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Figure 7 Effect of combination of downregulation of two antiapoptotic genes (survivin and bcl-2) and cisplatin treatment. (a) Based on
the previous study, the dose regimen was changed slightly to improve the outcome. Mice bearing A549°°F tumors were treated with nine different
combinations as described (n = 5) for over 2 weeks and monitored the tumor growth and other safety measurements. (b) Comparing the antitumor
efficacy of cisplatin-treated mice with survivin + cisplatin-treated mice, cisplatin-treated mice with bcl-2 + cisplatin-treated mice, cisplatin-treated
mice with CTL siRNA + cisplatin-treated mice, cisplatin-treated mice with survivin + cisplatin and survivin + bcl-2 + cisplatin-treated mice. (¢) The
corresponding target knockdown (survivin and bcl-2) were also determined in the tumors collected at the end of the study. Tumor samples were
collected 72 hours after last siRNA dose. CTL, non-targeting control siRNA; siRNA, small interfering RNA.

resistant gene/genes in this study, the resistance to cisplatin
could be overcome to some extent. More exploration should
be carried out to identify any other genes that could also con-
tribute to the resistance, the right set of dosing schedules and
frequency of doses to improve the synergistic effect. Taken
together, our findings provide strong evidence that by silenc-
ing resistance-related genes, higher levels of efficacy can be
achieved with chemotherapeutic agents.

Cisplatin-resistant tumor-bearing mice well tolerated the
combination treatments of siRNA and cisplatin with no
adverse effects

During this study period, to monitor the safety of the for-
mulations, the body weights of the mice used in the study
was measured. Following two rounds of treatments, there
was no obvious weight loss (Figure 8a) seen in any of the
groups suggesting that the formulations/nanoparticles that
were used for treatment are reasonably safe. Mice toler-
ated the single as well as the combination treatments quite
well. In addition, there was no elevation in liver enzyme lev-
els observed during the study period (Figure 8d). Aspartate
transaminase (AST) and alanine transaminase (ALT) levels
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were at the background levels (as same as the levels noted
for PBS-treated mice) on day 14, 48 hours after the first round
of siRNA/cisplatin treatment. Similar results were also found
at the end of the study point (day 21). Lactate dehydroge-
nase levels were also unchanged at both timepoints indicat-
ing a lack of damage to the liver. Histopathology of liver and
spleen tissues of mice from each group in this study on day
21 was found to be consistent with what is regarded as within
normal limits (Figures 8b,c). Taken together, these results
suggest that these treatments with HA/siRNA or HA/cisplatin
nanoparticles were well tolerated by the mice with resistant
tumors. Systemic administration of siRNA/cisplatin encap-
sulated HA nanoparticles thus provide safe and sequence
specific inhibition of tumor growth in resistant tumor model.

Discussion

As discussed previously, the mechanisms of MDR is very
complex and it is usually the synergistic result of a combi-
nation of several mechanisms. Overexpression of pump-
mediated genes or antiapoptotic molecules are some of the
examples discussed earlier.'®'” Downregulating the genes
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Figure 8 Monitoring toxicity in mice that had single and combination treatments as described in Figure 7. (a) Percentage weight
change during the study period, the histopathology of (b) livers and (c) spleens of mice from each group at the end of the study were
monitored. (d) Liver enzyme levels such as AST, ALT, and LDH levels were also monitored at the end of study. ALT, alanine transaminase;
AST, aspartate transaminase; CTL, non-targeting control siRNA; LDH, lactate dehydrogenase.

that are overexpressed and known to be responsible for resis-
tance in those cells using siRNAs is potentially a powerful way
of reversing the resistance.” After downregulating the over-
expressed genes, one would hope that the resistance will be
reversed and the tumors will become sensitive to the antican-
cer drug treatment. Since it is possible that the inhibition of only
one contribution to cellular resistance may not be sufficient
for overcoming all mechanisms of cancer cell resistance to
chemotherapy, combination of more than one mechanism or
attacking more than one gene might be an effective strategy.!”

Given the differential expression levels of pump and non-
pump—mediated resistant genes in A549 and A549P°" pair, all
were evaluated in the combination studies with cisplatin to under-
stand the pump and non-pump-mediated resistance mecha-
nism. Only, the combination of survivin and/bcl-2 with cisplatin
demonstrated combination/synergistic effect but not the mrp1
and mdr1 siRNAs. As these mdr1 and mrp1 genes are known
to contribute to pump-mediated resistance, it makes sense that
they are not associated with the antiapoptotic pathway regula-
tion. Downregulation of both survivin and bcl-2 together showed
slightly better tumor cell-killing effect compared with the single-
agent combinations suggesting a possible reversal of resistance
with downregulation of more than one gene expression.

Before evaluating these combinations in tumor-bear-
ing mice, multiple pilot studies were conducted to pick the

optimum dose of cisplatin and siRNA to be used in the com-
bination studies. Dosing schedules were carefully chosen
based on those pilot studies to accommodate the maximum
combination effect achievable. Since the siRNA-mediated
knockdown was much higher at 72 hours than earlier time-
points, the cisplatin dose was given at 72 hours after last
siRNA dose to attain maximum possible synergy. Also, the
knockdown activity lasted for 5 days according to the previ-
ous studies. As such, the second set of siRNA treatments
started 5 days after the last siRNA dose. Although the results
suggest that there is therapeutic benefit in the combination
group compared with the single-agent group, the resistance
was not completely reversed by these treatments. The treat-
ment schedules and frequency of treatments together with
the data in this study suggest that a shorter treatment period
to include both treatments may have a better outcome. As
such, the second study was planned to incorporate this so
that the siRNA-mediated knockdown coming from the first
round of siRNA treatment will prevail until the effect com-
ing from the second set of siRNA treatments commenced.
Combining siRNA (either survivin or bcl-2) and cisplatin treat-
ments clearly gave a significantly improved activity compared
to single-agent treatment in the combination efficacy studies
as noticed in the in vitro settings. Also, when both siRNAs are
used in combination with cisplatin, the growth inhibition was
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the highest compared to single siRNA + cisplatin treatment.
However, the results indicate that the resistance was still not
completely reversed (tumor growth inhibition was increased
from 30 to 60%). This may be due to the involvement of
genes other than the ones that we tested. Exploring other
gene involvement in drug resistance is thus critical. Despite
the fact that, this combination strategy was tested in only one
resistant cell line and there are other possible genes involved
in the resistance mechanism other than the genes that we
evaluated, our data suggest that sustained therapeutic ben-
efits can be obtained by combining siRNA treatments along
with cisplatin treatment using nanoparticle-based delivery
systems. Given the clinical experience suggesting very poor
efficacy or no efficacy after development of resistance, com-
bination protocols predicted on these individual treatment
modalities would be anticipated to provide superior clinical
benefits with reduced toxicity burden to patients.

In addition to evaluating delivery and efficacy, it is also
important to monitor the safety and tolerability of the nanopar-
ticles that are being used to deliver both siRNA and cisplatin
in the efficacy studies. To address that, the parameters such
as change in body weight, plasma levels of the liver enzymes
(ALT and AST), and lactate dehydrogenase were measured
and compared between the treatment groups. Both ALT and
AST are aminotransferases. AST is found in a variety of tis-
sues including liver, heart, kidney, and brain. It is released into
the serum when any of these tissues is damaged. It is there-
fore not a highly specific indicator of liver injury. Whereas the
ALT is exclusively found in liver and it is released as a result of
liver injury. Thus, it serves as a fairly specific indicator of liver
status. To further characterize the efficacy and safety of this
therapy, the histopathology of liver and spleen was also carried
out and compared between the treatment groups. The results
clearly suggested that the mice with resistant tumors well toler-
ated the current delivery system with both siRNA and cisplatin.

In contrast to other delivery systems available, the HA-
based targeted systems we used here is efficacious at low
siRNA and cisplatin doses and can be used to deliver mul-
tiple siRNA sequences and multiple small molecule drugs.
These systems can thus serve as potential therapeutics for
the treatment of multiple diseases.

Materials and methods

Tumor cell lines and tumor establishment. Human non-small
lung cancer cell line A549 and SCLC cell line H69 were obtained
from ATCC (Manassas, VA). The corresponding resistant cell
lines (A549°°F and H69AR) were obtained from MGH (Bos-
ton, MA) and ATCC, respectively. Cells were grown in RPMI
medium supplemented with 10% FBS. Animal procedures were
performed according to a protocol approved by Northeastern
University, Institutional Animal Care and Use Committee (NU-
IACUC). Tumor models were developed in nude mice. Five to
six weeks old nude mice were injected subcutaneously with
tumor cells A549 (5x 10° cells + matrigel), A549°°F (1 x 107 cells)
under the right shoulder. Tumor volume was measured at least
once or twice a week to monitor the tumor growth/suppression.

Baseline cisplatin resistance in lung cancer cells. To mea-
sure the cytotoxicity of cisplatin, A549/A549P°" cells were
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incubated with cisplatin at concentrations ranging from 1,000
up to 0.1 pmol/l for 2 days. The cellular cytotoxicity was
assessed using MTS assay and expressed as % viable cells.

SsiRNA and chemotherapy combination. A range of cisplatin
concentration at IC_, and below the IC_, was used together with
the siRNAs in the first round of combination study. Out of the
four sets of cells plated, two sets were transfected with survivin
siRNA using lipofectamine at two different doses (1 and 10
nmol/l). Twenty-four hours after the transfection, cisplatin was
added to one set of designated cells that had siRNA, at its IC_
concentration and few other concentrations below IC, . In paral-
lel, the third set of cells was incubated with cisplatin alone at the
same doses. All samples were kept at 37 °C for 2 days after the
cisplatin addition. To the last set of cells, siRNA and the drug
were simultaneously added and incubated for 48 hours as pre-
viously described. In the follow-up study, the other siRNAs (siR-
NAs for other targets such as bcl-2, mdr1, and mrp1) were also
included in the combination evaluation. In these studies, the
cisplatin concentration was kept at 100 pmol/l and the siRNA
concentration was kept at 10 nmol/l. As described before, the
siRNA treatment was given first and incubated for 24 hours.
Following this, cisplatin was added to the cells that contained
siRNA and incubated for another 48 hours.

Target knockdown with therapeutic siRNAs. As described pre-
viously,?® the self-assembled nanoparticles were made with
HA-PEI, HA-PEG, and siRNAs (survivin, bcl-2, and control
siRNA). The siRNA-loaded nanoparticles were characterized
using the dynamic light scatting instrument by measuring
the size and charge. For target knockdown studies, A549P°"
tumor-bearing mice were treated with survivin siRNA or CTL
siRNA encapsulated in HA nanoparticles at 0.5mg/kg for 3
days. Tumors were harvested 24, 72, and 120 hours after the
third dose. RNA was extracted from the tumors to analyze the
mRNA knockdown by reverse transcription-quantitative PCR
method. In another study, the above tested unmodified survivin
siRNA sequence was injected into tumor-bearing mice along
with the corresponding modified sequence. Knockdown was
monitored 72 and 120 hours after the third dose. In a different
study, 2 bcl-2 (um) and 2 bcl-2 (m) siRNA encapsulated HA
nanoparticles were tested in the same tumor model to pick
the best possible sequence for the combination efficacy study.

Cisplatin efficacy in A549-resistant tumors. To find the best HA-
lipid derivative that can encapsulate and release cisplatin effec-
tively, multiple HA derivatives (with lipids tail of chain length
such as C,, C, C,, C,,, choline and PEI-modified versions)
were initially tried and the HA conjugated to 1,8-diaminooc-
tane (designated as HA-ODA) was selected for further stud-
ies; 10mg/ml of HA-ODA solution was made in water. Likewise,
10mg/ml cisplatin solution was also made in DMSO; 90 pl of the
HA-ODA and 10 pl of the cisplatin were mixed well to form HA-
ODA/cisplatin self-assembled nanoparticles. Along with this,
HA-ODA solution was mixed with equal volume of HA-PEG (at
10mg/ml) and then with cisplatin solution in the following vol-
ume ratio (0.9:0.9:0.2). All the nanoparticle formulations were
kept at room temperature for 15-20 minutes for nanoparticle
stabilization. Four groups of mice (n = 5) with A549P°" tumors
received total of two doses of either free cisplatin or HA-ODA/
cisplatin or HA-ODA/PEG/cisplatin at 1 mg/kg at 4 days apart.



Tumor volumes were measured using the following formula to
monitor the tumor growth inhibition: Tumor volume = (length x
width/width)/2. The growth inhibitory effect was estimated using
the T/C ratio.

Combination efficacy studies with survivin/bcl-2 knockdown
and cisplatin treatment. In the first study, five groups of mice
(n=5) with A549P°" tumors received doses of PBS (control) or
cisplatin or HA-PEI/PEG/survivin siRNA or HA-PEI/PEG/sur-
vivin siRNA + cisplatin at the doses described. siRNA doses
were given at 0.5mg/kg for 3 days. Seventy-two hours after the
last siRNA dose, cisplatin dose was given at 1 mg/kg. The sec-
ond round of treatments was initiated 72 hours after the cispla-
tin dose and repeated with the same pattern. Tumor volumes
were monitored during the study period at least twice a week. In
the next efficacy study, 10 groups of mice (n = 5) with A549P°F
tumors received doses of different derivatives as described in
the study design. In this study, both survivin and bcl-2 siRNAs
in HA nanoparticles were used as single agent with and without
cisplatin in HA nanoparticles and also used together to down-
regulate both genes at once with and without cisplatin. Unlike
the first study, here the first cisplatin treatment was initiated 48
hours after the last siRNA dose and the second round of treat-
ments were initiated 24 hours after cisplatin treatment. Tumor
volume measurements were taken throughout the whole study
to monitor the tumor growth/suppression. Tumors were col-
lected 72 hours after last siRNA treatment and analyzed the
survivin and bcl-2 levels as described before.

Measuring body weight changes, liver enzyme levels and histo-
pathology. In the second efficacy study, in addition to the treat-
ment groups (n = 5), three additional mice with tumors were
used in each group to monitor acute toxicity/safety. These mice
were given the same treatment as the mice in the efficacy
study groups. Mice were weighed the day the treatments com-
menced and every day during the dosing period. Body weights
were taken continuously throughout the whole study period.

To measure the liver enzyme levels, the blood was collected,
48 hours after the first round of treatment (three doses of HA/
siRNA and one dose of cisplatin) from all 10 groups (n = 3/
group). Also, at the end of the efficacy study, a terminal bleed
was done to collect blood from all ten groups (n = 5) to look at
the liver enzyme levels (both ALT and AST) and lactate dehy-
drogenase levels after two rounds of treatment using the man-
ufacturer’s instructions. Liver and spleen samples from mice
were also collected for histopathological analysis at the end of
the study (n = 5). The tissue samples analysis was performed
at Tufts University Veterinary School (Grafton, MA).

Supplementary material

Figure S1. Selection of siRNA sequences using computa-
tional in silico methods.
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