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Nanoparticle gene therapy holds great promise for the treatment
of malignant disease in light of the large number of potent, tumor-
specific therapeutic payloads potentially available for delivery. To
be effective, gene therapy vehicles must be able to deliver their
therapeutic payloads to metastatic lesions after systemic adminis-
tration. Here we describe nanoparticles comprised of a core of high
molecular weight linear polyethylenimine (LPEI) complexed with
DNA and surrounded by a shell of polyethyleneglycol-modified
(PEGylated) low molecular weight LPEl. Compared with a state-
of-the-art commercially available in vivo gene delivery formulation,
i.v. delivery of the core/PEGylated shell (CPS) nanoparticles provided
more than a 16,000-fold increase in the ratio of tumor to nontumor
transfection. The vast majority of examined liver and lung metasta-
ses derived from a colorectal cancer cell line showed transgene ex-
pression after i.v. CPS injection in an animal model of metastasis.
Histological examination of tissues from transfected mice revealed
that the CPS nanoparticles selectively transfected neoplastic cells
rather than stromal cells within primary and metastatic tumors.
However, only a small fraction of neoplastic cells (<1%) expressed
the transgene, and the extent of delivery varied with the tumor cell
line, tumor site, and host mouse strain used. Our results demon-
strate that these CPS nanoparticles offer substantial advantages
over previously described formulations for in vivo nanoparticle
gene therapeutics. At the same time, they illustrate that major
increases in the effectiveness of such approaches are needed for
utility in patients with metastatic cancer.

esearch on cancer genomes combined with functional and
biochemical studies has led to the identification of signal
transduction pathways whose component genes are altered in
human tumors (1). Extraordinary efforts have been devoted to
developing therapeutics that selectively target these altered path-
ways. These efforts have been remarkably successful, resulting in
a new generation of agents that can shrink tumors without causing
unacceptable side effects (reviewed in refs. 2-4). The effects of
these targeted agents are generally short-lived, however, as
a result of the inevitable outgrowth of cells with mutations that
confer resistance (5-7). This phenomenon has spurred efforts to
identify complementary approaches that are less likely to be
subverted by mutations present in the tumor cells before therapy.
One of the most promising approaches to achieving this ob-
jective involves the exploitation of the abnormal vasculature in
tumors. To maintain their high relative growth rate, tumors must
recruit blood vessels, both afferent and efferent, to supply oxygen
and nutrients. But given the abnormal organization of cancer cells
with respect to the underlying stroma, the recruited vasculature is
quite unlike that present in normal tissues (8). This tumor vascu-
lature is characterized by chaotic organization, leakiness, and poor
lymphatic drainage; thus, agents that target the abnormal vascu-
lature should be particularly powerful weapons against cancers.
Nanoparticles represent one class of such weapons. When
administered systemically, nanoparticles with unique size and
charge characteristics may selectively accumulate in solid tumors,
because they can more easily extravasate through the leaky tumor
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endothelium and less easily vacate through the tumor’s poorly
developed lymphatic system (9, 10). This accumulation is known
as the enhanced permeability and retention (EPR) effect (11).

Several types of nanoparticles have been developed to exploit
the EPR effect in experimental model systems, some of which
have demonstrated clinical value (12, 13). Nanoparticles consist-
ing of nucleic acids complexed with cationic polymers also have
been extensively evaluated for therapeutic purposes (reviewed in
ref. 14). DNA-containing nanoparticles offer a wealth of thera-
peutic possibilities because they can encode highly toxic genes
whose tumor-specific expression can be tailored via engineering of
the nanoparticle itself or the molecular payload.

Although this potential has long been recognized, and much
work has been done to optimize nanoparticle gene delivery for-
mulations in vitro, relatively few studies have attempted to sys-
temically deliver genes to experimental tumors in vivo (see refs.
15-17 for examples of in vivo work). In vivo studies have often
used s.c. rather than internal tumors, global measures of trans-
fection that can be achieved with whole-body imaging or whole-
tissue lysates, and intratumoral rather than systemic delivery.
However, for clinical relevance, it is critical not only to test
systemic delivery of nanoparticle gene therapy formulations to
internal tumors, but also to evaluate the nature and number of
cells within tumors that express transfected reporters. Ultimately,
to be clinically viable, gene delivery vehicles must be able to po-
tently and selectively transfect metastatic tumor cells. Given that
primary tumors often can be surgically excised, the treatment of
metastatic disease is the most important clinical setting for nano-
particle therapeutics.

In the present study, we attempted to improve the efficiency
and specificity of nanoparticle gene therapeutics, focusing on

Significance

To be effective, gene therapy vehicles must be able to deliver
their therapeutic payloads to widely dispersed tumor lesions
after systemic administration. We describe novel nanoparticles
that provided a >16,000-fold increase in the ratio of tumor to
nontumor cell delivery over conventional formulations. How-
ever, only a small fraction of neoplastic cells expressed the
transgene, and the extent of delivery varied with the tumor
cell line, tumor site, and host mouse strain used. Although our
nanoparticles represent a technical advance, they also illustrate
the challenges that remain before nonviral gene therapy can
be applied to cancer patients.

Author contributions: J.Y., W.H., KW.K., B.V., and S.Z. designed research; J.Y. and W.H.
performed research; G.L. and J.M.M. contributed new reagents/analytic tools; J.Y., W.H.,
K.W.K., D.L.H., B.V., and S.Z. analyzed data; and J.Y., W.H., B.V., and S.Z. wrote the paper.

The authors declare no conflict of interest.
1).Y. and W.H. contributed equally to this work.

2To whom correspondence may be addressed. E-mail: bertvog@gmail.com or sbzhou@
jhmi.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1313330110/-/DCSupplemental.

PNAS | September 3,2013 | vol. 110 | no.36 | 14717-14722

n
w
o
=
=
=}
“
-
<
=
[=]
[T}
H



mailto:bertvog@gmail.com
mailto:sbzhou@jhmi.edu
mailto:sbzhou@jhmi.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1313330110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1313330110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1313330110

L T

/

1\

=y

global and local measures of potency and specificity in internal
tumors and their metastases. We also identified some bottle-
necks limiting translation of these treatments to humans.

Results

Establishing a Benchmark in Internal Tumors. Evaluation of in vivo-
jetPEl in primary intrasplenic tumors. Of the various transfection
agents commercially available, only a few are able to safely and
efficiently transfect cells in vivo. For systemic in vivo delivery,
transfection agents based on polyethylenimine (PEI) have shown
the most promise (18, 19). One of the most effective formulations,
in vivo-jetPEI (Polyplus Transfection), has been evaluated for
gene delivery in a number of cancer models in vivo (20-26), al-
though rarely via systemic injection (27-29), as well as in several
clinical trials for heart disease (30), HIV (31), and cancer (32).
Because s.c. tumor models might not faithfully reflect the archi-
tecture of internal tumors, we elected to use a model established
by intrasplenic injection of the HCT116 line of human colorectal
cancer cells in NOD-SCID-IL-2Ry—deficient mice (NOG mice)
(33). In addition to primary tumors that formed in the spleen in
this model, multiple metastases developed in the lungs and liver
within 4 wk of tumor cell injection.

To monitor the development of the primary and metastatic

lesions, we used HCT116-luc2, a line of HCT116 cells that
constitutively express firefly luciferase (FLuc). We then evalu-
ated the ability of nanoparticles based on in vivo-jetPEI to sys-
temically deliver Renilla luciferase (RLuc)-encoding plasmids to
intrasplenic tumors. We focused first on primary tumors to fa-
cilitate high-throughput formulation screening coupled with high
confidence in tumor specificity. (Well-circumscribed primary
tumors could be easily dissected away from normal spleens.)
After iv. injection of in vivo-jetPEI complexed with the RLuc
plasmid, RLuc expression was observed in the primary tumor in
the spleen at 10-fold higher levels than the background signals in
intrasplenic tumors in mice not injected with RLuc plasmid (Fig.
S1A4). However, substantial RLuc activity was also evident in the
spleen, liver, and lungs of nontumor-bearing injected mice, with
particularly high activity in normal lungs (Fig. S1B).
PEGylation of in vivo-jetPEl. High transfection of normal tissues after
i.v. injection of in vivo-jetPEI is unacceptable if toxic genes are
used for cancer gene therapy. Delivery of nanoparticles to normal
tissues can be abrogated through surface modification of such
vehicles with polyethylene glycol (PEG) to increase particle cir-
culating half-life; to decrease uptake by phagocytes such as those
present in the lungs, spleen, and liver (34); and, in the case of
positively charged nanoparticles, to prevent aggregation in blood,
which can lead to nonspecific accumulation in first-pass organs,
such as the lungs (35). In an attempt to minimize the transfection
of normal tissues by in vivo-jetPEI, we conjugated 5-kDa PEG
(PEG?) to nitrogen groups present in the polymer after it was
complexed with DNA. We found that PEGylation at a 10:1 weight
ratio of PEGS to in vivo-jetPEI did not impact tumor transfection,
but did substantially reduce lung transfection (Fig. S1 C and D).

Improvements Leading to Core/PEGylated Shell Formulation. LPEI88
as an equivalent to in vivo-jetPEl. Although in vivo-jetPEI is thought
to be a linear PEI (LPEI) derivative of ~22 kDa, its precise
composition is proprietary. Thus, to facilitate further optimiza-
tion, we synthesized 88-kDa LPEI (LPEISS8) as an in vivo-jetPEI
substitute amenable to in-house characterization and modifica-
tion. Sources and synthetic methods are specified in SI Materials
and Methods. We found LPEIS8S to be similar to in vivo-jetPEI in
terms of molecular weight, toxicity, and transfection efficiency
(Table S1 and Fig. S2).

Optimizing LPEI molecular weight. We next sought to improve the
results obtained with in vivo-jetPEI and LPEI88, aiming to
reduce toxicity, preserve low levels of off-target lung trans-
fection, and increase transfection of tumors. We first focused on
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toxicity by comparing maximum tolerated doses (MTDs) after
i.v. injection of LPEIs of varying molecular weights, ranging from
2.5 kDa to 220 kDa, with 2.5-kDa LPEI (LPEI2.5) being the
least toxic LPEI (Table S1). However, when LPEIs were com-
plexed with DNA to form nanoparticles, the LPEI dose at the
nanoparticle MTD varied substantially based on nanoparticle
formulation (Table S2). For example, although the MTD of
LPEI88 unbound to DNA was 2.4 mg/kg, its tolerable dose was
as high as 9.9 mg/kg when administered as a nanoparticle formed
at a nitrogen:phosphate (N:P) ratio of 2.5. Tolerable DNA doses
also ranged widely based on N:P ratio, from as high as 30 mg/kg
for N:P 2.5 to only 2.5 mg/kg for N:P 7.2.
Nanoparticle cores and shells. The relatively low toxicity (i.e., high
MTD) achieved with smaller N:P ratios can be explained by the
salt-bridge interactions between PEI nitrogens and DNA phos-
phates that drive nanoparticle formation and the toxicity of free
PEI (Table S1). At physiological pH, approximately one of every
two to three nitrogen atoms in a single PEI chain is positively
charged, and two to three nitrogen atoms are required to saturate
each phosphate in the DNA (18). Thus, only at N:P ratios >2 are
positively charged nanoparticles containing excess PEI formed.
We experimentally confirmed this expectation by measuring the
differences in zeta potential of nanoparticles assembled at various
N:P ratios using a ZetaSizer, and found that the zeta potential re-
versed polarity from negative to positive at N:P ratios between 2
and 2.5 (Fig. 14). DNA was also precluded from entering agarose
gels when complexed with LPEI within this N:P range (Fig. 1B).
Thus, an N:P ratio of 2-2.5 represents a critical “core” threshold
at which PEI has saturated DNA to form a stable nanoparticle.
At higher N:P ratios, PEI can be considered an excess “shell,”
reversibly interacting with the core (Fig. 14 and Table S3).
Further evidence supporting this conclusion was provided by
PEI gel analysis. PEI can be evaluated via electrophoresis in poly-
acrylamide gels when run toward a negative electrode and stained
with Coomassie blue. In such an assay, PEI strongly bound to DNA
remained in the well (and was unstained), whereas loosely bound
PEI did enter the gel and was stained with Coomassie blue (Fig. 1C).
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Fig. 1. Nanoparticle core and shell characterization. (A) Zeta potentials of
LPEI88-DNA nanoparticles in double-distilled water (ddH,0) at various N:P
ratios. Data represent means and standard deviation (SD) of more than two
independent measurements. (B) DNA gel retardation assay. Nanoparticles
were formed at various N:P ratios, and electrophoresed at 100 V for 40 min
in a 0.5% agarose gel. Arrows point to free DNA and LPEI-complexed DNA.
(C) PEI gel electrophoresis of LPEI88-DNA nanoparticles at various N:P ratios
and free LPEI88. The LPEI that is not tightly bound to the DNA migrates into the
gel and is stained, while the LPEI that is bound to the DNA remains in the well.
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The extra shell, although facilitating transfection (Fig. 24), is likely
responsible for the extra toxicity observed with high N:P ratio
nanoparticles (Table S2) (36).

Core/PEGylated shell formulation. Given that the shell dose mediates
both toxicity and transfection efficiency, we wondered whether
replacing the LPEI8S in the shell with a less-toxic LPEI might
reduce toxicity but preserve in vivo transfectability. Composite nano-
particles containing two types of cationic polymers described in
the literature (37, 38), along with the data presented in Tables S1
and S2, inspired us to synthesize composite LPEI-based nano-
particles that take advantage of both the high transfectability of
LPEI88 and the low toxicity of LPEI2.5. Thus, a nanoparticle core
was formed by incubating DNA with LPEISS, and a shell around
this core was formed by incubating this core with excess LPEI2.5.
We found that a shell of LPEI2.5 was as effective as LPEISS at
conferring transfection efficiency (Fig. 24). Furthermore, sub-
stitution of LPEI2.5 for LPEISS in the shell allowed us to increase
the dose, thereby increase transfection efficiency without in-
creasing toxicity (Table S1 and Fig. 24). The optimal nanoparticle,
in terms of toxicity and transfection efficiency, contained a core
of LPEI88 complexed with DNA at N:P ratio of 2.5 and a shell
of LPEI2.5, yielding a total N:P ratio of 20.5 (Fig. 24). We here-
after termed the nanoparticles with this specific formulation “CS”
nanoparticles.

Based on the improved specificity afforded by PEG modifi-
cation of in vivo-jetPEI (Fig. S1 C and D), we attempted to
modify the CS nanoparticles with PEG5. We first PEGylated
the fully assembled CS nanoparticle formulation and found that,
like PEGylated in vivo-jetPEI, the PEGylated CS nanoparticle
conferred stability in PBS and reduced lung transfection while
preserving high tumor transfection (Table S3 and Fig. 2B). How-
ever, PEGylation performed on the fully formed nanoparticles at
neutral pH required large amounts of reactive PEG and was
difficult to control, characterize, and reproduce. Furthermore,
based on retardation of PEGylated LPEI in PEI gel electro-
phoresis, we found that the majority of the conjugated PEG re-
sided on the shell LPEI when the preformed nanoparticles
were PEGylated (Fig. 2C). Thus, we PEGylated only the shell
and removed the excess nonconjugated PEG before its addition
to the core. The actual PEGS5:LPEI2.5 ratios in the final prepara-
tions were determined by "H-NMR. We found that nanoparticles
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containing a shell made from a PEG5-LPEI2.5 at a PEG:LPEI
weight ratio of ~1:1 were functionally equivalent to preformed
nanoparticles (i.e., CS nanoparticles) PEGylated at a PEGS:
LPEI2.5 weight ratio of 10:1 (Fig. 2D).

The optimized core/PEGylated-shell (CPS) nanoparticles (Fig.
3A4) had a total N:P ratio of 20.5 (nitrogens in the core plus
shell to phosphates in the core) and a PEGS:LPEI2.5 weight
ratio of 1:1 as measured by 'H-NMR (Fig. 3B). We determined
the composition of the CPS nanoparticles on the basis of input
amounts of DNA, LPEI8S, and PEGS5-LPEI2.5, with particle
numbers assessed by nanoparticle tracking analysis (NTA) on a
NanoSight instrument (39, 40). We found that the average nano-
particle contained ~60 DNA molecules bound to 600 LPEI88
molecules in the core plus 150,000 LPEI2.5 molecules and 76,0000
PEGS molecules in the shell. The CPS nanoparticles averaged 70.8
nm in diameter, with a mean polydispersity index of 0.152 and
a mean zeta potential of 35.2 + 7.52 mV as measured by dynamic
light scattering (DLS) (Table S3).

Unlike nanoparticles without a PEGylated shell, CPS nano-
particles are highly stable in physiological salt solutions. Electron
microscopy studies revealed two populations of nanoparticles in
CPS preparations, a dominant population of ~40 nm and a minor
population of ~80 nm (Fig. 3C). The latter population could be
removed by pelleting cores via centrifugation before CPS for-
mulation. This procedure yielded more uniform 40-nm CPS
nanoparticles (Fig. S3 A and B); however, the 40-nm CPS nano-
particles did not enhance transfection of intrasplenic tumors
(Fig. S3C) or reduce transfection of normal tissues (Fig. S3D). A
quantitative comparison of in vivo-jetPEI with the optimized CPS
nanoparticle is shown in Fig. 44; the improvement in transfection
to the intrasplenic tumors was ~300-fold. When coupled with the
reduced transfection of normal lungs provided by the CPS nano-
particles (Fig. 4B), the specificity of DNA delivery was enhanced
by ~16,000-fold.

As part of the optimization process, we evaluated other com-
ponents as shells. These included anionic and cationic lipids alone
or lipids, peptides, and other functional groups preconjugated to
LPEI (Fig. S4 A and B). We also combined CPS formulations with
agents previously reported to enhance transfection or tumor delivery
by other nonviral vehicles (Fig. S4 C and D). None of these LPEI

Fig. 2. CPS formulation. (4) Relative Light Units (RLUs)
generated by RLuc (RLuc RLUs) in intrasplenic tu-
mors after transfection with nanoparticles contain-
ing LPEI88 as the shell or increasing amounts of LPEI2.5
as the shell. (B) RLuc RLUs in lungs or intrasplenic
tumors after treatment with CS nanoparticles or
PEGylated CS nanoparticles. (C) Gel electrophoretic ana-
lysis of PEGylation of nanoparticles generated with
LPEI88 in both core and shell. Lane 1, free non-
PEGylated LPEI; lane 2, LPEI purified from the shell of
non-PEGylated nanoparticles; lane 3, LPEI purified
from the core of non-PEGylated nanoparticles; note
that the larger polymer molecules in the hetero-
disperse LPEI preferentially interacted with DNA and
were therefore found in the core; lane 4, free LPEI
incubated with non-reactive PEG as a control; lane 5,
PEGylated free LPEI; lane 6, LPEI purified from the
shell of PEGylated nanoparticles; lane 7, LPEI purified
from the core of PEGylated nanoparticles (D) RLuc
RLUs in lungs and intrasplenic tumors after trans-
fection with PEGylated CS or CPS nanoparticles.
Means and standard deviations of data collected
from at least two mice per group are illustrated,
* P <0.05.

Intrasplenic Tumor
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Fig. 3. CPS nanoparticle characterization. (A) Proposed structure of a CPS
nanoparticle. HMW, high molecular weight; LMW, low molecular weight. (B)
"H NMR of PEG5-LPEI2.5 as the shell in CPS. The chemical shifts corresponding
to PEG and PEI are indicated. (C) Transmission electron microscopy of CPS.

substitutes or combination agents strikingly enhanced CPS-based
gene transfection in vivo under the evaluated conditions.

Localizing and Counting Transfected Intrasplenic Tumor Cells. The
dramatic improvement in potency and specificity of CPS nano-
particles was further confirmed via delivery of a p-galactosidase
reporter plasmid. In CPS-treated NOG mice with intrasplenic
HCT116 tumors, p-galactosidase activity was present in the pri-
mary tumors within the spleen, but not in the adjacent normal
spleen (Fig. 54). The level of p-galactosidase activity in the
tumors was remarkably enhanced with the CPS nanoparticles
compared with that produced by in vivo-jetPEI nanoparticles
(compare Fig. 54 and Fig. 5B). Furthermore, p-galactosidase
activity was absent from normal lungs after transfection of the
CPS nanoparticles (Fig. 5C), whereas it was evident throughout
the normal lungs with in vivo-jetPEI (Fig. 5D).

To confirm tumor specificity at the single cell level and de-
termine the fraction of transfected cells, we generated intra-
splenic tumors with HCT116 cells engineered to overexpress
EGFP (SI Materials and Methods). After injection of a plasmid
containing a red fluorescent protein (RFP) reporter plasmid
incorporated into CPS nanoparticles, the tumors were harvested,
and cells were dissociated and examined under a confocal mi-
croscope. On average, 99% of the individual cells emitting or-
ange fluorescence from the transfection of RFP also emitted green
fluorescence from the EGFP (Fig. S54). This experiment dem-
onstrated that tumor cells, and not stromal cells such as macro-
phages, had been successfully transfected in vivo. Quantification of
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cells dissociated from tumor-containing spleens showed that
~8,400 of 1,000,000 tumor cells (0.84%) emitted orange fluo-
rescence (Fig. S5B).

Transfection of Metastatic Tumors. We used the same assays to
evaluate the transfection of metastatic liver and lung lesions.
After p-galactosidase gene delivery with CPS nanoparticles,
every metastatic lesion in the liver was observed to express p-
galactosidase under a dissecting microscope (Fig. 64). After sec-
tioning, B-galactosidase activity was observed in a small pro-
portion of cells within liver and lung metastases (Fig. 6 B and
C). The lung sections revealed that most metastatic lesions,
no matter how small, contained at least some cells expressing
B-galactosidase. Further, p-galactosidase activity in the liver and
lung sections was confined to tumor cells in metastases. Finally,
using the RFP reporter system, we found that on average, 0.35%
of metastatic cells in the liver were transfected (Fig. 6D).

Variation Among Tumor Models. To test the generality of these
results, we used several other experimental tumor models, in-
cluding human tumors implanted in NOG mice and syngeneic
mouse tumors in immunocompetent mice (Fig. S6). Intrasplenic
tumors derived from HepG2 and Neuro2A cells in NOG
mice were transfected ~10-fold less efficiently than HCT116
cells, whereas other cancer cell lines were transfected much less
effectively (Fig. S64). Through the analysis of the same cell lines
transfected with the same CPS nanoparticles in vitro, we de-
termined that there was no tight correlation between in vitro and
in vivo results (Fig. S6B); for example, HepG2 cells were
transfected poorly in vitro but efficiently in vivo compared with
HCT116 cells (Fig. S6 A and B).

The effectiveness of transfection also varied with the tumor
site and mouse strain used. For example, primary s.c. tumors of
HCT116 cells in NOG mice were transfected 20-fold less effec-
tively than primary intrasplenic tumors in the same mouse or in
other immunocompromised strains of mice (Fig. S6C). More-
over, tumor transfection efficiency was higher in immunodefi-
cient mice compared with immunocompetent mice; for example,
intrasplenic Neuro2A and CT26 tumors in severely immunocom-
promised NOG mice were transfected ~700- and 300-fold more
effeciently than the same tumors in their syngeneic, immuno-
competent hosts (compare data in Fig. S6D with that in Fig. S64).

Discussion

The CPS nanoparticle formulation described in this work has
several notable properties. Chief among these are the low level
of transfection of normal reticuloendothelial cells in the lung,
liver, and spleen, coupled with a high level of transfection of both
primary and metastatic tumors in mouse models. In the HCT116
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Fig. 4. Comparison of CPS nanoparticles with the benchmark. (A) RLuc RLUs
in intrasplenic tumors after transfection with CPS or in vivo-jetPEl nano-
particles. (B) RLuc RLUs in normal lungs after transfection with CPS or in vivo-
jetPEl nanoparticles. Data are means + SD of values collected from at least
two mice per group. *P < 0.05; **P < 0.01.
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| —
Lungs
without tumor

CPS in vivo-jetPEI

Fig. 5. Gross visualization of in vivo transfection. Organs from animals
transfected with nanoparticles bearing the p-galactosidase gene are shown.
The dark-blue 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-gal) prod-
uct accumulates in transfected regions. (4) Intrasplenic tumors transfected
with CPS and adjacent normal spleen. (B) Intrasplenic tumors transfected with
in vivo-JetPEl and adjacent normal spleen. (C) Normal lungs after transfection
with CPS. (D) Normal lungs after transfection with in vivo-JetPEl.

cell model, the majority of metastatic lesions could be trans-
fected, even metastases containing fewer than several hundred
cells (Fig. 6). The efficiency of tumor transfection was much
higher than achieved with the most commonly used commercial
formulation, and the unwanted transfection of normal tissues
was much lower. Furthermore, only the neoplastic cells, and not
resident inflammatory or stromal cells within tumors, were trans-
fected by the CPS nanoparticles. This is remarkable, considering
that these nanoparticles do not contain any specific ligands that
would facilitate their binding to tumor antigens.

The specificity of tumor transfection achieved with CPS nano-
particles apparently arises from altered tissue availability (e.g.,
EPR-like effects) (Fig. 2B and Fig. S1D). That specificity is innate
to the CPS formulation and may provide a significant advantage
over nanoparticle formulations dependent on tissue-specific pro-
moters in their plasmid payloads. The latter formulations can be
internalized by off-target cells and can cause toxicity if the pro-
moters are even slightly leaky.

Although the CPS nanoparticles represent a technological ad-
vance, our findings also demonstrate that this nanoparticle gene
transfection technology is far from being clinically applicable. The
actual fraction of transfected cells in primary tumors or metastatic
lesions was low, always <1% (Fig. 6D and Fig. S5B). Why only
a small fraction of tumor cells are transfected in vivo is unknown,
although it is possible that this number is an underestimate, given
two factors. First, sensitivity limitations of the detection methods
used might have prevented the recognition of tumor cells trans-
fected at low levels. Second, it is possible that high local concen-
trations of CPS nanoparticles are toxic, and that some of the most
highly transfected cells were destroyed. Regardless, the most
conservative interpretation of our data are that even after exten-
sive optimization, LPEI-based nanoparticles cannot transfect a
major fraction of tumor cells in experimental models. This result is
consistent with the general inability of nanoparticles of 40 nm to
penetrate very deeply into the tumor parenchyma after extravasa-
tion from the leaky tumor endothelium (41). This low fractional
transfection poses a major challenge for eradicating tumors via gene
therapy. Gene cargos that impart extraordinary bystander effects
represent a potential strategy for circumventing this challenge in
the future.
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Another vexing challenge is highlighted by the results obtained
in different tumor models in vivo (Fig. S6). It is evident from this
survey that tumors vary remarkably—by orders of magnitude—
in the ability to be transfected in vivo. Their ability was not
highly related to the cells’ ability to be transfected in vitro,
underscoring the importance of optimization of formulations in
animal models rather than simply in vitro. No known theory
compellingly explains the differences that we observed among
cell lines, among tumor sites within the same mouse, and among
different mouse strains. If we assume that the tumor specificity
of transfection with CPS nanoparticles was related entirely to EPR
effects, then the differences in in vivo transfection must be at-
tributed to differences in vascular systems that are both host- and
tumor cell-dependent. One potential clue was provided by the
observation that tumors in immunocompetent mice were more
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Fig. 6. Transfection of metastases with CPS nanoparticles. NOG mice bear-
ing HCT116-Luc2 (A-C) or HCT116-EGFP (D) tumors were transfected with
CPS containing p-galactosidase (A-C) or RFP (D) plasmids. (A) Selected view of
the transfected metastases in liver. The dark-blue X-gal product accumulates
in transfected regions. (B) H&E-stained section of the transfected liver con-
taining a cluster of the transfected metastases. Dark-blue X-gal product can
be seen in the transfected tumor cells. (C) Nuclear fast red-stained section of
lung containing metastases. Representative metastases and transfected cells
(arrowheads) are indicated. (D) Numbers of tumor cells, transfected cells, and
transfected tumor cells in the livers with metastases from four individual
mice as determined by confocal scanning of dissociated cells.
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difficult to transfect compared with identical tumors in immu-
nodeficient mice (Fig. S6). This finding suggests that the innate
immune system plays a role in limiting gene transfection, which is
unfortunate, given that humans with cancer are generally
immunocompetent.

The variable transfection efficiency with different experimen-
tal tumor systems that we observed has important implications
not only for gene therapy, but also for any cancer therapy that
uses nanoparticles or targets the vasculature. An abnormal vas-
culature is always found in tumors and, coupled with advances in
nanoparticle-based technologies, offers extraordinary therapeu-
tic potential. However, this study emphasizes that much more
basic research into the factors governing the interface between
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tumor cells and this vasculature is needed before this potential is
likely to be realized in practice.

Materials and Methods

Materials and methods used in polymer synthesis and characterization,
plasmid preparation, formulation and analysis of nanoparticles, and in vitro
and in vivo transfections are detailed in S/ Materials and Methods.
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