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ABSTRACT
We demonstrated that activated transcytosis is a major mechanism to complement the classic enhanced
permeability and retention effect in pancreatic cancer. This was achieved by using an iRGD peptide that
triggers transcytosis pathway at the tumor site. Co-administration of unconjugated iRGD substantially
improved the effect of the chemotherapeutics delivering nanocarrier, and resulted in survival
improvement in mice. Since the iRGD effect is commensurate with neuropilin-1 expression on tumor
vasculature, it is necessary to contemplate a personalized approach to implement this technology.
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While nanocarrier mediated drug delivery is an exciting tech-
nology that promises a fundamental change in cancer treat-
ment, most nanocarriers that enter into clinic rely on passive
targeting, a.k.a. enhanced permeability and retention (EPR)
effect, based on the big fenestration in tumor blood vessels.1

Evidence shows that the effectiveness of EPR effect can vary
case by case.2 It is possible that either the carrier does not effec-
tively reach the tumor or the nanocarrier reaches the tumor site
but the drug-laden particle cannot extravasate from the tumor
fenestration. Both effects result in insufficient tumor targeting.
What’s more, there are increasing concerns that the heteroge-
neity and presence of thick tumor stroma among different
tumor types could lead to variation in the magnitude of the
putative EPR effect due to differences in vascularity, vasculature
structure or lymphatic drainage. Moreover, considerable
amount of nanocarriers are particulates that can be effectively
removed by reticuloendothelial organs. With this in mind, it is
not a surprise that passive tumor targeting usually achieves
approximately half to a few percentage of the total administered
dose, with occasional exception that leads to greater than 10%
administered nanoparticle dose delivered to a solid tumor.

Generally, the effectiveness of EPR effect is fairly low in pan-
creatic ductal adenocarcinoma (PDAC) when compared with
other cancer types. This is partially because of the restricted
vascular access to therapy (including nanomedicine) due to
vascular abnormalities and the presence of desmoplastic
stroma.3 Though 2 nanocarriers, i.e. Abraxane� (paclitaxel/
albumin complex) and Onivyde� (irinotecan liposome), were
recently approved by FDA, these early-stage nano formulations
(that rely on EPR for tumor targeting) only lead to »2 months
overall survival in PDAC patients.4,5 PDAC develops a range of
disease-specific barriers, including high pericyte coverage as
well as high interstitial fluid pressure within tumors. This either
physically blocks particle extravasation or promotes

therapeutics outflow from the tumor, collectively resulting in a
reduced bioavailability to tumor cells. In our recent study, we
demonstrated a major mechanism to complement the classic
EPR effect.6 Unlike particle egression through tumor fenestra-
tion, we experimentally demonstrated the use of activated
transcytosis to bypass vasculature barriers in PDAC, leading to
an enhanced drug access at tumor site that is potent enough to
show survival improvement in stringent PDAC animal models.
This transcytosis mechanism has also been described by
Dr. Erkki Ruoslahti.7,8 We showed that the efficacy of an irino-
tecan-laden silicasome nanocarrier could be significantly
improved by the co-administration of an unconjugated iRGD
peptide that does not need to be attached to the carrier to
enhance tumor uptake. Co-administration of the free iRGD
peptide increased silicasome uptake at orthotopic PDAC
tumors sites 3–4-fold, leading to enhanced killing of the pri-
mary tumor, metastasis inhibition and survival improvement.6

The iRGD effect is mediated by interaction with tumor-associ-
ated integrins initially, followed by peptide cleavage and the
release of the C-terminal end that engages neuropilin-1
(NRP-1) (Fig. 1).7,8 Although the physiologic role of NRP-1 is
to control transcytosis for nutritional purposes, the vesicular
system can also be used for the transport of nanoparticles. Our
effort on TEM visualization provided the 1st time ultrastruc-
tural evidence that iRGD could induce the appearance of
grouped vesicles in endothelial cells, with the ability to carry
Au-labeled silicasomes from the blood vessel lumen to the
tumor matrix. Since the iRGD effect is commensurate with
NRP-1 expression on tumor blood vessels in patient-derived
xenografts, it is necessary to contemplate a personalized
approach to implement this technology.

EPR effect is not prominent in PDAC for several reasons.3

One of the reasons is the presence of pericyte that tightly adheres
to vascular endothelial cells. To address the restricted vascular
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access in PDAC, it is also possible to use vasculature manipula-
tion by targeting the transforming growth factor b (TGF-b) path-
way, which recruits pericyte and facilitates its coverage on
vascular fenestrations.9 Moreover, several agents have been intro-
duced to improve the tumor permeability that could be applied
to enhance the tumor access of nanocarriers.2,9 To name a few, it
includes the use of 1) a hedgehog pathway inhibitor to provide a
temporary increase in PDAC vascular density, 2) a PEGylated
PH20 hyaluronidase to induce the re-expansion of PDAC blood
vessels, and 3) pharmacological vascular permeability enhancer
such as nitric oxide and angiotensin-converting enzyme inhibi-
tors to increase particle penetration.

It is also necessary to comment on the co-administration ver-
sus conjugation approach when combining an iRGD peptide
with a nanocarrier. This is advantageous for pharmaceutical
activity and nano formulation manufacture. The co-administra-
tion approach addresses a major limitation of peptide-conjugated
nanocarriers, which rely on the available number of NRP-1
receptors that transport particle in a “one-by-one” fashion
because of the limited number of target receptors on the vascula-
ture. This contrasts with unconjugated peptide co-injection that
triggers bulk transfer of bystander nanoparticle (silicasomes in
our case) at PDAC.6 Moreover, introducing covalent conjugated
peptide may add complexity on nano surface that may lead to
profound impact in the complicated in vivo system.10 From the
perspective of translational feasibility, the use of the free peptide
(for which the good manufacturing practice has been well-estab-
lished by pharma industry) is more practical and less expensive
for clinical use in contrast to a bio-conjugation process that inevi-
tably enhances the cost and complexity of the nanocarrier.

Moreover, to the best of our knowledge, the iRGD-mediated
transcytosis pathway has never been directly visualized at ultra-
structural resolution in a tumor biopsy receiving nanocarrier.
Observing a low electron density nano objective (e.g. silica
based nanoparticle) in a complex PDAC microenvironment is
a very challenging task. In response, we combined the use of

optimal time/dose in the animal experiment and introduced a
high electron density gold core in our nanocarrier.6 This
allowed us to successfully demonstrate that iRGD co-adminis-
tration induces a novel vesicular transport pathway, an ultra-
structural feature that has not previously been accomplished.
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Figure 1. Principles of iRGD-mediated transcytosis at tumor sites. The iRGD effect
is mediated by binding of the cyclic peptide with tumor-associated avb3 or avb5
integrins initially, followed by peptide cleavage and the release of the C-terminal
end (CendR motif) that engages neuropilin-1 (NRP-1). The NRP-1 binding triggers
a system of vesicles that can assist nanocarriers transport through tumor
vasculature.
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