABX
coated with iRGD (con- 0
jugate), or ABX alone,
was intravenously injected
into tumor-bearing mice.
Three hours later, ABX 127 25
was captured from tumor
extracts with an antitaxol
antibody, followed by
detection with a human
albumin antibody. n = 3
mice per group for both
(A) and (0. (B and D)
Long-term treatment of
tumor mice with ABX.
Mice bearing orthotopic
BT474 (B) or 22Rv1 (D)
tumors were intravenously
injected with the indi-
cated ABX formulations

:x|*
»
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every other day at 3 mg paclitaxel’kg per injection or with phosphate-buffered
saline (PBS) only. The treatment was continued for both 24 (B) and 16 days (D).
n = 8 per group (B) and 9 per group (D), respectively. Statistical analyses were
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is tumor-specific because the cleavage requires
earlier binding of the peptide to integrins. These
features confer on iRGD a tumor-specific tissue
penetration activity. Here we explore whether the
iRGD peptide can enhance cancer drug delivery
and activity when it is administered as a combi-
nation therapy with drugs that are not chemically
conjugated to it. This would be advantageous
because already approved drugs could be used
without creating a new chemical entity, and be-
cause coupling often interferes with drug activity.

The activity of peptides and proteins that bind
to NRP-1 through a C-terminal CendR motif can
be demonstrated by monitoring vascular perme-
ability (7-9). We examined whether the CendR-
triggered vascular permeability may play a role in
the iRGD tumor-penetrating activities using
human tumor xenografts growing in immunode-
ficient mice and in de novo mouse tumors growing
in transgenic mice. Indeed, chemically synthesized
iRGD peptide, when co-injected with the albumin-
binding dye Evans blue (/0—/2), caused tumor-
specific accumulation of the dye in all five tumor
models that we tested (one breast cancer, two pros-
tate cancers, and two pancreatic adenocarcinomas),
including secondary invasion sites and dissemi-
nated tumors (figs. S1A and S2, A and B). The
accumulation of the dye was dependent on the
dose of iRGD administered and peaked at ~400%

more than the dye alone (fig. S1B). Non-CendR
RGD peptides, RGD-4C (CDCRGDCFC) (/3)
and cyclo(-RGDfK-) (/4), and a scrambled iRGD
with no CendR motif (CRGDDGPKC) (here,
bold letters indicate the position swap of amino
acids) did not increase the permeability (figs. S1C
and S2C). Preinjection of an antibody to NRP-1
(anti-NRP-1) inhibited the iRGD-induced perme-
ability (fig. SID). CRGDK, the truncated iRGD
peptide with an exposed CendR motif, enhanced
local vascular permeability in the skin in a dose-
dependent manner (fig. S3) (7). When injected sys-
temically, CRGDK increased permeability in the
tumors, as well as in the lungs and heart. CRGDK.
was somewhat selective for the tumors, probably
because of its residual affinity to integrins and the
generally high expression of NRP-1 in tumors
(fig. S1IC) (4, 7, 15).

The tumor-specific increase in tissue access
mediated by iRGD suggests a way of improving
the delivery of compounds to tumor parenchyma
(fig. S4). A fluorescein-labeled non-CendR pep-
tide CRGDC (FAM-CRGDC; 1.3 kD), which min-
imally penetrates tumors by itself (4, 16), showed
enhanced extravascular distribution upon iRGD
co-injection (fig. S5A). The co-injection caused a
300% increase in both of the FAM-CRGDC-
positive areas (fig. S5B) and the spreading of
FAM-CRGDC (fig. S5C) in the tumors. We ob-
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performed with Student’s ¢ test in (A) and (C) and analysis of variance (ANOVA)
in (B) and (D). Error bars denote mean + SEM. n.s., not significant; *P < 0.05;
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tained similar results with 3- and 10-kD dextrans
(fig. S5). Two nanoparticles, iron oxide nano-
worms (/7) and T7 phage, also extravasated and
showed enhanced accumulation in the tumor upon
iRGD co-injection (fig. S6). These results show
that iRGD can increase the tumor accumulation
of compounds with different sizes and chemical
properties.

Intravenously injected molecules and nano-
particles slowly extravasate into perivascular areas
in tumor tissue through passive leakage (18, 19).
The rapid and deep tumor penetration of the probes
co-injected with iRGD prompted us to study the
possibility that CendR might be triggering an ac-
tive transport process. To exclude circulatory effects,
we used fresh explants of PPC-1 human prostate
tumors in this study. Phage particles expressing the
iRGD peptide on their surface (4), but not inert
control phage, penetrated into PPC-1 prostate
cancer xenograft explants, advancing ~4 mm in
90 min (fig. S7). The penetration was inhibited
by anti-NRP-1, sodium azide, and by lowering
the temperature, suggesting that the penetration
process was NRP-1- and energy-dependent. Im-
portantly, inert phage penetrated into the explants
in the presence of iRGD, but not with a control
peptide.

To study the effect of iRGD on drug delivery
and efficacy, we administered the peptide as a
combination therapy with several types of cancer
drugs to mice bearing human tumor xenografts.
We first compared the delivery efficiency of this
combination regimen to that of the cancer drug

Fig. 2. Enhanced antitumor A
effect of free DOX co-injected

with iRGD. (A and B) Mice bear-

ing orthotopic 22Rvl human
prostate tumors were intra-
venously injected with a mix-

ture of DOX (10 mg/kg) and

4 umolkg of iRGD or PBS.
Tumors and tissues were col-

lected 1 hour later. n = 3 per

group. In (A), the tumors were
sectioned and stained for

blood vessels with anti-CD31,

and the native fluorescence

was used to detect DOX. Scale C i -
bars, 100 um. In (B), DOX in

the tissues was quantified. (C) 129
Mice bearing orthotopic 22Rv1

2 10
tumors implanted 2 weeks ear- &
lier received intravenous injec- f 038 A
tions of DOX (1 or 3 mg/kg) or 2
PBS, combined with 4 umol/kg £ %%
of iRGD or PBS, every other 5 041

day. The tumors were har-
vested and weighed after 24 024
days of treatment. n = 10 per
group. (D) TUNEL staining was
performed on tumors and hearts
from the treatment study and

0.0

Free DOX +iRGD

Free DOX: None

alone and to that of the cancer drug when it was
chemically conjugated to the peptide. When in-
travenously injected with iRGD, Nab-paclitaxel
[abraxane (ABX)], a 130-nm nanoparticle con-
sisting of albumin-embedded paclitaxel (4, 20),
accumulated 12-fold more in orthotopic BT474
human breast tumors than ABX given alone and
penetrated far from the tumor vessels (Fig. 1A
and fig. S8). Treatment of mice every other day
with the ABX/iRGD combination inhibited the
growth of BT474 tumors, which were resistant
to equivalent doses of ABX alone (Fig. 1B). The
combination was slightly more effective than the
conjugated drug in inhibiting tumor growth, as
well as in tumor accumulation, but the differ-
ences did not reach statistical significance. Sim-
ilar results were obtained in orthotopic 22Rv1
human prostate tumors (Fig. 1, C and D).

‘We next used another clinically relevant sys-
tem to evaluate the effect of the combination
therapy on the therapeutic index (a comparison of
the dose needed to elicit a therapeutic effect to the
lethal dose). Doxorubicin (DOX) and DOX lipo-
somes have clinical activity in a number of tumor
types, including prostate cancer (27). We treated
orthotopic 22Rv1 tumors with a combination of
iRGD and DOX (0.6 kD). Free DOX co-injected
with iRGD penetrated the tumors and accumu-
lated sevenfold more in the tumors than DOX
given alone (Fig. 2, A and B). The combination
therapy that included 1 mg/kg DOX was as potent
as 3 mg/kg DOX alone, a dose that reaches the
cumulative maximum tolerated dose (Fig. 3C)

Free DOX

DOX accumulation fold free DOX alone @

TUNEL positive area
fold non-treated group

1mg/kg 1mg/kg 3 mg/kg 3 mg/kg None
Peptide: None None iRGD None iRGD iRGD

o

[e]

Free DOX: None
Peptide: None None iRGD None iRGD iRGD

REPORTS

(22). Combining iRGD with 3 mg/kg of DOX
potentiated the activity of DOX, inducing nearly
complete tumor-growth inhibition (Fig. 2C). Tu-
mors from both the 1- and 3-mg/kg DOX groups
combined with iRGD showed stronger terminal
deoxynucleotidyl transferase-mediated deoxy-
uridine triphosphate nick end labeling (TUNEL)
staining, an indicator of cell death, than tumors
treated with 3-mg/kg DOX alone (Fig. 2D). Car-
diotoxicity, the main dose-limiting toxicity of
DOX, is manifested as cardiomyocyte apoptosis
(23). The iRGD combination had the same car-
diotoxicity as an equivalent dose of DOX alone
(Fig. 2D). The body-weight shift was also the
same, whether DOX was given alone or com-
bined with iRGD (fig. S9). Similar results were
obtained with orthotopic 4T1 mouse breast tu-
mors (figs. S9 and S10). iRGD alone at the dose
used in the combination group showed no effect
on tumor growth (Fig. 2C), supporting the no-
tion that the effects of the combination are due
to improved drug penetration.

We also tested DOX in a liposomal formula-
tion (particle diameter = 120 nm). The results
were similar to those with free DOX with regard
to treatment efficacy (Fig. 3A), tumor accumula-
tion of the drug (14-fold) (Fig. 3B), tumor pen-
etration (fig. S11), and toxicity (Fig. 3C and fig.
S9). In addition, we tested a non-CendR RGD in
this system and found that it did not enhance the
efficacy of the drug (Fig. 3A). These results indi-
cate that, in comparison to drug administered
alone, the iRGD combination therapy provides

o OFree DOX
BFree DOX +iRGD

Tumor  Liver Spleen Pancreas Heart Lung Kidney Brain

®Tumor %
| BHeart Kk

il

1mg/kg 1mgkg 3mgkg 3mgkg None

was quantified for positive staining. Statistical analyses were performed with Student’s ¢ test (B) and ANOVA (C and D). Error bars denote mean + SEM. n.s., not

significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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equivalent or better antitumor efficacy at a three-
fold lower dose of the drug, with a commensurate
reduction in toxicity. The results also show that
this therapy regimen can be effective with drugs
ranging in size from a small-molecular weight
chemical (DOX) to nanoparticles (ABX, DOX
liposomes).

Finally, we tested the iRGD-combination
regimen in mice bearing tumors derived from
BT474 human breast tumor cells, which over-
express HER2/neu/ErbB2. This growth-factor
receptor is the target of trastuzumab, a therapeutic
monoclonal antibody in clinical use for the treat-
ment of breast cancer (24, 25). Co-injection of
iRGD resulted in a 14-fold increase in trastuzumab-
positive areas within the tumor (Fig. 4A). An
enzyme-linked immunosorbent assay (ELISA)
showed that iRGD enhanced the accumulation
of trastuzumab in the tumors 40-fold; this in-
crease is probably due to enhanced access and
binding of the antibody to the tumor cells (Fig.
4B). Combining trastuzumab with iRGD in-
creased the drug potency at different trastuzumab
dose levels (Fig. 4C). At a clinical dose (9 mg/kg),
the combination eradicated all tumors in the
mice, whereas the equivalent dose of trastuzumab
alone only slowed tumor growth (Fig. 4C). The
eradicated tumors did not relapse during a 2-
week observation period after the treatment was
stopped.

The iRGD-mediated enhancement in drug pen-
etration persisted even after more than 3 weeks of
antibody treatment (figs. S12 and S13 for DOX
and trastuzumab, respectively). However, the dif-
ference between the combination and the drug
alone was smaller than with single dosing (com-
pare fig. S13B with Fig. 4A). This explains the
lack of a linear relation between the single dosing
of the drugs, which gave 7- to 40-fold more drug
accumulation, and the long-term treatments,
which gave 3-fold stronger antitumor effects.

We also tested the possibility that iRGD might
have the adverse effect of enhancing metastasis by
promoting intravasation of tumor cells. No mac-
roscopic metastases were found in mice treated
with iRGD. Immunofluorescence for human leu-
kocyte antigens and quantitative polymerase
chain reaction measuring human genomic DNA
revealed no human cells in organs collected at the
end of the treatments, and the low levels of DNA
were similar in the iRGD and control groups in
the BT474 and 22Rv1 models (figs. S14 to S16)
(26, 27).

The CendR penetration effect of the tumor-
targeting methodology described here is distinct
from the enhanced permeability and retention
(EPR) effect: (i) EPR is a passive leakage from
tumor vessels (/8, 19), whereas the CendR pen-
etration is receptor-mediated and energy-dependent.
(ii) CendR is more effective than the EPR (fig.
S5). (iii) CendR causes extravasation within mi-
nutes, whereas EPR requires 6 to 8 hours to peak
(4, 18). (iv) Finally, CendR is effective with small
molecules, whereas EPR is not (/8). However,
there may be a CendR component in EPR, be-

1.6 1 sk
3k

1.4 1
1.2 1
1.0 1 *
0.8 1
0.6 1
0.4

Tumor weight (grams)
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iRGD RGDfK
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B #
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Fig. 3. Enhanced antitumor effect of DOX liposomes co-injected with iRGD. (A) Nude mice bearing
orthotopic 22Rvl human prostate tumors implanted 2 weeks earlier received daily intravenous
injections of DOX liposomes (1 or 3 mg/kg) or PBS, combined with 2 umol/kg of iRGD or cyclo(-RGDfK-)
or PBS. The tumors were harvested and weighed after 17 days of treatment. n = 5 per group (left
panel); n = 8 per group (right panel). (B) Mice bearing orthotopic 22Rv1 tumors were intra-
venously injected with DOX liposomes (5 mg/kg), followed by 4 umol/kg of iRGD or PBS. The
tumors and tissues were collected 3 hours later, and DOX in the tissues was quantified. n = 3 per
group. (€) TUNEL staining was performed on tumors and hearts from the treatment study in (A) and
was quantified for positive staining. Statistical analyses were performed with ANOVA [(A) left panel,
and (0)] and Student’s t test [(A) right panel, and (B)]. Error bars denote mean + SEM. n.s., not

significant; *P < 0.05; **P < 0.01; ***P < 0.001.

cause vascular endothelial growth factor-165
(VEGF-165), which is involved in the process,
has an active CendR motif (7, 8, 18).
Administration of the tumor-penetrating pep-
tide as a combination therapy bypasses two lim-
itations of strategies in which the peptide is
conjugated to the drug and delivered as a single
agent: (i) The combination therapy does not re-
quire drug modification, which may impair drug
activity, and (ii) the capacity of the system is not
exceeded as easily as that of the conjugate de-
livery. Whereas delivery of the conjugated drug

depends on a finite number of target receptors,
delivery of the peptide and drug as separate en-
tities triggers a bulk transfer of the bystander
drugs into the tumor tissue (28).

Attempts have been made to permeabilize
tumor vasculature with VEGF and bradykinin for
enhanced access of blood-borne molecules to
tumor interstitium (29, 30), but the tumor speci-
ficity has been limited. One possible advantage
of iRGD is that systemic administration of this
peptide results in a tissue penetration effect that
appears to be selective for tumors.
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Fig. 4. Enhanced antitumor effects of trastuzumab co-injected with iRGD. ¢
(A and B) Mice bearing orthotopic BT474 human breast tumors were {4 o
intravenously injected with trastuzumab (3 mg/kg), followed by 4 umolkg ~ { = o "9 g .-
of iRGD or PBS. Tissues were collected 3 hours later. n = 3 per group. In TR accit). CEEEER CEEREE SRRy CEEiily: bbbt %
(A), tumor sections were stained for trastuzumab with an antihuman | |%
immunoglobulin G antibody and were quantified for positive staining. &
Scale bars, 200 um. In (B), trastuzumab in the tissues was quantified with a E
competitive ELISA. n = 3 per group. (C) Tumor treatment study with E 10
coadministration of trastuzumab and iRGD. BT474 tumor mice were 3 _— « |E
intravenously injected every 4 days with trastuzumab [at 3 or 9 mg/kg on % @ IRGD -
the first day of treatment (day 0) and 1.5 or 4.5 mg/kg in subsequent & 4 | =%~ Trastuzumab 3 mg/kg
injections] or PBS. The treatment was combined with daily injections of  # -4 - Trastuzumab 9 mg/kg
4 umol/kg iRGD or PBS on the days of trastuzumab injection and 2 umol/kg —*— Trastuzumab 3 mg/kg + iRGD
iRGD or PBS on the other days. n = 10 per group. One of five experiments 3 2—Trastuzumab d'mg/kg # IRGD
that gave similar results is shown. Statistical analyses were performed with e . . - . . “a
Student’s ¢ test [(A) and (B)] and ANOVA (C). Error bars denote mean + 0 4 8 12 16 20 24

SEM. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001. Days of treatment
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