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Nucleic acid binding polymers (NABPs) have been extensively
used as vehicles for DNA and RNA delivery. More recently, we
discovered that a subset of these NABPs can also serve as anti-
inflammatory agents by capturing pro-inflammatory extracel-
lular nucleic acids and associated protein complexes that pro-
mote activation of toll-like receptors (TLRs) in diseases such as
lupus erythematosus. Nucleic-acid-mediated TLR signaling
also facilitates tumor progression and metastasis in several can-
cers, including pancreatic cancer (PC). In addition, extracellular
DNAandRNAcirculate onorwithin lipidmicrovesicles, such as
microparticles or exosomes, which also promote metastasis by
inducing pro-tumorigenic signaling in cancer cells and pre-con-
ditioning secondary sites for metastatic establishment. Here, we
explore the use of anNABP, the 3rd generation polyamidoamine
dendrimer (PAMAM-G3), as an anti-metastatic agent.We show
that PAMAM-G3 not only inhibits nucleic-acid-mediated acti-
vation of TLRs and invasion of PC tumor cells in vitro, but
can also directly bind extracellular microvesicles to neutralize
their pro-invasive effects as well. Moreover, we demonstrate
that PAMAM-G3 dramatically reduces livermetastases in a syn-
geneic murine model of PC. Our findings identify a promising
therapeutic application of NABPs for combatingmetastatic dis-
ease in PC and potentially other malignancies.

INTRODUCTION
Nucleic acid binding polymers (NABPs) have been widely utilized as
vehicles for DNA and RNA delivery.1 Recently, our laboratory discov-
ered that a subset of such polymers can also serve as anti-inflammatory
agents that capture pro-inflammatory extracellular nucleic acids and
neutralize their activation of the nucleic-acid-sensing toll-like family
of receptors (TLRs).2 Although TLRs evolved to provide innate immu-
nity against infection by recognizing pathogen associated molecular
patterns (PAMPs), they can also be activated by endogenous damage
associated molecular patterns (DAMPs), such as nucleic acids and nu-
cleic-acid-protein complexes released by dead and dying cells.3,4 Exces-
sive activation of TLRs contributes to disease progression in several
1020 Molecular Therapy Vol. 26 No 4 April 2018 ª 2018 The American
autoimmune or inflammatory disorders.4 We previously demonstrated
that certain NABPs, such as the 3rd generation polyamidoamine den-
drimer (PAMAM-G3), can bindpro-inflammatory extracellular nucleic
acids and nucleic-acid-protein complexes and prevent subsequent TLR
activation2 and improve outcomes in animalmodels of lupus, acute liver
failure, and influenza infection2,5 without evidence of systemic toxicity.

An additional pathological role for inappropriate TLR activation in
tumor progression and metastasis has now been established. For
example, TLR signaling in lung cancer leads to increased angiogenesis
and tumor cell invasion.6 TLR agonists also promote increased tumor
invasion in vitro in breast cancer and metastasis in vivo in pancreatic
and colorectal cancer.7–9 Moreover, circulating levels of innate TLR
agonists, including cell-free nucleic acids and associated complexes,
are elevated in a multitude of cancers and can further increase
following chemotherapy, radiation, and surgery.9–12 These endoge-
nous factors can circulate alone or on/within lipid microvesicles,
such as microparticles or exosomes, to induce pro-tumorigenic
signaling in cancer cells and the tumor microenvironment and pre-
condition secondary sites for metastatic establishment.6–8,13–17

Recent work has highlighted specific contributions of TLR activation
mediated by circulating nucleic acid DAMPs to disease progression in
pancreatic cancer (PC),7,13,15 which has the worst prognosis of all
major cancers due in part to its aggressive, metastatic nature.18,19 Sur-
gical resection is the only potentially curative treatment option.
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Figure 1. PAMAM-G3 Inhibits TLR-9-Activating, Pro-invasive DAMPs in Pancreatic Cancer

(A) Serum cfDNA levels in healthy individuals, PC patients with localized, early-stage disease before and after CRT, and PC patients with known metastatic disease (n = 8 for

all groups). (B) Activation of TLR-9-specific reporter cells by either healthy human sera or PC patient sera in the absence or presence of PAMAM-G3 (20 mg/mL). (C) Invasion of

Panc1 PC cells in a transwell-Matrigel assay after addition of either healthy human sera or PC patient sera in the absence or presence of PAMAM-G3 (20 mg/mL). (D) Invasion

of Panc1 cells after treatment with vehicle (media) or the TLR-9-specific agonist CpG ODN 2006 (5 mM) in the absence or presence of PAMAM-G3 (20 mg/mL). Effect of

PAMAM-G3 alone on Panc1 cell invasion is also shown. (E) Cell viability as measured by Cell-titer Glo luminescence assay was determined after incubation of Panc1 PC cells

with vehicle (media), CpG ODN (5 mM), PAMAM-G3 (20 mg/mL), or 1% Triton X-100 for 24 hr. (F) Invasion of KPC4580P PC cells in a transwell-Matrigel assay after addition of

either healthy human sera, PC patient sera, or PC patient sera in the presence of PAMAM-G3 (20 mg/mL) or the TLR 9 inhibitor ODN 2088. (G) Effect of vehicle (media) or CpG

ODN 2006 (5 mM) treatment, alone or in combination with PAMAM-G3 (20 mg/mL), on nuclear translocation of NF-kB in BxPC3 PC cells. Bar graphs denote mean ± SEM.

TLR 9 activation, PC cell invasion and viability, and NF-kB translocation experiments were repeated at least three times, and figures depict a single representative experiment.

HPF, high powered field; RLU, relative light units. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; and NS, not significant, by two-tailed t test.
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However, most patients who undergo resection ultimately suffer
recurrence with distant metastatic disease,20 and the median survival
of patients with metastatic disease is measured in months, even with
aggressive chemotherapy.21 The grave outcomes for PC patients
justify the pursuit of more innovative therapeutic strategies.22,23

Based on prior efficacy in non-cancerous disease models, we explored
the ability of PAMAM-G3 to neutralize the downstream TLR-medi-
ated and pro-invasive effects of extracellular nucleic acids and nu-
cleic-acid-containing DAMPs in PC.

RESULTS
Nucleic-Acid-Containing DAMPs Are Elevated in PC Patients

with Advanced Disease and Post-treatment

We first quantified levels of cell-free DNA (cfDNA) and associated
DAMPs such as nucleosomes in the sera of PC patients. We found
that PC patients with early stage (radiographically localized)
disease have mildly elevated cfDNA levels compared to healthy
volunteers, whereas patients with advanced stage or metastatic dis-
ease have dramatically higher cfDNA levels (Figure 1A). In order
to further analyze the pattern of cfDNA release in patients with
early stage disease during treatment, we collected sera at four
time points: baseline (before any treatment), 4–6 weeks after the
end of preoperative (neoadjuvant) chemoradiation therapy
(CRT), intraoperatively during surgical resection, and 1 week
postoperatively. We found that serum cfDNA and nucleosome
levels were increased in response to CRT in our PC patient
population, regardless of clinical response to therapy (Figures
1A and S1). Moreover, these markers were further elevated in
the PC patients intraoperatively and to even a greater degree post-
operatively (Figure S2).
Molecular Therapy Vol. 26 No 4 April 2018 1021

http://www.moleculartherapy.org


Molecular Therapy
NABP Inhibits TLR 9 Activating and Pro-invasive DAMPs from

PC Patients

To determine whether PC patient sera contains DAMPs such as
cfDNA and nucleic-acid-protein complexes that may stimulate the
TLR family of receptors, we quantified activation of TLRs 9 and 4
in response to patient sera. Although TLR 9 recognizes unmethylated,
CpG motif-bearing cfDNA species, TLR 4 can be activated by nucle-
osomes, and both of these types of DAMPs are known to circulate at
elevated levels in other cancer and inflammatory disease states.17,24–27

We observed that sera from PC patients induced significant activation
of TLRs 9 and 4 as compared to normal sera (Figures 1B and S3).
Addition of PAMAM-G3 significantly reduced stimulation of TLR
9 induced by the PC patient sera but not TLR 4 (Figures 1B and
S3). These results suggest that nucleic acid DAMPs, such as cfDNA,
present in PC patient sera induce TLR 9 activation in a manner
that can be abrogated by PAMAM-G3.

Based on prior reports demonstrating that cfDNA/TLR 9 agonists can
promote cancer cell invasion and metastasis,8,9,15,28–30 we examined
whether PC patient sera induces invasion of the Panc1 human PC
cell line, which is known to express TLR 9, in a transwell-Matrigel
assay.31 Addition of PC patient sera, but not normal human sera, to
Panc1 cells significantly increased their invasion, and this effect could
be mitigated by administration of PAMAM-G3 (Figure 1C). To sup-
port the notion that the pro-invasive phenotype induced by PC patient
sera may be nucleic acid/TLR 9 mediated, we confirmed that the TLR-
9-specific agonist CpG oligonucleotide (ODN) 2006 also induced
invasion of Panc1 cells, which was in turn inhibited by PAMAM-G3
(Figure 1D). Importantly, treatment with PAMAM-G3 by itself did
not affect tumor cell invasion. In addition, neither CpG ODN nor
PAMAM-G3 treatment alone influenced PC cell proliferation (Figures
1E and S4). Similar results were obtained with other human (BxPC3
and MiaPaCa2) or murine (KPC4580P) PC cell lines, all of which
were known or found to express TLR 9 (Figure S5).

To further investigate whether the pro-invasive activity induced by
PC patient sera is TLR 9 dependent, we performed similar PC cell in-
vasion assays in the presence of the TLR-9-specific oligonucleotide in-
hibitor ODN 2088.32 The TLR 9 inhibitor not only inhibited CpG
ODN-mediated invasion of PC cells (Figure S6), it also inhibited
cell invasion upon stimulation by PC patient sera as effectively as
PAMAM-G3 (Figure 1F). These results are consistent with the notion
that the neutralizing effects of PAMAM-G3 on PC patient sera-
induced invasion are TLR 9 dependent.

To better understand the intracellular signaling mediating this TLR-
9-mediated pro-invasive effect, we analyzed the activation of nuclear
factor kB (NF-kB), a transcription factor and master regulator of the
immune system that also contributes to tumor progression and
metastasis in PC.33 Upregulation of NF-kB-dependent transcrip-
tional pathways is classically observed upon pro-inflammatory TLR
activation.34 Addition of CpG ODN to human BxPC3 and murine
KPC4580P cells caused an increase in nuclear translocation of
NF-kB, whereas co-treatment with PAMAM-G3 maintained nuclear
1022 Molecular Therapy Vol. 26 No 4 April 2018
NF-kB levels similarly to baseline (Figures 1F and S7A), suggesting
that downstream activation of NF-kB in this manner may be respon-
sible for the pro-invasive phenotype induced by TLR 9 ligation. Acti-
vation of other common TLR-dependent signaling pathways, such as
the mitogen-activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK), Src, or STAT3 pathways,35–40 was not
observed in response to CpG treatment in these PC tumor cell lines
(Figure S7B).

NABP Binds and Neutralizes Pro-invasive PC Microvesicles

Extracellular nucleic acids and nucleic acid complexes also circulate
in or on lipid vesicles, including microparticles (MPs) and exosomes,
and these vesicles are also known to potentiate tumor cell invasion
and metastasis.13,16,17,41,42 To determine if circulating microvesicles
could also induce a similar pro-invasive effect, we isolated MPs
from PC patient sera by differential centrifugation and tested their
ability to stimulate Panc1 cell invasion. Both the vesicle-containing
and vesicle-free fractions of PC patient sera contained notable cfDNA
levels, confirming that cfDNA in PC patient sera is present in both
vesicle-bound and unbound forms (Figure S8). Both serum fractions
significantly promoted Panc1 cell invasion, effects that were in turn
blocked by treatment with PAMAM-G3 (Figure 2A). These results
indicate that PAMAM-G3 can neutralize pro-invasive nucleic-acid-
containing DAMPs in PC patient sera in the form of free nucleic acids
or nucleic-acid-protein complexes as well as microvesicles.

To our knowledge, a role for NABPs like PAMAM-G3 in modulating
the activity of pro-invasive microvesicles has not been described
before. To further investigate this observation, we assessed whether
PAMAM-G3 can directly bind MPs isolated from PC patient sera.
Assay plates pre-coated with PAMAM-G3 were incubated with vary-
ing concentrations of MPs, and microvesicle binding was quantified
with a primary antibody recognizing a surface epitope. We found
that PAMAM-G3 can directly bind MPs isolated from patient sera
(Figure 2B) in a concentration-dependent manner. Analogously, we
also demonstrated that PAMAM-G3 can bind tumor-derived MPs
(Figure 2C) and exosomes (Figure 2D) harvested from cultured PC
cells (KPC4580P) as well. Quantification of the zeta potential of
MPs and exosomes secreted by KPC4580P cells showed that they
bear a net electronegative surface charge, consistent with the presence
of surface nucleic acids, as has been demonstrated for other cell-
derived microvesicles,16 as well as binding by PAMAM-G3
(Figure S9).

Based on prior studies showing that tumor-derived microvesicles can
promote autocrine invasion of tumor cells in other cancer types,41 we
evaluated whether PC-derived microvesicles can also induce a similar
pro-invasive phenotype and whether an NABP could mitigate this ef-
fect. In transwell-Matrigel invasion assays, addition of either MPs or
exosomes (Figure 2E) harvested from cultured KPC4580P cells
strongly induced tumor cell invasion in an autocrine fashion, and
these effects were again significantly inhibited with PAMAM-G3
treatment. Neither addition of MPs nor exosomes alone influenced
PC cell proliferation (Figure 2F). Thus, our findings suggest that
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Figure 2. PAMAM-G3 Binds and Inhibits Pro-invasive Microvesicles Isolated from Both Pancreatic Cancer Patient Sera and Cell Lines

(A) PC patient sera were separated by centrifugation into MP-containing and MP-free fractions (supernatant). Quantification of Panc1 cell invasion in a transwell-Matrigel

assay after addition of healthy human serum, whole PC patient serum, and each serum fraction in the absence or presence of PAMAM-G3 (20 mg/mL). (B–D) Concentration-

dependent binding of MPs isolated from PC patient sera (B) as well as MPs (C) and exosomes (D) secreted by the KPC4580P PC cell line to assay plates coated without or

with PAMAM-G3 (0.2 mg/mL), quantified using a custom-designed ELISA as described in the Materials and Methods section. (E) Invasion of KPC4580P cells after addition of

KPC4580P-derived MPs (100 ng/mL) and exosomes (50 ng/mL), alone or in combination with PAMAM-G3 (20 mg/mL) or media (vehicle) in a transwell-Matrigel assay. (F) Cell

viability as measured by Cell-titer Glo luminescence assay was determined after incubation of KPC4580P cells with vehicle (media), KPC4580P-derived MPs (100 ng/mL) or

exosomes (exos, 50 ng/mL), or 1% Triton X-100 for 24 hr. Bar graphs depict mean ± SEM; all experiments were repeated at least three times, and figures depict a single

representative experiment. HPF, high powered field; RLU, relative light units. ****p < 0.0001 by two-tailed t test.
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PAMAM-G3 can neutralize the in vitro pro-invasive effects of both
TLR-9-activating nucleic acid DAMPs and circulating microvesicles.

NABP Treatment Prevents Liver Metastasis and Reduces Levels

of Pro-invasive DAMPs

Next, we sought to evaluate the therapeutic potential of PAMAM-G3
in a syngeneic immunocompetent murine model of PC metastasis.
Established genetically engineered murine models (GEMM) of
pancreatic adenocarcinoma such as the KPC model are poorly suited
for studying experimental anti-metastatic therapies due to the limited
occurrence of liver metastasis (�30%) and highly variable tumor
growth in those mice.43,44 For this reason, we established a syngeneic
immunocompetent murine model of PC metastasis using the murine
KPC4580P cell line, which is derived from the KPC GEMMmodel of
PC45 and bears the added benefit of constitutive luciferase expression,
enabling quantitative measurement of tumor burden (Figure S10). In
this model, C57BL/6 mice surgically implanted with 105 KPC4580P
cells in their spleens reliably develop fulminant liver metastasis within
3 to 4 weeks. Because orthotopic implantation of PC tumor cells
directly into the pancreas often does not yield consistent liver metas-
tasis in murine models, as was also observed for the KPC4580P cell
line, other investigators have used splenic injection to facilitate repro-
ducible and timely liver metastasis.43 Although this splenic implanta-
tion model of PC liver metastasis is limited by the fact that it only
captures the final metastatic steps of tumor cell extravasation and
colonization,43 our in vitro studies demonstrating that PAMAM-G3
inhibits DAMP-induced invasion of PC tumor cells suggest that
this model is suitable for investigating the polymer’s effect on in vivo
liver metastasis.

Groups of 25 mice were treated twice weekly with intraperitoneal in-
jections of PAMAM-G3 (20 mg/kg; 10-fold below the maximum
Molecular Therapy Vol. 26 No 4 April 2018 1023
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tolerated dose as described elsewhere) or saline vehicle starting 48 hr
after tumor cell implantation. Primary (spleen) and metastatic (liver)
tumor burden were quantified by measuring tumor-specific ex vivo
organ bioluminescence and weight after 3 weeks. As shown in Figures
3A and 3B, PAMAM-G3 treatment had no effect on primary tumor
burden in the spleen. Remarkably, however, PAMAM-G3 treatment
reduced liver metastatic burden by >90% (p < 0.0001) as measured
by tumor cell bioluminescence (Figure 3A). Even more strikingly,
the liver weights of PAMAM-G3-treated mice were normal and sta-
tistically equivalent to the weights of livers from healthy, age-matched
tumor-free mice, whereas the liver weights of tumor-bearing mice not
treated with the NABP increased by >70% (p < 0.001) (Figure 3B, left
panel). In addition, the gross appearance of the livers from PAMAM-
G3-treated mice was a stark contrast to the appearance of the livers
from mice that did not receive the NABP, which were littered with
metastatic disease (Figure 3B, right panel).

Because polycationic NABPs like PAMAM-G3 are primarily cleared
by the liver,46 we measured plasma levels of the aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) enzymes, which
serve as biochemical markers of parenchymal damage (Figures 3C
and 3D). We also looked for evidence of hepatic toxicity using two
cohorts of mice that were healthy (tumor free), age-matched controls
and treated with the same PAMAM-G3 or vehicle dosing scheme
(20 mg/kg, twice weekly) and for the same duration (3 weeks) as
the tumor-bearing mice. As shown in Figures 3C and 3D, vehicle-
treated tumor-bearing mice displayed massive elevations in
both AST and ALT compared to the vehicle-treated healthy controls,
reflecting the large degree of hepatic dysfunction due to extensive
tumor burden. In contrast, AST and ALT levels in tumor-bearing
mice treated with PAMAM-G3 were significantly lower than their
vehicle-treated counterparts and only mildly elevated compared to
the healthy vehicle-treated controls. Importantly, no statistically
significant increase in AST or ALT levels was detected in the
cohort of healthy tumor-free mice given the same PAMAM-G3
regimen compared to those treated with vehicle, suggesting that
PAMAM-G3 administration at the particular dosing scheme em-
ployed is not associated with liver injury. Likewise, considering that
NABPs are secondarily cleared by the kidney,46 no differences in renal
function as measured by plasma creatinine and blood urea nitrogen
(BUN) levels were observed between these two groups, further high-
lighting that PAMAM-G3 treatment demonstrated no evidence of
clearance organ toxicity (Figures S11A and S11B).

Tumor-bearing mice treated with PAMAM-G3 also displayed im-
provements in other clinical measures that reflect systemic illness
compared to those treated with vehicle. For example, although the
tumor-bearing vehicle-treated group showed evidence of the hypo-
glycemia that is often clinically associated with hepatic failure due
to extensive tumor burden, plasma glucose levels in the tumor-
bearing PAMAM-G3-treated group were statistically unchanged
from the healthy vehicle-treated controls (Figure 3E). Furthermore,
platelet counts and hemoglobin levels were significantly decreased
in the vehicle-treated tumor-bearing mice compared to the tumor-
1024 Molecular Therapy Vol. 26 No 4 April 2018
free controls, whereas levels of D-dimer (a fibrin degradation
product) were significantly elevated (Figures 3F–3H). Taken together,
these results are suggestive of acute clinical illness in the vehicle-
treated tumor-bearing mice, leading to a disseminated intravascular
coagulation (DIC)-like phenotype, which is consistent with the exten-
sive tumor burden observed in these mice and the fact that PC cell
lines are associated with high expression of the procoagulant tissue
factor.47 In contrast, the PAMAM-G3-treated tumor-bearing mice
showed no evidence of thrombocytopenia or anemia compared to
the healthy controls and only mildly elevated D-dimer levels. Beyond
these systemic markers, the PAMAM-G3-treated PC mice were also
visibly healthier than mice not given the NABP in qualitative mea-
sures, exhibiting normal activity and posture as well as positive
response to stimulation. Moreover, no significant differences were
observed between the healthy tumor-free mice treated with vehicle
or PAMAM-G3 in regards to glucose, platelet, hemoglobin, albumin,
or white blood cell levels (Figures 3E– 3G, S11C, and S11D), further
underscoring the absence of any observed toxicity associated with
PAMAM-G3 administration at the employed dosages.

Mice treated with PAMAM-G3 also showed significantly reduced
levels of plasma cfDNA (Figure 4A), and cfDNA levels in all mice
correlated with metastatic tumor burden (Figure 4B, R2 = 0.71), but
not primary tumor burden (Figure 4C, R2 = 0.05). Moreover, mice
treated with the NABP also displayed significantly lower levels of
circulating nucleosomes and high mobility group box 1 (HMGB1)
protein, which both represent pro-inflammatory nucleic acid associ-
ated DAMPs that have been implicated in promoting tumor invasion
or metastasis3,11,28,48 (Figures 4D and 4E). Importantly, pooled sera
collected from vehicle-treated tumor-bearing mice triggered signifi-
cantly more potent invasion of KPC4580P cells in vitro in comparison
to sera isolated from mice treated with PAMAM-G3 or from healthy
C57BL/6 controls (Figure 4F). Furthermore, exogenous addition of
PAMAM-G3 to sera from vehicle-treated mice abrogated this pro-
invasive effect on KPC4580P cells, reducing invasion levels similarly
to those observed in the presence of sera from tumor-bearing
mice treated with PAMAM-G3, but still higher than that seen with
healthy mouse sera (Figure 4F). These findings support a proposed
mechanism, wherein systemic administration of PAMAM-G3 in
tumor-bearing mice may aid in neutralizing circulating factors,
such as extracellular nucleic acids, nucleic-acid-protein complexes,
and microvesicles, which promote tumor invasion and metastasis.

DISCUSSION
Here, we present the concept of using an NABP (PAMAM-G3) as a
potential therapeutic to inhibit metastatic progression in PC. Our
data indicate that cfDNA present in PC patient sera is a potent acti-
vator of TLR 9, which is expressed by PC cells and whose activation in
the tumor stroma has been shown to potentiate PCmetastasis in vivo.7

The activation of TLR 9 leads to PC cell invasion in vitro, a critical
step in tumor progression and metastasis. We observed that activa-
tion of TLR 9 by CpG ODN led to increased nuclear translocation
of NF-kB, which has been associated with the expression of numerous
pro-metastatic genes.33 All of these pro-metastatic effects of TLR 9
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Figure 3. PAMAM-G3 Inhibits In Vivo Liver Metastasis without Affecting Primary Tumor Growth in a Syngeneic Murine Model of Pancreatic Cancer

(A and B) Quantification of primary (spleen) andmetastatic (liver) tumor burden in vehicle (saline) or PAMAM-G3-treated KPC4580P tumor-bearing mice, asmeasured by both

total organ bioluminescence (A, left panel) and gross organ weight (B, left panel). Figures depict cumulative data obtained from three individual tumor treatment studies for a

total of n = 25 mice per group (vehicle or PAMAM-G3 treated). Representative images illustrate bioluminescent intensity (A, right panel) and gross appearance (B, right panel)

of spleen and liver organs from mice treated with or without PAMAM-G3. Representative photographs and mean gross weights of spleen and liver organs from healthy

C57BL6 control mice (n = 5) are also displayed. (C–H) Quantification of plasma AST (C), ALT (D), glucose (E), platelet (F), hemoglobin (G), and D-dimer (H) levels from tumor-

bearing mice treated with vehicle or PAMAM-G3. AST, ALT, glucose, platelet, and hemoglobin levels measured in healthy tumor-free mice treated with vehicle (n = 10) or

PAMAM-G3 (n = 9) are also illustrated. Bar graphs depict mean ± SEM. ****p < 0.0001; ***p < 0.001; *p < 0.05; and NS, not significant, by Kruskal-Wallis test.
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Figure 4. PAMAM-G3 Reduces Circulating Levels of Pro-invasive DAMPs in a Syngeneic Murine Model of Pancreatic Cancer

(A) Quantification of plasma cfDNA levels in KPC4580P tumor-bearing mice treated with vehicle or PAMAM-G3. Figure depicts cumulative data obtained from three individual

tumor treatment studies for a total of n = 25 mice per group (vehicle or PAMAM-G3 treated). (B and C) Correlation between cfDNA levels and tumor burden in the liver (B) or

spleen (C) in all mice. Data points in (B) and (C) reflect individual mice in the study. (D and E)Measurement of plasma nucleosome (D) and HMGB1 (E) levels in mice treated with

or without PAMAM-G3. (F) In vitro transwell-Matrigel invasion of KPC4580P cells in the presence of pooled sera isolated from either healthy C57BL6 mice, PAMAM-G3-

treated tumor-bearing mice, or vehicle-treated tumor-bearing mice, with or without exogenous PAMAM-G3 (20 mg/mL addition). Bar graphs depict mean ± SEM. ****p <

0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; and NS, not significant, by two-tailed t test (A–F). cfDNA raw data in (A) were log-transformed in order to satisfy the normality

requirement for parametric analysis by two-tailed t test.
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activation are abrogated by PAMAM-G3 treatment in vitro. However,
multiple redundant TLRs as well as non-TLR receptors exist that are
activated by cfDNA, cfRNA, and associated proteins.4 By directly
neutralizing nucleic-acid-containing DAMPs upstream of these path-
ways, PAMAM-G3 can potentially inhibit this network.2

Our group has previously investigated the mechanism by which
PAMAM-G3 neutralizes the downstream effects of TLR 9 agonists
such as CpG ODN.2 We observed that PAMAM-G3 inhibits the
functional activity of B-type CpGODN by both decreasing its cellular
uptake and re-localizing the fraction that is taken up by cells from the
endosomal compartment to the nucleus, thereby preventing its subse-
quent interaction with TLR 9.2 We expect that these multifaceted ac-
tions underlie the ability of PAMAM-G3 to inhibit nucleic acid
DAMP-induced PC cell invasion in vitro and PC metastasis in vivo,
as observed in the present study.

Extracellular nucleic acids and nucleic acid complexes also circulate
in or on lipid microvesicles. These particles can potentiate metastasis
by acting on tumor cells directly as well as pre-conditioning the pre-
metastatic site for tumor implantation.13,14,41 Our data show that
these particles have a net electronegative charge, presumably due to
the presence of negatively charged nucleic acids on the vesicle
surface as other studies have demonstrated,16 allowing for direct
binding by an NABP-like PAMAM-G3. Furthermore, we show that
1026 Molecular Therapy Vol. 26 No 4 April 2018
PAMAM-G3 can neutralize the pro-invasive effects of microparticles
and exosomes on tumor cells in culture. Thus, NABPs also represent a
useful tool for studying and modulating the pro-metastatic effects of
microvesicles.

The inhibitory effects of NABPs on PC in vitromotivated us to study
them in a syngeneic immunocompetent murine model of PC metas-
tasis. By utilizing the bioluminescent KPC4580P cell line derived from
the clinically relevant KPC genetically engineered murine model of
pancreatic adenocarcinoma, this model captures the critical genetic
hallmarks of human PC disease. Likewise, splenic implantation of
the PC cells facilitates a robust and reliable metastatic time course,
making the model well-suited for assessing the efficacy of a potential
anti-metastatic therapeutic strategy.44 We found that PAMAM-G3-
treated mice had dramatically less metastatic disease in the liver
than vehicle-control-treated mice. The therapeutic benefit of
PAMAM-G3 administration was not only reflected by the quantifi-
able reduction in tumor burden, but also by substantial improve-
ments in plasma indicators of liver damage and other clinical markers
of illness. However, PAMAM-G3 therapy did not significantly affect
primary tumor growth in the spleen, suggesting that its effect targets
the metastatic process and not proliferation, consistent with our
in vitro observations. Despite the limitation that our model does
not fully recapitulate the natural course of PC metastasis on account
of splenic implantation of the PC cells, our model successfully
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captures the final metastatic steps of tumor cell extravasation and
colonization. In this light, we believe that NABPs may represent an
innovative anti-metastatic therapy. Our observations are also consis-
tent with studies demonstrating that extracellular DNA and DNA-
protein complexes promote cancer progression9,15,28,29,49–51 and
that DNase I treatment can reduce metastasis in other tumor
models.9,15,29 However, our findings also suggest that using an
NABP to target circulating nucleic acids and associated complexes
that facilitate metastasis may offer the added and important benefit
of neutralizing pro-metastatic contributions of tumor-derived micro-
vesicles, which may potentiate its robust anti-metastatic therapeutic
response in vivo.15,29

PC is a devastating disease, largely due to its aggressively metastatic
nature. Neoadjuvant (preoperative) and adjuvant (postoperative)
therapy with chemotherapy and with or without radiation therapy
are often given to patients with localized disease, with the goal of
eradicating micrometastatic disease.52 However, even with aggres-
sive preoperative and postoperative therapy, most patients ulti-
mately develop and succumb to metastatic disease. Studies have
also demonstrated that tumor manipulation during surgical resec-
tion may result in the release of circulating tumor cells in colorectal
and lung cancers.9,53 Our data suggest that two of the treatments we
use for treatment of localized disease (chemoradiation therapy and
surgical resection) may lead to increased levels of circulating
DAMPs that, in turn, promote metastatic disease. Unfortunately,
the treatments we are using to try to cure patients with PC may pre-
dispose them to distant metastasis. NABPs could be combined with
standard treatment regimens to inhibit the effects of treatment-
induced DAMPs. For example, NABP treatment could be initiated
with neoadjuvant therapy and/or prior to surgical resection, poten-
tially decreasing the risk of distant metastasis and increasing the pro-
portion of patients who are cured. The anti-thrombotic effects of
NABPs that we have previously observed could be an important sec-
ondary benefit in this population at high-risk for thrombotic com-
plications.54,55 Despite many improvements in the treatment of
PC, we have made little impact on the cure rate. Thus, NABPs repre-
sent an inventive approach to modulate the tumor microenviron-
ment and potentially reduce metastasis in patients with localized
PC. Moreover, because certain NABPs have already been evaluated
clinically as vehicles for small interfering RNA (siRNA) delivery in
cancer patients, with minimal evidence of toxicity, a precedent exists
for safely translating these agents to the bedside, albeit not without
pre-assembling the NABP into a nucleic-acid-containing complex.56

Thus, given the major unmet need for therapies that limit metastasis,
particularly in PC, we believe that clinical development of this
NABP-based approach is feasible.

Although concerns regarding the safety and clinical use of NABPs like
PAMAM-G3 have been raised,46 the work presented here, together
with prior studies by our group and others in the literature, may serve
to alleviate some of these reservations. For example, although it is
known that polycationic dendrimers such as PAMAM-G3 are
primarily cleared by the liver and kidney and can be toxic to these
organs,46 the toxicity of these polymers is dosage dependent and
the maximum tolerated in vivo doses of PAMAM-G3 in prior murine
studies were reportedly up to 1,000 mg/kg, 50 times higher than the
efficacious dose used in our current study and previous studies in
other disease models.5,46,57 Thus, the dosages of PAMAM-G3 needed
to inhibit metastatic spread in the presented model of PC are well
within the limits of themaximally tolerated dose. Furthermore, herein
we show that healthy non-tumor-bearing mice treated with the same
PAMAM-G3 dosing scheme displayed no laboratory abnormalities in
hepatic or renal function or other common clinical markers over the
duration of the study, suggesting that the NABP was well-tolerated.
These results highlight that an NABP-based therapeutic strategy
can be safely administered at doses that may prove clinically
efficacious.

Although the results of the study provide an encouraging proof of
concept demonstrating the potential value of an NABP as an agent
for combating metastatic disease in a cancer model, it will be infor-
mative to explore the generalized therapeutic utility of NABPs in
other inflammatory cancer types, including breast cancer or soft
tissue sarcoma. Moreover, future work should also aim to exploit
the binding properties of an NABP-like PAMAM-G3 that enable
it to capture an array of circulating bioactive molecules. Character-
izing the diversity and composition of these extracellular DAMPs
or microvesicles will aid in developing a more thorough systems-
biology-driven understanding of tumor progression and metastasis
in vivo. Because an NABP-based strategy inhibits multiple pro-
metastatic pathways, elucidating a complete mechanistic under-
standing of the agent’s in vivo actions is challenging, but this prop-
erty may in fact represent a therapeutic advantage, given the ease
with which tumors evolve drug resistance to treatments that target
only a single pathway. In addition, although we selected a well-
characterized NABP for these initial studies, we recognize that
PAMAM-G3 and other established NABPs were not originally
identified on the basis of their ability to bind and neutralize extra-
cellular nucleic acids and microvesicles that play a pathological role
in cancer. Thus, we believe the findings of this study present an op-
portunity for exploiting existing polymer screening libraries58–60 to
identify novel NABPs that may have enhanced efficacy for treating
cancer.
MATERIALS AND METHODS
Patient Blood Collection

With approval from the Duke University Institutional Review Board,
blood was collected from patients with PC after presentation with
localized (early stage) or advanced disease and—in those patients
with early stage disease—at various time points in their treatment
course, including before and after neoadjuvant (preoperative) chemo-
radiation therapy, intraoperatively during surgical resection immedi-
ately post-Kocher maneuver, and 1 week postoperatively. Neoadju-
vant chemoradiation therapy consisted of 45–50 Gy of external
beam radiation therapy delivered over approximately 5 weeks with
concurrent oral capecitabine as a radiation sensitizer.61 Patients
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with advanced disease had undergone a variety of therapies, including
chemotherapy and/or radiation therapy.

Reagents

Generation 3.0 polyamidoamine dendrimer solution (PAMAM-G3)
was purchased from Sigma Aldrich (Cat. # 412422). The TLR agonists
CpG ODN 2006, CpG ODN 1826, ODN 2088, Poly I:C, lipopolysac-
charide (LPS), and R848 were purchased from Invivogen.

PC Cell Lines

Human BxPC3, Panc1, MiaPaCa2, and AsPc1 PC cell lines were pur-
chased from ATCC. The luciferase-expressing KPC4580P murine PC
cell line, derived from the KPC genetic mouse model of pancreatic
ductal adenocarcinoma (a gift of Jen Jen Yeh, MD), was generated
as described in the Supplemental Materials and Methods, along
with information regarding growth media for all cell lines used.

Quantification of Cell-free DNA, Nucleosome, and HMGB1

Levels

Total DNA was isolated from sera using the DNA Blood Mini Kit
(QIAGEN) and quantified using the PicoGreen Staining Kit (Life
Technologies). Nucleosome levels were quantified using the Cell
Death ELISA Plus Kit (Roche). HMGB1 levels were quantified using
an ELISA kit (Chondrex).

TLR Activation Assays

HEK-Blue TLR 4 and 9 reporter cell lines were purchased from Inviv-
ogen, and activation in response to control agonists or human sera
was determined according to the manufacturer’s instructions. These
cells stably co-express a TLR gene and an NF-kB-inducible SEAP
(secreted embryonic alkaline phosphatase) reporter gene that can
bemonitored using SEAP detectionmedia. Additional details are pro-
vided in the Supplemental Materials and Methods. Briefly, these cells
were plated in 96-well plates at a density of 100,000 cells per well and
treated for 18–24 hours with either (1) media alone, (2) a control
agonist for each given TLR (LPS [1 mg/mL] for TLR 4 and CpG
ODN [5 mM] for TLR 9), (3) cancer patient sera (3.5 mL), (4) normal
human sera (3.5 mL), (5) media + PAMAM-G3 (20 mg/mL), (6) con-
trol agonist + PAMAM-G3 (20 mg/mL), (7) cancer patient sera
(3.5 mL) + PAMAM-G3 (20 mg/mL), or (8) normal patient sera
(3.5 mL) + PAMAM-G3 in a final volume of 100 mL. The cell super-
natant was subsequently collected and mixed with Quantiblue (Inviv-
ogen) at a 60:40 v:v ratio and incubated for 5 hr at 37�C, after which
time absorbance at 650 nm was measured using a Spectramax i3 plate
reader (Molecular Devices).

Microparticle and Exosome Isolation from Cultured PC Cell

Lines and PC Patient Sera

Further details are provided in the Supplemental Materials and
Methods. Briefly, KPC-4580P cells were cultured to confluence, at
which timemedia was replaced with complete medium supplemented
with exosome-depleted FBS. After 72 hr, the supernatant was
collected and centrifuged at 4,000� g for 5 min to deplete cell debris.
The residual supernatant was centrifuged at 20,000 � g for 20 min at
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4�C to pellet MPs. The supernatant was removed and saved for exo-
some isolation. The MP pellet was washed once with PBS (�/�)
before collection and resuspension in PBS. The supernatant from
the initial MP spin was centrifuged at 100,000 � g for 2 hr at 4�C
to pellet exosomes. After discarding the supernatant, the exosome
pellet was washed once with PBS before collection and resuspension
in PBS. The protein concentration of the MPs and exosomes was
quantified via Pierce BCA assay (Thermo Fisher Scientific). To isolate
MPs from human sera, sera was similarly centrifuged at 20,000� g for
20 min at 4�C, washed, and resuspended in PBS.

Transwell-Matrigel Invasion Chamber Assays

Transwell-Matrigel invasion chambers were purchased from Corning
and assays were performed according to the manufacturer’s instruc-
tions. Briefly, the invasion chambers were first incubated with serum-
free media in the top and bottom chambers at 37�C to allow the
Matrigel to solidify and the two chambers to equilibrate in prepara-
tion for the addition of PC cells and various agonists and/or inhibi-
tors, such as CpG ODN, PC-cell-line-derived MPs and exosomes,
PAMAM-G3, or ODN 2088. The human (BxPC3, MiaPaca2,
PANC-1, and AsPC-1) or mouse (KPC-4580P) PC cell lines were
trypsinized, resuspended, and diluted in serum-free media. After
aspiration of media from both chambers, cells were plated in the
top chamber at a density of 50,000 cells/well (500-mL final volume)
in the presence of serum-free media alone or various combinations
of agonists and/or PAMAM-G3 (20 mg/mL) or ODN 2088
(100 mM). Agonists tested included CpG ODN (5 mM), PC-cell-
line-derived MPs or exosomes (isolated as described above), PC pa-
tient sera or normal human sera (50 mL), or mouse sera (45 mL).
750 mL of complete media was added to the bottom chambers. The
plated invasion chambers were incubated at 37�C for 24 hr, after
which time media was aspirated from the top chambers. The top
chambers were then removed and treated with 10% formaldehyde
to fix the invaded cells on the bottom surface of the chamber, washed
with PBS, and stained with crystal violet solution (5% w/v crystal vi-
olet, 25% v/v methanol). The chambers were then washed thoroughly
in deionized water, and membranes were imaged using an inverted
light microscope (Olympus IX50) at 4X magnification. 10 random
images of each membrane were taken using an eyepiece camera
(Dino-Eye AM7023B). The cells in the images were then counted us-
ing an ImageJ algorithm unique for each cell line (http://imagej.net/
Particle_Analysis). Additional details are provided in the Supple-
mental Materials and Methods.

Analysis of Nuclear NF-kB Translocation

KPC-4580P cells (2 � 106 cells per plate) and BxPC3 cells (2 � 105

cells per plate) were seeded in 35-mm plates overnight. The cells
were then treated with serum-free media alone, CpG ODN (1826
or 2006) (5 mM), or CpG (5 mM) and PAMAM-G3 (20 mg/mL) for
1 hr. Cell nuclei were then isolated using a nuclear isolation kit (Active
Motif) using the manufacturer’s guidelines. The protein content of
each nuclear extract was quantified and standardized using a Protein
Quantification Kit (Active Motif). The nuclear extract was then used
to quantify nuclear translocation of NF-kB via ELISA. For the murine

http://imagej.net/Particle_Analysis
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nuclear extracts, nuclear translocation of p50 NF-kB was quantified
using the Pierce p50 Transcription Factor Assay Kit (Thermo Fisher
Scientific) using the manufacturer’s instructions. For the human
nuclear extracts, nuclear translocation of p65 NF-kB was quantified
using the p65 TransAM ELISA (Active Motif).

Analysis of Cell Viability

In order to replicate conditions used for the invasion chamber assays,
Panc1 or KPC4580P cells were seeded overnight in 96-well assay
plates at a density of 50,000 cells/well. Panc1 cells were then treated
with CpG ODN 2006 (5 mM), PAMAM-G3 (20 mg/mL), 1% Triton
X-100, or media (12 wells per treatment group). After 24 hr, cell
viability was measured according to the Cell Titer Glo Luminescent
Cell Viability Assay (Promega) according to the manufacturer’s in-
structions. KPC4580P cells were treated with CpG ODN 1826
(5 mM), KPC4580P-derived MPs (100 ng/mL), KPC4580P-derived
exosomes (50 ng/mL), PAMAM-G3 (20 mg/mL), or media (4 wells
per treatment group). After 24 hr, cell viability was measured accord-
ing to the Cell Titer Glo Luminescent Cell Viability Assay (Promega)
according to the manufacturer’s instructions.

ELISA for Detection of PAMAM-G3 Binding to MPs

The binding of MPs and exosomes to PAMAM-G3 was quantified us-
ing a custom-designed ELISA assay and is described in detail in the
Supplemental Materials and Methods. MPs and exosomes were iso-
lated from KPC4580P PC cell cultures as described above. 96-well
high-binding, flat-bottom plates (Corning) were coated overnight at
4�C with PAMAM-G3 diluted into PBS (�/�) at varying concentra-
tions. After the wells were washed with PBS, incubated for 2 hr at
room temperature (RT) with blocking buffer (PBS plus 5% BSA
and 0.05% Tween 20), and washed again with PBS, the wells were
incubated with varying concentrations of MPs or exosomes for 2 hr
at RT. After a subsequent washing step, the wells were then incubated
with either the polyclonal goat immunoglobulin G (IgG) against mu-
rine tissue factor (AF3178, R&D Systems) for MP detection or the
monoclonal mouse IgG antibody against phosphatidylserine (05-
719, Millipore) for exosome detection, followed by washing and
detection using a horseradish-peroxidase-conjugated secondary anti-
body, and finally quantification of absorbance at 450 nm after TMB
substrate addition. The binding of PC patient-derived MPs to
PAMAM was quantified analogously.

Syngeneic Murine Model of PC Metastasis

All animal experiments were performed in compliance with Duke
Institutional Animal Care and Use Committee (IACUC) protocols.
Briefly, for the metastasis studies, KPC4580P luciferase expressing,
murine PC cells (described above) were surgically implanted into the
spleens of 12-week-old female C57BL6mice. Starting on day 2 after tu-
mor cell implantation, mice were treated twice per week with either
intraperitoneal PAMAM-G3 (20 mg/kg) or saline for 3 weeks or until
humane endpoints were reached, at which time the mice were sacri-
ficed. Liver and spleen were harvested from eachmouse for assessment
of gross organ weight and ex vivo quantification of bioluminescent in-
tensity (IVIS Kinetic). Just prior to sacrifice, caudal vena cava blood
was collected from eachmouse for analysis of blood cell counts (Heska
HemaTrue blood analyzer), plasma cfDNA (described above), nucleo-
some levels (described above), HMGB1 levels (described above), or
chemistry (performed by Duke DLAR Veterinary Diagnostic Labora-
tory) or for serum invasion assays (described above). Detailed descrip-
tion of the tumor cell implantation procedure is provided in the Sup-
plemental Materials and Methods. For PAMAM-G3 toxicity studies,
12-week-old female C57BL6 mice were treated twice per week with
either intraperitoneal PAMAM-G3 (20 mg/kg) or saline for 3 weeks,
at which time the mice were sacrificed. Just prior to sacrifice, subman-
dibular blood was collected from eachmouse for blood cell count anal-
ysis or plasma chemistry analysis as described above.
Statistical Analysis

All data were plotted and analyzed using GraphPad Prism or JMP
software. Data were all tested for normality prior to statistical ana-
lyses. If normally distributed, differences between groups were
compared using a two-tailed Student’s t test. If the data were not nor-
mally distributed, as in the case of the in vivo organ bioluminescence
and gross weight data, statistical analysis between groups was per-
formed using the Kruskal Wallis test.
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