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There is an unmet need in the development of an effective ther-
apy for mutant K-ras-expressing non-small-cell lung cancer
(NSCLC). Although various small molecules have been evalu-
ated, an effective therapy remains a dream. siRNAs have the
potential to downregulate mutant K-ras both at the protein
and mRNA levels. However, a safe and effective delivery of
siRNAs to tumors remains a limitation to their translational
application in the treatment of this highly debilitating disease.
Here we developed a novel hybrid nanoparticle carrier for effec-
tive delivery of anti-mutant K-ras to NSCLC (AKSLHN). The
ability of this treatment modality to regress lung tumors in
mouse models was evaluated as a monotherapy or as a combi-
nation treatment with erlotinib. Further, the toxicity of this
treatment modality to healthy tissues was evaluated, along
with its ability to elicit immune/inflammatory reactions. The
results suggest that this treatment modality is a promising
prospect for the treatment of mutant K-ras-expressing NSCLC
without any accompanying toxicity. However, further under-
standing of the cellular-level interaction between AHSLHN
and erlotinib needs to be attained before this promising treat-
ment modality can be brought to the bedside.
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INTRODUCTION
Non-small cell lung cancer (NSCLC) is the leading cause of cancer
mortality in the United States and the world, with a 5-year survival
rate of only 15% for all stages combined, despite some recent advances
in chemotherapeutic agents.1,2 The size and distribution of NSCLC
makes cytoreductive surgery ineffective.3 Consequently, chemo-
therapy and/or radiation have been the treatments of choice. Conven-
tional chemotherapy regimens have had limited efficacy, mainly
because of resistance of these cancer cells to chemotherapeutic
agents.4,5 Small-molecule inhibitors such as erlotinib and afatinib
that target the tyrosine kinase domain of epidermal growth factor re-
ceptor (EGFR) produce responses in approximately 10% of patients
with NSCLC.6–8 In patients with mutant EGFR, responses to
EGFR-tyrosine kinase inhibitors (EGFR-TKIs) can be dramatic and
may last longer than a year. In contrast, K-ras gene mutation, which
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occurs in approximately 30% of NSCLC, has been associated with a
poor response to EGFR-TKIs.9–13 It has been demonstrated previ-
ously that somatic mutations in the tyrosine kinase domain of
EGFR are associated with sensitivity to EGFR-TKIs,14 whereas muta-
tions in K-ras, which encodes a guanosine triphosphotase (GTPase)
downstream of EGFR, are associated with primary resistance.9

Thus, mutant K-ras inhibition may be critical for successful NSCLC
treatment. However, there is an unmet need in developing the most
appropriate therapy for mutant K-ras NSCLC. Several strategies,
such as farnesyltransferase inhibitors, have been explored as possible
inhibitors of mutant K-ras in lung adenocarcinomas. To date, none of
these strategies have proved to be successful, mainly because of lack of
specificity. Often, undesirable inhibition of wild-type K-ras is also
achieved. Small interfering RNA (siRNA) inhibition is a very viable
alternative given the specificity of this technology. Here we aim to
harness the advantages of siRNA technology as a therapeutic modal-
ity for mutant K-ras in NSCLC. siRNA as a therapeutic molecule is
very effective at knocking down molecular pathways that are patho-
genic.15 However, its application in the clinic is often limited by its
susceptibility to enzymatic degradation in blood, non-specific uptake
by cells, and the difficulty involved in the transfection of siRNA to
cells because of its relatively large size and polarity.16,17. Clearance
by the mononuclear phagocyte system (MPS) is another limiting fac-
tor affecting the possible therapeutic application of siRNA.18–20

Recently, our group developed a novel hybrid nanoparticle delivery
system composed of human immunoglobulin G (IgG) and polox-
amer-188 (a polyoxyethylene-polyoxypropylene block copolymer)
for stable and efficient siRNA delivery to lung adenocarcinoma
cells.21–23 We hypothesized that our hybrid nanoparticles would effi-
ciently deliver loaded anti-mutant K-ras siRNA into the cytosol of
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Figure 1. Preparation of AKSLHNs

The schematic shows the development of AKSLHNs

based on the precipitation of IgG at its isoelectric point.
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lung adenocarcinoma cells, downregulate G12S-K-ras in A549 cells,
and inhibit cancer cell proliferation. Further, in view of the fact that
human IgG is the main immunoglobulin that protects the body
against infection, we hypothesized that these hybrid nanoparticles
would not produce the well documented immunogenic/inflammatory
reaction experienced with most nanoparticle formulations. Polox-
amer- 188, a nonionic triblock copolymer, is added to the surface
of the nanoparticles to help circumvent the MPS during systemic
circulation.21 Data obtained in vitro in cell culture supported these
hypotheses and demonstrated the effectiveness of these hybrid nano-
particles in accomplishing the set objectives.21,23 An anti-prolifera-
tion effect of anti-mutant K-ras siRNA-loaded hybrid nanoparticles
(AKSLHNs) in A549 cells was also demonstrated.21,22 Further, our
findings demonstrated that the double-layer protection provided by
these nanoparticles helps to protect enclosed siRNA from serum nu-
cleases for up to a minimum of 48 hr.

The main objective of the present study was to validate the results
obtained from in vitro studies under in vivo conditions using a met-
astatic orthotopic murine model of NSCLC. To achieve this, we
hypothesize that AKSLHNs will inhibit the progression of metastatic
lung cancer by efficiently downregulating mutant-K-ras in mouse
models without eliciting an immune/inflammatory reaction. Further,
we hypothesize that AKSLHNs will not cause unnecessary toxicity to
normal tissues because of their preferential accumulation in tumors
compared with normal tissues. This is based on the fact that tumors
are naturally more permeable to particles between 100–800 nm
because of an enhanced permeation and retention (EPR) effect.24

To test these hypotheses, metastatic orthotopic murine models of
NSCLC were created by injecting A549-luc cells into the tail veins
of female severe combined immunodeficiency (SCID) beige mice.
The tumor burden was monitored using Xenogen IVIS biolumines-
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cence imaging. The efficacy of intraperitoneally
injected AKSLHNs at inhibiting or downregu-
lating mutant K-ras and slowing down tumor
progression was compared with several control
formulations.

RESULTS
Nanoparticle Formation and

Characterization

AKSLHNs composed of human IgG in the inner
layer and poloxamer-188 in the outer layer were
prepared using our previously reported nano-
precipitation process.21–23 Figure 1 shows a
schematic of AKSLHN development. AKSLHNs
were spontaneously produced at pH 7.0, which
is the isoelectric point of human IgG. Photon correlation spectros-
copy (PCS) demonstrated that these particles were 135.4 ± 5.4 nm
in diameter, with a polydispersity index (PI) of 0.07 ± 0.03. These par-
ticles demonstrated a zeta potential of +16.7 ± 0.2 and encapsulation
efficiency and loading efficiency of 60% ± 0.4% and 2.04% ± 0.06%,
respectively.

Maximum Tolerated Dose Determination

The maximum tolerated dose (MTD) of siG12S in AKSLHNs was
determined for in vivo experiments by administering different doses
of AKSLHNs (0.1, 0.3, 0.6, 0.9, and 1.2 mg/kg body weight equivalent
of siG12S) progressively by intraperitoneal injection to female nu/nu
nude mice. 24 hr after the last dose was injected, the animals were
euthanized, and their kidneys, lungs, and livers were harvested. The
tissues from these organs were evaluated for apoptosis using cell death
detection ELISA. The results demonstrated that the AKSLHNs had no
effect on animal mortality, behavior, or body weight up to 0.9 mg/kg
body weight. Apoptosis evaluation demonstrated that the nanopar-
ticle formulation did not cause any significant damage to the liver,
lung, and kidney compared with the untreated control up to
0.9 mg/kg (Figure 2).

Antitumor Effect of AKSLHN in Metastatic Orthotopic Murine

NSCLC Models

The tumor burden in mice was monitored using the Xenogen IVIS
bioluminescence imaging system. Mice treated with AKSLHNs
showed regression in tumor burden over the 4-week experimental
period. In contrast, PBS-treated control, erlotinib-treated, and combi-
nation-treated (AKSLHNs and erlotinib) groups showed lack of
sensitivity to their respective treatment, as demonstrated by tumor
progression (Figure 3). The tumor burden was quantified by
measuring the photon counts for each tumor, which was then plotted
against time (weeks) to further demonstrate the antitumor effect of



Figure 2. Determination of the Maximum Tolerable Dose in Female nu/nu

Nude Mice

No apoptosis was observed in the livers, kidneys, and lungs of the mice up to

0.9 mg/kg dose of anti-mutant K-ras siRNA in AKSLHNs (n = 3).
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injected AKSLHNs, as shown in Figure 4A. The tumor burden in
PBS-treated mice continued to progress until metastasis in the
colorectal area was observed after 2 weeks of treatment. Metastasis
of tumors to both the left and right lumber lymph nodes25 and the
colorectal region could also be conspicuously observed after 3 weeks
of monitoring. We also observed metastasis to the right or left popli-
teal lymph nodes in some of the mice (Figure S1). To confirm metas-
tasis to other organs, the lungs, heart, liver, and kidneys of PBS-
treated mice were harvested after the mice were euthanized and
imaged ex vivo using Xenogen IVIS bioluminescence. Metastasis to
the liver and heart was demonstrated in these mice, as shown in Fig-
ure S2. Similarly, the erlotinib-treated and combination-treated
groups demonstrated evidence of metastasis to the colorectal region
of the mice. Interestingly, tumor metastasis to the brain was observed
in one of the five mice in the erlotinib-treated group after 3 weeks of
treatment (Figure S2). This mouse died 1 day after imaging.

Apoptosis determination by cell death ELISA and TUNEL showed
that AKSLHNs enhanced apoptosis induction in lungs with tumors
(Figures 4B and 4C).

In contrast, erlotinib-, combination-, and PBS-treated lungs with tu-
mors only demonstrated limited evidence of apoptosis.
Downregulation of Targeted mRNA and Proteins

Expression of mutant K-ras G12S mRNA was studied in the tumors
using TaqMan qRT-PCR and western blot analysis (Figures 5A and
5B). The western blot data in Figure 5A demonstrate that AKSLHNs
downregulated mutant K-ras compared with PBS, combination, and
erlotinib. qRT-PCR showed that AKSLHNs significantly downregu-
lated mutant K-ras mRNA by approximately 60% compared with
PBS. Further, combination and erlotinib treatments did not show
any effect on mutant K-ras expression, as shown in Figure 5B.

Adenocarcinoma Histology

Adenocarcinoma of mice treated with AKSLHNs showed smaller
tumors with thin fibrovascular stroma and rare mitotic figures (Fig-
ure 6A). Mice that received a combination of erlotinib and AKSLHNs
showed few mitotic figures on H&E, as shown in Figure 6B.

Adenocarcinomas from mice treated with erlotinib had numerous
mitotic figures (Figure 6C). The tumor cells had foamy vacuolated
cytoplasm, eccentric nuclei, and prominent nucleoli. There was lym-
phovascular invasion. Mice from the control group (PBS) had multi-
nucleated tumor cells with eosinophilic cytoplasm, as shown in Fig-
ure 6D. There was lymphovascular invasion with a high mitotic rate.

Toxicity to Normal Tissues

Toxicity to healthy tissues was evaluated using cell death detection
ELISA to detect the induction of apoptosis. Figure 7A demonstrates
that AKSLHNs did not lead to apoptosis in the lung, kidney, and liver
of treated animals after 4 weeks of treatment. This is similar to the un-
treated control. Similarly, the combination-treated group did not
show any apoptosis in any of these critical organs. However, the erlo-
tinib-treated group showed signs of apoptosis in the liver, as demon-
strated in Figure 7A.

Inflammatory/Immunogenic Reaction

Cytokines interleukin-6 (IL-6) and tumor necrosis factor a (TNF-a)
levels were measured in both cultured splenocytes isolated from
spleens harvested from treated mice and serum using the respective
ELISA kits. Figure 7B shows that AKSLHNs did not significantly in-
crease IL-6 expression in the spleens of treated mice compared with
PBS except for day 2 post-treatment. Similarly, TNF-a did not signif-
icantly increase in the splenocytes of treated mice throughout the
8-day study period.

Expression of both IL-6 and TNF-a in the sera of treated mice was
also evaluated. Figure S3 shows that there was no significant increase
in the levels of both IL-6 and TNF-a throughout the period of study.

DISCUSSION
AKSLHNs were specially designed to facilitate the delivery of anti-
mutant K-ras siRNA tomutant K-ras-expressing metastatic lung can-
cer in an orthotopic mouse model. It was hypothesized that
AKSLHNs will inhibit the progression of metastatic lung cancer by
efficiently downregulating mutant-K-ras in mouse models without
eliciting immune/inflammatory reactions. Further, we hypothesized
that AKSLHNs will not cause unnecessary toxicity to normal tissues
because of their preferential accumulation in tumors compared with
normal tissues. It has been reported that an unmet need still exists in
finding an appropriate therapy for mutant K-ras-expressing lung
cancer because various treatment modalities, including farnesyltrans-
ferase inhibitors, have yet to yield positive results.9 However, siRNAs
are known to have the potential to silence critical molecular pathways
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Figure 3. Antitumor Effect of AKSLHNs in Comparison with Various Controls

AKSLHNs inhibited tumor progression following intraperitoneal administration of 0.3 mg/kg siRNA content into SCID beige mice.
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responsible for pathogenic conditions. The use of siRNA as a thera-
peutic tool is, however, being compromised by a lack of safe and effi-
cient delivery systems, limiting the efficacy of these molecules in the
clinic. In this study, AKSLHNs are being evaluated as a potential
treatment modality in mutant K-ras-expressing metastatic lung can-
cer. AKSLHNs were prepared based on the fact that proteins have
minimum solubility but maximum precipitation at the isoelectric
point.21,22 AKSLHNs were very effective in regressing lung tumors
in mice, as shown in Figure 3, after 4 weeks of treatment. In contrast,
such potency was not observed when AKSLHNs were combined with
erlotinib. A combination of AKSLHNs and erlotinib was evaluated
under the hypothesis that the downregulation of mutant K-ras by
AKSLHNs would improve the sensitivity of mutant K-ras-expressing
lung cancer to EGFR-TKIs because mutant K-ras has been implicated
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in the lack of efficacy of EGFR-TKIs in lung cancer with mutant K-ras
expression.9,14,26,27 Surprisingly, this combination treatment pro-
duced an inferior antitumor effect compared with AKSLHNs alone.
This suggests an unfavorable interaction between the concurrently
administered AKSLHNs and erlotinib. We previously reported that
our hybrid nanoparticles are able to escape endocytic recycling and
are successfully delivered to the cytosol of target cells because of the
buffering capacity of the hybrid nanoparticles in the endosome.
The solubility of IgG and poloxamer-188 at acidic pH levels makes
it possible for the dissolved IgG in the endosome to activate the pro-
ton pump that raises osmotic pressure in the endosome, leading to the
swelling and subsequent escape of siRNA from endosomes into the
cytosol.21,27,28 However, the presence of erlotinib, a very basic drug,
in the endosome at the same time may increase the pH level of the



Figure 4. Effect of AKSLHNs on Lung Tumor Inhibition

(A) In vivo evaluation of siRNA nanoparticles in lung tumor-bearing SCID beige mice. IVIS bioluminescence was used for imaging. ***p% 0.001, n = 3. Error bars are ± SD. (B)

Determination of apoptosis in lung tumors using cell death detection ELISA after various treatments in SCID beige mice models. Nano represents AKSLHNs, whereas

combination represents AKSLHNs in combination with erlotinib. **p % 0.01; ****p % 0.0001 (n = 3). Error bars are ± SD. (C) TUNEL analysis of apoptosis in lung tissue

sections from variously treated groups; from left to right: AKSLHNs, erlotinib, combination of AKSLHNs and erlotinib, and PBS treatment.
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endosome, making it impossible for the nanoparticles to dissolve and
release the siRNA as it would normally do. The lack of release of
siRNA because of the presence of erlotinib is assumed to subsequently
lead to an inferior antitumor effect of the combination therapy
compared with AKSLHNs alone. The interaction between a pH-sen-
sitive nucleic acid-loaded nanoparticle system and a concurrently
administered basic drug needs to be investigated further for a clear
understanding of this phenomenon. Nevertheless, metastasis of the
tumor to the brain, colorectal region, right and left lumber lymph no-
des, and right popliteal lymph nodes24 was observed in the other
groups of animals, except the AKSLHN-treated group. The effective
antitumor effect of AKSLHNs was further validated by induction of
apoptosis in the tumor-bearing lungs of the AKSLHN-treated group
using both TUNEL and cell death detection ELISA. Further, both
mutant K-ras protein and mRNA were significantly downregulated
in the lungs of AKSLHN-treated mice compared with the other
mouse groups, further validating the effectiveness of this therapy. Pre-
viously, we reported the superior and stable downregulation of
mutant K-ras by AKSLHNs at the cellular level (using A549 cells)
over both scramble siRNA and Lipofectamine-delivered anti-K-ras
siRNA.21,29

Toxicity and inflammatory reaction remain the limiting factors pre-
venting the translational application of most nanomedicines.22,23,30

For any nanoparticle-based therapeutic agent to have a chance of
progressing to the clinic, it is important that it is not toxic to healthy
tissues and does not elicit a significant immunogenic/inflammatory
reaction. On that note, we evaluated the effect of AKSLHNs, erlotinib,
and a combination of both on the induction of apoptosis in healthy
tissues. Induction of apoptosis in healthy tissues has been reported
previously to represent toxicity in such tissues.4 AKSLHNs and the
combination treatment did not lead to induction of apoptosis in the
lung, kidney, and liver of treated mice. However, erlotinib as a lone
therapy showed some toxicity to the liver. This is not surprising
Molecular Therapy: Nucleic Acids Vol. 6 March 2017 263
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Figure 5. AKSLHNs Enhance In Vivo Downregulation of K-ras G12S mRNA

and Protein

(A) Western blot analysis shows an enhanced downregulation of target protein

(K-ras mRNA) by AKSLHNs (nanoparticles) in comparison with PBS and combi-

nation treatment. Erlotinib-treated lung tumors also show some downregulation. (B)

TaqMan qRT-PCR shows that AKSHLNs (nanoparticles) downregulated K-ras

mRNA by approximately 50% in comparison with PBS. n = 3; **p % 0.01; ***p %

0.001. Error bars are ± SD.
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because erlotinib has been implicated previously in acute hepatotox-
icity in NSCLC patients.31 It is, however, interesting to note that the
combination therapy involving both AKSLHNs and erlotinib did not
lead to hepatotoxicity. This further corroborates our hypothesis that
an interaction occurs between AKSLHNs and erlotinib at the cellular
level. To evaluate the ability of AKSLHNs to elicit an immune/inflam-
matory response, naive BALB/c mice were used. SCID beige mice
used for development of the metastatic orthotopic murine NSCLC
model are immunocompromised and would not be suitable for the
immunogenic/inflammatory reaction experiment. SCID mice are
characterized by the complete inability of the adaptive immune sys-
tem to mount, coordinate, and sustain an appropriate immune
response, usually because of absent or atypical T and B lymphocytes.
IL-6 and TNF-a expression in isolated splenocytes and sera of
AKSLHN-treated mice was similar to that of PBS-treated (control)
mice, except for a certain time point where insignificant elevated
expression of these cytokines was observed. This could be attributed
to two factors: the presence of poloxamer-188 on the surface of the
nanoparticles or the fact that the nanoparticles were fabricated with
human IgG and tested in mice. This interspecies variation could
contribute to the slight elevation in these cytokines at these time
points. Future study will involve the use of mouse IgG in the fabrica-
264 Molecular Therapy: Nucleic Acids Vol. 6 March 2017
tion of the nanoparticles to eliminate interspecies variation as a
contributory factor to this observation.

In conclusion, AKSLHNs are a promising prospect as a treatment
modality for mutant K-ras-expressing NSCLC as a single therapy.
A further understanding of the cellular-level interaction between
AKSLHNs and EGFR-TKIs during concurrent administration would
help in developing an optimal dosage regimen to further harness this
treatment modality in NSCLC patients.

MATERIALS AND METHODS
Human IgG was purchased from Equitech Bio. Poloxamer-188,
RNase-free water, and fetal bovine serum were obtained from Fisher
Scientific. siRNA against mutated K-ras G12S was designed by and
purchased from Thermo Scientific (formerly Dharmacon). The
siG12S sense and antisense sequences were GUUGGAGCUA
GUGGCGUAGdTdT and CUACGCCACUAGCUCCAACdTdT,
respectively. Erlotinib hydrochloride was purchased from Fisher Sci-
entific. XenoLight RediJect D-Luciferin Bioluminescent Substrate was
obtained from PerkinElmer. Monoclonal antibodies specific for
mutant G12S K-ras proteins was obtained from NewEast Biosciences.
The TNF-a ELISA kit was obtained from Thermo Scientific, and the
IL-6 ELISA kit was obtained from Becton Dickinson.

Cell Culture

Human adenocarcinoma cell line A549-luciferase, expressing a K-ras
mutation at G12S, was obtained from PerkinElmer. These cells were
maintained in 10% fetal bovine serum and 1% antibiotics-supple-
mented F12K. They were kept in a humidified atmosphere with 5%
carbon dioxide.

Animals

Female SCID beige mice, 7–8 weeks old and weighing approximately
28 g, and female BALB/c mice were supplied by Taconic and main-
tained in the American Association for the Accreditation of Labora-
tory Animal Care (AAALAC)-accredited facility at Thomas Jefferson
University. All animal studies were approved by the Institutional
Animal Care and Use Committee (IACUC) of Thomas Jefferson
University.

Preparation of AKSLHNs

50 mg of excipient-free human IgG was dissolved in 0.01 N HCl con-
taining 20 mg of poloxamer-188. 187 mg of siRNA was then added to
make a 10-mL total solution in a 50-mL beaker. The final concentra-
tion of human IgG in the solution amounted to 5 mg/mL. This solu-
tion was then slowly titrated with 0.01 NNaOH to bring the pH of the
mixture to 7, which is the isoelectric point (pI) of human IgG as deter-
mined in our laboratory using isoelectric focusing. The nanoparticles
were continuously stirred on a magnetic stirrer for 10 min. To isolate
the nanoparticles from the precipitation medium, the suspension was
centrifuged with a microcentrifuge (Eppendorf centrifuge 5418) at
2,000 rpm for 5 min. Nanoparticles were then rinsed with double-
distilled deionized water before being redispersed in water and
snap-frozen using liquid nitrogen. This was then loaded into a freeze



Figure 6. Lung Adenocarcinoma Histopathology

(A–D) H&E-stained slides at 400�magnification. Shown are (A) AKSLHN-treated, (B) combination-treated, (C) erlotinib-treated, and (D) PBS-treated lung adenocarcinomas.
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dryer (Labconco FreezeZone 4.6), and lyophilization was performed
for 48 hr.

Murine Models of Metastatic NSCLC

Lung cancer models of NSCLC were created by injecting 5 � 106

A549-luciferase cells in sterile PBS into the tail veins of female
SCID beige mice. Cancer development and progression were
monitored using the Xenogen IVIS (PerkinElmer) bioluminescence
imaging system. 100 mL of 30 mg/mL Xenolight Rediject D-Luciferin
(PerkinElmer) was injected intraperitoneally into the mice approxi-
mately 10 min before the animals were imaged.

Drug Treatment and Tissue Harvesting

Following the establishment of detectable lung tumors (2 weeks from
the time of induction), mice were divided into four groups of five an-
imals each. The first group was treated with 20 mg/kg erlotinib daily
for 4 weeks by oral gavage (100 mL). The second group was treated
with AKSLHNs twice a week for 4 weeks at a dose of 0.3 mg/kg by
intraperitoneal injection (100 mL). A third group was treated with a
combination of AKSLHNs and erlotinib, whereas the fourth group
was treated with PBS as a control twice a week by intraperitoneal in-
jection (100 mL). The animals were monitored weekly with the
IVISweekly. The mice were sacrificed 24 hr after the last dose. The
lungs were harvested and subdivided into four groups for down-
stream applications. One part of the tissue was fixed in 10% phos-
phate-buffered formalin (Fisher Scientific) for paraffin embedding,
histology, and immunohistochemistry (IHC) analysis, and other
three were snap-frozen for real-time PCR, western blot, and cell death
detection ELISA. Tissues snap-frozen in liquid nitrogen were stored
at �80�C before analysis.

Evaluation of Immune/Inflammatory Response in Mice

Nine BALB/c wild-type mice were used for this experiment. Five mice
were treated with a single dose of 0.9 mg/kg AKSLHNs by intraperi-
toneal injection, whereas the remaining four served as controls and
were injected with PBS (100 mL per mouse). Blood was collected by
retro-orbital puncture under isoflurane anesthesia into EDTA-
covered Vacutainers (Becton Dickinson) on days 1, 2, 6, and 8. Blood
was then immediately centrifuged at 1,000� g for 10 min at 4�C, and
serum was collected and frozen at �80�C until ready to be used.

Splenocytes were isolated from mice injected with functionalized
nanoparticles and PBS on days 1, 2, 6, and 8. Conditioned medium
was collected after 24 hr and frozen at �80�C until ready to be used.

The levels of IL-6 and TNF-a were measured using the respective
ELISA kits according to the manufacturers’ instructions.

Isolation of Splenocytes from Mice

Spleens of mice injected with AKSLHNs and PBS were collected,
placed into a tube with RPMI medium, and kept on ice. The tube
was then transferred to the hood, and the spleen was homogenized
by two microscope glass slides. The spleen slurry in 10 mL of RPMI
medium was transferred to a 70-mm cell strainer (Falcon) and filtered
from clumps. The cell suspension was then centrifuged at 400� g for
10 min at 20�C. The cell pellet was resuspended in 3 mL of ammo-
nium-chloride-potassium (ACK) lysis buffer (Gibco) to get rid of
red blood cells. The hemolysis was carried out at room temperature
with periodic shaking for 5 min, after which the suspension was re-
constituted with 10 mL of fresh RPMI medium and centrifuged at
400 � g for 5 min at 20�C. The cell pellet was washed with 10 mL
of RPMI medium and spun down at 400 � g for 5 min. The resulting
cell pellet was dissolved in complete RPMI medium (RPMI 1640 me-
dium, 10% FBS, 1� penicillin/streptomycin [Pen/Strep], 10 mM
HEPES), 500,000 cells were seeded in triplicate into wells of a
96-well plate. The cells were incubated for 24 hr, and the conditioned
medium was collected and frozen until ready to be used for determi-
nation of the proinflammatory cytokines TNFa and IL-6.

Western Blot Analysis

Tumor-bearing lungs were collected from mice, snap-frozen in liquid
nitrogen, and kept at �80�C until ready to be used. Tissue lysates
were prepared in Pierce radioimmunoprecipitation (RIPA) buffer
(Thermo Scientific) with addition of Pierce protease inhibitor mini
Molecular Therapy: Nucleic Acids Vol. 6 March 2017 265
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Figure 7. Toxicity to Healthy Tissues and Inflammatory Reaction

(A) Induction of apoptosis in healthy tissues of the lung, kidney, and liver. (B) Expression of IL-6 in splenocytes harvested from the spleens of treated BALB/c mice. (C)

Expression of TNF-a in splenocytes harvested from the spleens of treated BALB/c mice (n = 5). Error bars are ± SD.
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tablets (Thermo Scientific). The protein concentration was deter-
mined with the Coomassie Plus (Bradford) assay kit (Thermo Scien-
tific). 80 mg of total protein was separated on NuPAGE 4%–12% Bis-
Tris gels (Life Technologies) with NuPAGE MES SDS running buffer
(Life Technologies) and subsequently transferred onto a nitrocellu-
lose membrane of 0.45-mm pore size (Life Technologies). The mem-
brane with proteins was blocked according to the manufacturer’s in-
structions (Invitrogen) for 1 hr at room temperature and probed with
primary antibodies—KRAS G12S monoclonal antibody (1:500, New
East Biosciences) and b-actin (1:5,000, Sigma-Aldrich)—overnight
at 4�C. The membranes were washed three times for 5 min in wash
buffer according to the manufacturer’s instructions (Invitrogen)
and incubated with secondary goat anti-mouse antibodies conjugated
with horseradish peroxidase (Molecular Probes) at a dilution of
1:1,000. Immune complexes were detected with chemoluminescent
substrate, Pierce ECL western blotting substrate (Thermo Scientific)
in a dark room on a tabletop processor, SRX-101A (Konica Minolta).
Images were quantified with ImageJ software.

Real-Time TaqMan PCR

Total RNA from snap-frozen lung tissues was isolated with the
QIAGEN RNAeasy kit, and cDNA was made with the Verzo
cDNA kit (Thermo Scientific) using polyA primers. Real-time
266 Molecular Therapy: Nucleic Acids Vol. 6 March 2017
PCR was carried out in 20-mL reaction mixtures containing
25 ng of cDNA, 10 mL of 2� TaqMan Gene Expression Master
Mix (Applied Biosystems), and 1 mL of specific TaqMan Gene
Expression Assay (20�, FAM dye-labeled). Gene expression assays
(obtained from Thermo Scientific) contained mutant KRAS at
G12S and b-actin primers (b-actin served as a normalizing
gene). The corresponding assay numbers were AIX0197 for
KRAS G12S and Hs01060665_g1 for b-actin. All samples were
run in triplicate.

TUNEL Method for Apoptosis Detection

Apoptosis in samples collected from mice with NSCLC was detected
by TUNEL assay with the TACS 2TdT-Fluor in situ apoptosis detec-
tion kit (Trevigen) according to the manufacturer’s instructions.
Briefly, lung tissue section slides were deparaffinized in xylene and
100%, 95%, 70% ethanol, followed by two changes of PBS. Next,
the samples were digested with 50 mL of Cytonin solution for
30 min and washed with water and terminal deoxynucleotidyl trans-
ferase (TdT) labeling buffer. Next, the slides were covered with 50 mL
of labeling reaction mix (TdT deoxynucleoside triphosphate
[dNTP], Co2+, TdT enzyme and TdT labeling buffer) and incubated
for 60 min at 37�C in a humidity chamber. At this step, negative con-
trol was generated by omitting TdT enzyme. Positive control was
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made before the labeling step by incubating the slide with TACS
nuclease (generating DNA breaks in every cell) at room temperature
for 40 min. The labeling reaction was halted by stop buffer, and
samples were washed in PBS and covered with 50 mL of strep-fluo-
rescein solution for 20 min. Next, the slides were washed with
PBS, mounted, and viewed under a fluorescence microscope with a
495-nm filter.
Cell Death Detection ELISA

Cell death detection ELISA was carried out according to the manufac-
turer’s instructions (Roche). Sandwich ELISA was carried out to
determine the amount of mono- and oligonucleosomes in the cyto-
plasmic fraction of tissue lysates.

Briefly, tissue lysates were prepared as reportedpreviously32 with
some modifications. 2% homogenate of lung tissue was prepared in
incubation buffer and centrifuged for 10 min at 15,000 � g. The su-
pernatant was collected and kept at �80�C until ready to use.

Plastic wells were incubated with coating solution (containing anti-
histone antibodies) overnight at 4�C. The next day, it was substituted
for incubation buffer for 30 min and washed three times with washing
solution. 100 mL of homogenate, diluted 29 times in incubation buffer,
was placed into the wells and kept for 90 min at room temperature
with mild shaking. The plate was washed three times and incubated
with conjugate solution containing anti-DNA-peroxidase antibodies
for 90 min. The wells were washed three times and exposed to
ABTS substrate for 30 min until the color developed. Absorption
values were read on a BioTek Instruments Epoch microplate spectro-
photometer with Gen5 1.10 software.
Histology

The tissue samples were processed and embedded in paraffin. 4-mm
paraffin sections were made for further analysis. Paraffin slides
were routinely stained with H&E.

For IHC, the paraffin slides were deparaffinized and rehydrated.
Heat-mediated antigen retrieval was performed in citrate buffer
(pH 6.0) at 98�C for 20 min. Primary antibody, cleaved caspase-3(cat-
alog no. 9664, Cell Signaling Technology), was diluted 1:300 and
incubated at room temperature for 30 min; human tonsil was used
as a positive control. Normal rabbit IgG was added as a negative con-
trol. The IHC procedure was done with the Dako Autostainer Plus
platform using the Vectastain Elite ABC kit (Standard, catalog no.
PK-6100, Vector Laboratories) according to the manufacturer’s in-
structions. DAB substrate (catalog no. k34568, Dako) was used for
visualization.
Statistical Analysis

Results are presented as mean ± SD unless otherwise indicated. Sta-
tistically significant differences between two groups were determined
by two-tailed Student’s t test. A p value of 0.05 was taken as statisti-
cally significant.
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