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Most advanced-stage ovarian cancer patients, including those
with epithelial ovarian cancer (EOC), develop recurrent disease
and acquisition of resistance to chemotherapy, leading to
limited treatment options. Decrease in Let7b miRNA levels in
clinical ovarian cancer has been associated with chemoresist-
ance, increased proliferation, invasion, and relapse in EOC.
We have established a murine EOC relapsed model by admin-
istering paclitaxel (PTX) and stopping therapy to allow for
tumor regrowth. Global microRNA profiling in the relapsed tu-
mor showed significant downregulation of Let7b relative to un-
treated tumors. Here, we report the use of hyaluronic acid
(HA)-based nanoparticle formulation that can deliver Let7b
miRNA mimic to tumor cells and achieve cellular program-
ming both in vitro and in vivo. We demonstrate that a thera-
peutic combination of Let7b miRNA and PTX leads to signifi-
cant improvement in anti-tumor efficacy in the relapsed model
of EOC. We further demonstrate that the combination therapy
is safe for repeated administration. This novel approach of
cellular reprogramming of tumor cells using clinically relevant
miRNA mimic in combination with chemotherapy could
enable more effective therapeutic outcomes for patients with
advanced-stage relapsed EOC.

INTRODUCTION
Ovarian cancer is the most lethal of all gynecological cancers, with an
estimated 22,410 cases and 13,770 deaths in the 2021.1 In advanced
epithelial ovarian cancer (EOC), after initial treatment with surgery,
chemotherapy is given, which involves 3–6 cycles of carboplatin
plus paclitaxel (PTX). However, there is recurrence or relapse
observed in more than 80% of patients.2 One of the main reasons
for such a high rate of relapse in advanced stages of EOC is the acqui-
sition of multidrug resistance (MDR). Acquired resistance to chemo-
therapy can be due to multiple factors that include (1) molecular
alterations in tumor cells, leading to loss of tumor suppressor genes,
such as PTEN, RAD51, and BRCA1 or BRCA2 mutations3; (2)
decrease in intracellular uptake and increased efflux of drugs like
Molec
This is an open access article under the CC BY-NC
cisplatin and PTX due to upregulation of ATP-binding cassette
(ABC) transporters, especially multidrug resistance protein 1
(MDR1)4; and (3) role of the tumor microenvironment; in advanced
ovarian cancer, tumor metastasizes to the peritoneal cavity, which
leads to buildup of ascitic fluid5. Hence, there is an unmet medical
need for development of novel therapies that lead to improvement
the efficacy in relapsed ovarian cancer patients.

Preclinical mouse models are important in the discovery and develop-
ment of novel therapies. The syngeneic ID8,6 Syngeneic ID8 model ex-
pressing vascular endothelial growth factor (ID8-VEGF),7 or CRISPR
edited ID8 mouse models8 are often used to model the advanced-stage
ovarian cancer and interrogate the interaction between tumor cells and
various components of the tumor microenvironment (TME), such as
immune cells (T cells and macrophages), cytokines, growth factors,
and extracellular vesicles (EVs). Although the intraperitoneal (i.p.)
ID8 or ID8-VEGF mouse model simulates features of advanced-stage
human ovarian cancer, little is known about the molecular events that
lead to acquisition of MDR phenomenon post chemotherapy. As a
result of this, evaluation of novel therapies a few weeks post tumor im-
plantation would not be able to inform about the efficacy in recurrent
disease settings seen in the clinic, where patients with a good response
initially have recurrence with acquired MDR.9 A mouse model that re-
capitulates the recurrence of tumor growth after a few cycles of chemo-
therapy may better simulate the treatment pathway and the molecular
changes at the cellular level that occur in human metastatic disease.
Therefore, we hypothesized that the repeat dosing of PTX in the ID8-
VEGF model followed by a therapy-free interval would lead to recur-
rence of/relapse of tumor growth anddevelopment of a resistant pheno-
type with a differential molecular profile compared with an untreated
group.
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Mature microRNAs (miRNAs) are 19- to 24-nucleotide-long, sin-
gle-stranded RNAs that regulate gene expression at the post tran-
scriptional level by sequence-specific binding to the 3ʹ untranslated
region (3ʹ UTR) of a target mRNA. Several types of human cancers
are characterized by (1) upregulation of oncogenic miRNAs that
lead to downregulation of tumor suppressor genes and (2) inactiva-
tion or deletion of tumor suppressor miRNAs that leads to overex-
pression of oncogenes, overall leading to increased proliferation,
invasion, metastasis, and survival.10 Several miRNA profiling studies
in clinical samples have revealed changes in miRNA levels, depend-
ing on the stage of the disease and response to therapy, indicating
their role in diagnosis and treatment of the ovarian cancer. Mem-
bers of the Let-7 family (a/b/d/e/f) and miR 200 family (a/b/c)
and miR-21 have been found to be de-regulated in advanced-stage
patients and have been linked to the chemoresistance and shorter
progression-free survival.11 Previous studies that explored systemic
delivery of exogenous Let-7b and miRNA-34 have demonstrated
targeting of key oncogenes, KRAS, c-MYC, HMGA2, and LIN28,
and also prevent progression of human non-small-cell lung cancer
(NSCLC) tumor xenografts.12,13 Systemic delivery of naked miRNAs
to tumor cells in vivo is highly challenging due to several extracel-
lular and intracellular barriers, including poor permeability due to
negative charge and rapid degradation due to nucleases.14 To this
end, we have exploited the delivery potential of hyaluronic-acid-
poly(ethylene imine) (HA-PEI) conjugate, which has emerged as
an ideal delivery system for nucleic acids due to its nonimmuno-
genic, biodegradable, and noninflammatory properties.15,16 Our pre-
vious studies demonstrated successful delivery of small interfering
RNA (siRNA) by HA-PEI nanoparticles (NPs) to tumor tissues
for anti-cancer therapy.17,18 More recently, previous members of
our laboratory have shown that i.p. delivery of miRNAs, such as
miR-125b and miR34-a, using HA-PEI NPs has been able to achieve
cellular reprograming and improved anti-tumor efficacy in mouse
model lung and ovarian cancers.19–21 In the current study, we
have extended the application of HA-PEI NPs for delivery of
Let7b miRNA (a tumor suppressor miRNA associated with chemo-
resistance) to ovarian tumor cells (ID8-VEGF) using an i.p. route of
administration to overcome the systemic barriers and improve the
delivery of miRNA to the ovarian cancer cells in the peritoneal
cavity.

The goal of the current study is to achieve improvement in the anti-
tumor efficacy by using combination therapy of HA-PEI-Let7b NPs
with PTX in a relapse model of ovarian cancer. To this end, we
have developed a relapse model of ovarian cancer (ID8-VEGF) mouse
model to recapitulate recurrence of tumor growth after chemo-
therapy. We then systematically performed gene expression and
miRNA profiling in this relapse model of ID-VEGF and identified tu-
mor suppressor miRNA associated with relapse. Reprogramming of
cellular miRNA and mRNA levels of ovarian cancer cells was
achieved using HA-PEI-Let7b NPs. A combination of HA-PEI-
Let7b and PTX has been shown to improve the anti-tumor efficacy
in a relapsed model of ovarian cancer, indicating its potential as a
treatment option of relapsed ovarian cancer patients.
58 Molecular Therapy: Oncolytics Vol. 25 June 2022
RESULTS
Molecular profiling of ID8-PTX-MDR/relapsed model of EOC

Development of ID8-PTX relapsed/MDR model of EOC

In order to recapitulate the clinical development of relapse in
advanced-stage ovarian cancer in the ID8-VEGF tumor model,
2 weeks post tumor inoculation, mice were dosed with 3 doses
(8 mg/kg) of PTX and the therapy was stopped to allow for recur-
rence/relapse of tumor (Figure 1). The tumor growth was monitored
by total body weight, which is primarily due to buildup of the ascitic
fluid in the abdomen. The control group in which the ID8-VEGF
tumor cells were implanted in the peritoneal cavity showed a rapid
increase in body weight after 5 weeks post tumor inoculation (Fig-
ure 1A), due to the buildup of ascitic fluid in the peritoneal cavity.
In contrast, the mice in the ID8-VEGF + PTX treated group showed
a delayed growth/relapse of tumor only after 7 weeks post tumor
inoculation, indicating an initial response to PTX treatment but the
occurrence of relapse when the PTX treatment was stopped. These
observations led us to believe that repeat dosing of PTX in a ID8-
VEGF model mimics relapse of tumor observed in clinical settings.

Repeat dosing of PTX induces changes in mRNA levels of

resistance-associated genes in an EOC model

To further understand if the repeat dosing of PTX has altered the mo-
lecular profile of the tumor cells to a resistant phenotype, we have
chosen a panel of oncogenes that are involved in pathways related
to hallmarks of cancer (VEGF, EGFR, CD44, survivin, etc.) and genes
that are upregulated involved in MDR cancer (ABC transporters and
related genes). qPCR-based relative quantification of mRNA expres-
sion levels of tumor cells from the PTX group (normalized to the con-
trol group) (Figure 2A) showed 2- to 6-fold upregulation of VEGF-A,
survivin, and MDR genes (ABCB1a and ABCB1b) and statistical
significance (p < 0.01). Similarly, mRNA levels of these genes in the
metastatic tumor nodules from the diaphragm showed 2- to 8-fold
upregulation (Figure 2B). Overall, based on these results, we believe
that repeat dosing of PTX led to the changes in mRNA levels of key
oncogenes and MDR-associated genes in both the tumor cells in
the ascitic fluid as well as the tumor nodules recapitulating the molec-
ular changes in human disease.

Differential expression of clinically relevant miRNA upon tumor

relapse

Several miRNA profiling studies in clinical samples of ovarian cancer
have revealed their changes in miRNA levels, depending on the stage
of the disease and response to therapy, indicating their role in diagnosis
and treatment of the ovarian cancer. So, we sought to profile themiRNA
changes in both the PTX/relapse group as well as the control group to
understand the differentially expressedmiRNAusingNanoString assay.
To quantify themiRNA expressions in the control and relapse groups a
panel of 700 miRNA probes (Nanostring nCounter mouse miRNA
Panel v3) relevant for ovarian cancer was used for the assay, and the
expression levels, for a total of 173miRNAs, whose counts were greater
than the assay normalization controls, were used for differential anal-
ysis. For a high-level overview of data, miRNA expression levels
(counts) are plotted as heatmap with unsupervised hierarchical



Figure 1. Development of the ID8-PTX-MDR/relapse model of ovarian cancer

Time line showing tumor development and relapse. ID8-VEGF cells were inoculated in female C57BL/6 mice, followed by three doses of paclitaxel treatment (8 mg/kg i.p.) on

day 14, 21, and 28 (as indicated by the arrows), and therapy was stopped for development of relapse and naive mice ID8-VEGF ovarian cancer cell line. (A) Graph showing

tumor growth (ascitic fluid buildup) for the control group (n =8) after day 35 and relapse of tumor growth in thePTX groups (n =8) after day 49. (B) Representative images ofmice

from the naive (no abdominal swelling) group; control group, showing abdominal swelling due to buildup of ascitic fluid; andPTXgroup, showing ascites in the peritoneal cavity.
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clustering (Figure 2C). Overall, the heatmap shows distinct patternwith
higher number of miRNAs upregulated (52) in the PTX group than the
control group.Unsupervisedhierarchical clustering reveals thatmiRNA
levels of individual PTX samples is similar (correlated) to eachother and
different from control samples. This is visually represented by the com-
mon nodes joining the samples which have closest distance or pairing
together based on miRNA expression level. Overall, this indicates
distinct molecular profile of the PTX group (relapse) compared with
the control group.

To identify differentially expressed miRNAs that are associated with
chemoresistance, we have employed the following criteria:

1. miRNAs that are differentially expressed based on the NanoString
data—criteria for differential expressionwere defined as upregulated
miRNA if log2 fold change > 2 and p < 0.01, the criteria for downre-
gulated miRNA if log2 fold change <�2 and p < 0.01. These criteria
were chosen based on clinical miRNA profiling data in ovarian can-
cer (The Cancer Genome Atlas [TCGA] database).23

2. Clinically relevant miRNAs and evidence—miRNAs that are asso-
ciated with shorter progression-free survival and chemoresistant/
relapse and their expression levels from TCGA database and other
clinical data studies

For visualization of miRNA that fits the criteria 1, listed above, data
from NanoString assay were plotted in the form of volcano plots (Fig-
ure 2D). Differentially expressed miRNA, i.e., downregulated miRNA
in the PTX group, are data points in blue, and data points in red are
upregulated in the PTX group. The list of upregulated and downregu-
lated miRNA is provided in Tables S1 and S2. Next, we wanted to
understand if these differentially expressed miRNAs are clinically
relevant and if they show similar trends in sample sets from chemo-
resistant ovarian cancer patients. We relied on public databases, such
as TCGA, for ovarian cancer and other clinical datasets reported in
literature. Overall, based on the miRNA profiling studies from our
in vivo model and available clinical data, we were able to filter a few
miRNAs that are clinically relevant and associated with chemoresist-
ance, and these are summarized in Tables 1 and 2.

Overall, based on the results of gene expression profiling and miRNA
profiling, we believe that we have developed a relapse model of
ovarian cancer that has a distinct molecular profile and is associated
with PTX resistance. miRNA analysis revealed that Let7b miRNAwas
found to be the most significantly downregulated in the PTX group
and several clinical literature reports have validated the role of the
Let-7 family as tumor suppressor miRNA in ovarian cancer patients.
Combining these two data points, we hypothesized that transfection
of Let-7b miRNA mimic using HA-PEI NPs would reprogram the
cellular miRNA levels of ID8 tumor cells, downregulate key onco-
genic targets of Let7b, and lead to improvement in potency of PTX
in the resistant ID8-VEGF cell line.
Combination of HA-PEI-Let7b mimic and PTX improves the

efficacy in ID8-VEGF cells in vitro

In vitro evaluation of combination of Let7b with PTX yields

shows improvement in IC50 of PTX in ID8-VEGF-resistant cells

Naked miRNA mimics have poor transfection efficiency because they
suffer from delivery challenges in both in vitro and in vivo. HA-PEI is
a platform-based NP delivery system that has been developed by
Molecular Therapy: Oncolytics Vol. 25 June 2022 59
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Figure 2. Molecular profiling in tumor cells and

nodules from ID8-PTX-dosed ovarian cancermouse

model

qPCR data showing upregulation of gene expression for

MDR and other genes normalized to b-actin. (A) ID8 cells

sorted from ascitic fluid of tumor bearing mice ID8-VEGF

control and ID8-VEGF-PTX-dosed animals (n = 6). (B) Tu-

mor nodules derived from diaphragm of ID8-VEGF control

and ID8-VEGF-PTX-dosed animals. (C) Heatmap with un-

supervised hierarchical clustering (columns) dendrograms

show clustering of control and PTX groups-based miRNA

expression levels (rows) using NanoString analysis. Scale

showing fold changes in miRNA expression. (D) Differen-

tially expressed miRNA in ID8 tumor cells derived from as-

citic fluid using NanoString analysis of tumor cells derived

from control and PTX-treated ID8-VEGF tumor bearing

mice (n = 6). p values obtained (A and B) with Student’s

t test: **p < 0.001 or ****p < 0.0001, compared with the

control group; bars represent fold changes; adjusted p

values was obtained using Bonferroni correction method.

Upregulated miRNA was defined as log2 fold >1 (fold

change >2) and p < 0.01 and downregulated miRNA

was defined log2 fold change <�1 (fold change <�2)

and p < 0.01.
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previous laboratory members for the delivery of a various sizes of nu-
cleic acids, such as siRNA, plasmidDNA, andmiRNA.The goal of these
in vitro studies was to evaluate if Let7b (nM) delivered using HA-PEI
NPs (HA-PEI-Let7b) in combination with PTX could improve the
half-maximal inhibitory concentration (IC50) of PTX in ID8-VEGF
cells. ID8-VEGF cells were pre-dosedwithPTX (2mM) todevelop resis-
tance, as shown in the time line (Figure 3), and the % cell viability was
evaluated afterwhen ID8-PTX-dosed cells are treatedwith PTX in com-
bination HA-PEI-Let7b NPs, with Let7b concentrations ranging from
0.1 to 100 nM(Figure 3A). These results suggested that the combination
of PTX + HA-PEI-Let-7b-100 nM improves the potency of PTX at 0.1,
0.01, and 0.001mMdoses comparedwith PTX+HA-PEI-scRNA (nega-
tive control). Further, the%cell viabilitydatawas used toobtain the IC50

value of combination PTX +HA-PEI-Let7b 100 nM and other controls
(Figure 2C). As expected, we observed an increase in IC50 value of ID8-
PTX-dosed cells (8.1 mM) compared with ID8-control (0.059 mM) by
�140-fold (Figure 3B), indicating increased resistance to PTX therapy.
Interestingly, the combination of PTX +HA-PEI-Let7b-100 nM brings
down the IC50 (0.62 mM) by 13-fold. Overall, these data indicate the po-
tential ofHA-PEI-Let7b to improve the efficacyofPTXevencells,which
are refractory to PTX treatment.

Downregulation of mRNA levels of validated let7b targets using

HA-PEI-Let7b in ID8-VEGF cells

Let7b is a tumor suppressor miRNA, which mediates its anti-tumor ef-
ficacy by downregulation of several target oncogenic signaling path-
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ways, such as HMGA2 KRAS, survivin, VEGF-
A, etc.22 In addition to these genes is known to
decrease the levels of MDR-related genes, such
as IMP-1 and ABCB11.23 So, we wanted to eval-
uate the improvement in potency achieved in PTX is due to mRNA
repression of the multiple target genes at various doses of Let7bmimic,
using qPCR. Transfection experiments performed in ID8-VEGF cells
using HA-PEI-Let7b NPs at Let7b doses of 1, 10, and 100 nM show
% mRNA levels of various genes at 48 h post transfection normalized
to the control (untransfected control) using qPCR (Figure 3C). Overall,
30%–70%downregulation of targetmRNAwas observedwhen the cells
were transfected with HA-PEI -Let-7b at a 100 nM dose. For genes
HMGA2, KRAS, and survivin, which are direct targets of Let7b, we
do see a dose-dependent effect of Let7b for 100 and 1 nM doses. For
other genes, such asVEGF andMDRgenes,which are not direct targets,
we do not observe a dose-dependent effect, and this may be due to an
imperfect complementarity of Let7b sequence to these particular target
genes. Finally, the downregulation of the above genes, which are
involved in various hallmarks of cancer, such as evading growth sup-
pressors, inducing angiogenesis, evading apoptosis, and enhanced
drug efflux transporters, can lead to the inhibition of cell proliferation,
which was observed in the previous experiments.

Intraperitoneal delivery of Let7b miRNA in ID8-VEGF tumor

model

Restoration of Let7b levels in tumor nodules and

downregulation of oncogenes using HA-PEI-let7b nanoparticles

Based on the miRNA profiling data, Let7b miRNA levels are downre-
gulated in relapsed ovarian cancer in vivo. We wanted to evaluate if
administering Let7b mimic exogenously using HA-PEI-Let7b NPs



Table 1. Downregulated miRNA from NanoString data that are clinically relevant

miRNA ID Fold change (Log10 (PTX/control)) p value Validated target genes References

Let7b �4.42 2.0 � 10�5 HMGA2, VEGF, Ras family, IMP-1, MDR-1 29,31,38

miR-451 �2.56 2.5 � 10�3 CARF 39,40

miR-148a �1.93 2.0 � 10�3 c-Met 41,42
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via the i.p. route would restore the levels of endogenous levels of Let7b
in ID8-VEGF tumor inoculated mice pre-dosed with PTX (Fig-
ure 4).To this end, we have quantified Let7b miRNA levels in the dia-
phragm/tumor nodules using qPCR (Figure 4A). The results show
that Let7b levels are downregulated in resistant mice by 3.5 fold
(�250 copies/ng of RNA) compared with Let7b levels in naive mice
(�850 copies/ng of RNA) and levels of Let7b miRNA are restored
to almost baseline (�750 copies/ng of RNA) in mice treated with 3
doses of HA-PEI-Let7b NPs. We further wanted to understand if
the delivered Let7b miRNA is able to downregulate the target genes,
such as HMGA2, KRAS, survivin, VEGFA, etc., in the tumor nodules.
Relative quantification of mRNA levels of tumor nodules extracted
from ID8-VEGF tumor bearing mice dosed with Let7b using
qPCR shows a downregulation/repression of all the 8 oncogenic
mRNAs to �30%–70% (Figure 4B) compared with the control and
HA-PEI-scr (HA-PEI nanoparticles encapsulted with scrambled
RNA) - Negative control for HA-PEI-Let7b Nanoparticles. Further
magnitude of changes in these oncogenic and MDR-related genes
that we observe in vivo agrees with the data that we saw in vitro. Over-
all, based on these results, we believe that the restoration of Let7b
levels in ID8-VEGF-resistant mice using HA-PEI-let7b NPs leads
to downregulation of key oncogenes, which can further improve the
efficacy in combination with PTX.

Intraperitoneal route of administration of Let7b miRNA leads to

minimal off-target effects in non-tumor tissues

Having established that the i.p. administration of HA-PEI-Let7b NPs
was able to restore the levels of Let7b in tumor nodules, we wanted to
understand the exposure of Let7b in the tumor bearing + HA-PEI-
let7b treated group compared with the naive (no tumor) and the tu-
mor bearing + HA-PEI-scr (negative control). To this end, we have
quantified the levels of Let7b miRNA using qPCR in organs, such
as liver, spleen, and lung (Figure 4C). Because we have administered
the HA-PEI-Let7b NPs via the i.p. route, it is not surprising to observe
elevated levels of Let7b 3 doses 48 h in peritoneal organs, such as liver
and spleen of the tumor bearing + HA-PEI-Let7b treated group
compared with the tumor bearing + HA-PEI-scr. Interestingly, we
do not observe an increase in the Let7b levels in lung tissue of the
HA-PEI-Let7b group compared with HA-PEI-scr, indicating that
Table 2. Upregulated miRNA from NanoString data that are clinically relevant

miRNA ID Fold change (log10 (PTX/control) p value

miR-125b 4.41 2.0 � 10�5

miR-551b 3.23 3.2 � 10�3

miR-205 2.77 2.7 � 10�3
the particles may be localized to the peritoneal organs. However, these
Let7b levels are not statistically significant compared with the naive
(no tumor) untreated group. Additionally, we have evaluated if these
elevated levels can lead to off-target effects in these organs by quan-
tifying the mRNA levels of HMGA2 gene, which is the primary target
for Let7b miRNA (Figure 4D). To our surprise, the elevated let7b
levels do not lead to a significant change in the relative mRNA levels
of HMGA2 in all the three organs, i.e. liver, spleen, and lung, and of
the HA-PEI-Let7b compared with the HA-PEI-scr group. These re-
sults support our strategy of combination therapy of Let7b for target-
ing tumor nodules using the i.p. route with minimal off-target effects.

Improvedefficacy of combination ofHA-PEI-let7b andPTX in the

relapsed model of EOC

Encouraged by the results obtained from in vitro studies and the de-
livery potential of HA-PEI-Let7b NPs to restore the levels of Let7b in
tumor tissues, we wanted to evaluate the combination therapy (HA-
PEI-Let7b + PTX) for improvement in anti-tumor efficacy in vivo us-
ing the ID8-VEGF relapse model. The doses of Let7b (1 mg/kg) and
PTX (20 mg/kg) were chosen based on previous studies performed by
our laboratory in the ID8-VEGF model using HA-PEI NPs.12,19,24

The time line for tumor development, dosing frequency for mono-
therapy (PTX alone or HA-PEI Let7b alone), or combination therapy
PTX HA-PEI-Let7b is shown in Figure 5. Unlike other solid tumors,
in the ID8 model of ovarian cancer, tumor proliferates in the perito-
neal cavity and it is difficult to measure the exact size of tumor exter-
nally. In the ID8-VEGF model of ovarian cancer, as a result of VEGF
secretion, physiological changes occur in the walls of the peritoneal
cavity, leading to buildup of malignant ascitic fluid in the abdomen,
which in turn leads to increase in body weight. Hence, we chose to
measure body weight changes as a measure of increase in buildup
of malignant ascites fluid (Figures 5A and 5B). For the ID8-VEGF tu-
mor-sensitive group, 4–5 weeks post tumor growth inoculation, we
observed an increase in body weight (�80% compared with the naive
group) by day 55, as shown in (Figures 5A and 5B). For the ID8 tu-
mor-resistant/relapse group, which was treated with 3 doses of
PTX, body weight changes happen approximately after day 49
(7 weeks), indicating a relapse, and continues to grow until day 55
(�40% body weight compared with naive). For all monotherapy
Validated target genes References

Multiple targets (Bcl-2 antagonist killer 1 28,43

Upregulates STAT3, VEGF, HIF-1 28,44

ZEB1, TCF21, PTEN/SMAD4 45,46
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Figure 3. In vitro evaluation of combination therapy

of HA-PEI-let7b and PTX for assessing

improvement in potency of PTX and reprogramming

of target mRNA levels

ID8-VEGF were dosed with PTX for development of

resistance (day 1, 3, and 5) and allowed to recover, fol-

lowed by HA-PEI let7b nanoparticle dosing and MTS

assay readout. (A) Graph % cell viability of various com-

binations of Let7b (0.1–100 nM) with PTX (0.001–100 mM)

measured at 72 h time point. scRNA and untreated control

were used for calculating relative cell viability.

(B) Graph showing the IC50 values calculated from the

nonlinear curve fitting of % cell viability (y axis) and log10
PTX concentration (mM) on x axis. All conditions were per-

formedwith n = 4wells in a 96-well plate format with 1,500

cells/well.

(C) Evaluation of knockdown of Let7b target mRNA in ID8-

control cells 48 h post HA-PEI-Let-7b transfection at 1,

10, and 100 nM Let7b concentrations using qPCR.

Scrambled RNA control (scRNA) was used as negative

control. Untransfected controls were for normalizing the

relative gene expression. B-actin was used as a house-

keeping gene. All experiments were performed with n =

3 biological replicates and n = 3 technical/assay repli-

cates. Student’s t test was used for statistical significance

(*p < 0.05, ***p < 0.001).
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groups (PTX only or Let7b only) and PTX +HA-PEI-scr, body weight
changes observed are less than �20%, indicating the inhibition of as-
citic fluid formation due to therapy. However, for the combination
PTX + HA-PEI-Let7b, the body weight changes are less than 2% (Fig-
ure 5B), and the magnitude of reduction in body weight is statistically
significant compared with the PTX + HA-PEI-scr group. Figure 5D
shows representative images of the ID8 tumor bearing mice, showing
abdominal bloating in control and reduction of the same in the PTX
and PTX + HA-PEI-Let7b groups on day 55.

It has been demonstrated that high levels of VEGF contribute to i.p.
dissemination of ovarian cancer, leading to the subsequent growth of
i.p. tumors and formation of malignant ascites.25 Hence, we have cho-
sen to quantify VEGF levels in ascitic fluid as biomarker for tumor
growth and to evaluate the impact of combination therapy as a mea-
sure of anti-tumor efficacy (Figure 5C). As expected, both the control
groups (sensitive and resistant) show very high levels of VEGF (mean
�11,000 pg/mL), but when monotherapy was given (PTX, 20 mg/kg,
or HA-PEI-Let7b, 1 mg/kg) or negative control for combination ther-
apy (PTX + HA-PEI-scRNA), a 2.2-fold reduction in VEGF levels
(mean �5000 pg/mL) is observed, which is still high compared
with the naive or no treatment group (mean �10 pg/mL). Interest-
ingly the combination therapy of PTX + HA-PEI-Let7b (5 doses)
62 Molecular Therapy: Oncolytics Vol. 25 June 2022
shows an almost 20-fold reduction in VEGF
levels (�500 pg/mL). Although these results
are encouraging, there is room for improvement
in reduction, which can be achieved by
increasing the number of doses of HA-PEI-
Let7b. Unfortunately, this was not possible in
the current study because of two reasons A. ascitic fluid was observed
in in PTX + HA-PEI-scr for the fifth dose (day 47) and B. the control
groups (sensitive and resistant/relapse) had to be euthanized due to
high volume (>10 mL) of ascitic fluid buildup by day 55, as per the
rules of our animal protocol.

DISCUSSION
In this article, we have evaluated the effect of combination therapy of
a clinically relevant miRNA (Let7b miRNA) delivered using HA-PEI
NPs and PTX to address the unmet medical need of relapse of tumor
growth in advanced-stage ovarian cancer. ID8-VEGF is a syngeneic,
immunocompetent, and orthotopic mouse model that has been
developed to simulate several clinically relevant characteristics of hu-
man disease, such as metastasis of tumor to peritoneal cavity (i.p.
space), buildup of malignant ascites fluid, and molecular features of
elevated levels of VEGF in ascites.7,26 In our first in vivo study, we
have extended this model to recapitulate the relapse of tumor using
a repeat dosing approach, where cycles of chemotherapy (weekly
doses of PTX) were given and therapy was stopped to evaluate if
the tumor relapses. We then systematically performed molecular
profiling using qPCR to confirm upregulation of mRNA levels of on-
cogenes, such as VEGF-A; survivin; andMDR genes, such as ABCB1a
and ABCB1b, in the relapse/PTX treated group compared with the



Figure 4. Restoration of Let7b levels in tumor

nodules and downregulation of oncogenes using

HA-PEI-let7b nanoparticles

Time line showing tumor development in the ID8-VEGF

mouse model and dosing schedule for HA-PEI-Let7b.

(A) Quantification of absolute copies of Let7b in tumor

nodules 48 h post 3 doses Let7b dosing (i.p.) (n = 4 per

group). (B) Relative quantification of Let-7b mediated

target gene expression in changes 48 h post 3 doses of

HA-PEI-Let7b/scr (n = 4 per group). (C) Biodistribution

of Let7b in liver, spleen, and lung 48 h post 3 doses of

HA-PEI-Let7b dosing. (D) Relative quantification of

HMGA2 mRNA levels in liver, spleen, and lung tissues

48 h post 3 doses of HA-PEI-Let7b. Statistical signifi-

cance was evaluated using Student’s t test by comparing

ID8 tumor relapse control or naive (no tumor) with HA-PEI-

Let-7b groups (*p < 0.05,**p < 0.01, ns = not statistically

significant).
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tumor bearing untreated/control group. The panel of genes was cho-
sen based on the gene expression profiling studies performed on resis-
tant clinical ovarian cancer. Interestingly, the magnitude of these
changes is a similar order of magnitude to what has been observed
in cases of clinical samples using data from clinical literature.4

Although a few other genes (EGFR, CD44, and HIF1-alpha) were
also evaluated, the expression levels were not elevated compared
with the control group, and this could be because the control group
is also tumor bearing, which could have already elevated levels of
these genes in the tumor cells. It is worth noting that the changes
in the genes were seen not only in the tumor cells from the ascitic fluid
but also in the metastatic tumor nodules of the PTX treated/relapse
group.

In order to understand the miRNAs associated with the relapse of tu-
mor in our animal model, we performed miRNA profiling of the tu-
mor cells derived from the ascitic fluid using NanoString assay. We
were able confirm a number of validated downregulated miRNAs,
such as tumor suppressor Let7b, miR 451, and miR 148a, and simi-
larly upregulated miRNAs, such as miR 551b ,miR 205, miR 125 b,
etc., were also observed to have similar trends in clinical studies.27,28

Although there were a number of other miRNAs that were differen-
tially expressed from our data, we have prioritized clinical relevance
Molecu
and miRNAs with highest magnitude of fold
changes and statistical significance as key
criteria to further filter downmiRNA for combi-
nation therapy. We then wanted to exploit such
information obtained the miRNA profiling
analysis in order to prevent relapse of tumor
by supplementing miRNA that are downregu-
lated and are associated with chemoresistance
and poor prognosis. In the current study, based
on the NanoString assay, Let7b miRNA levels
were found to be the most significantly downre-
gulated in the relapse group. Based on the
clinical evidence in EOC patients, decreased expression of Let7b cor-
relates with aggressive, high-grade tumors and poor prognosis;
accordingly, high Let7b levels are associated with better prognosis
and prolonged patient survival.29 Functional studies have shown
that in EOC, let-7 downregulates BRCA1, RAD51, PARP, and
IGF1, resulting in increased sensitivity to chemotherapy, and longer
progression-free survival and overall survival.30 Let-7 induction of
chemosensitivity seen in vitro and in vivo is due to inhibition of
LIN28A/B, STAT3, E2F1, IMP1, and chemoresistance genes
MDR1, ABCG2, and MMP9.31,32

Taking together (1) the role of Let7b as tumor suppressor miRNA, (2)
its ability to target multiple oncogenes, and (3) most importantly, its
role in resistance development, we believe that strategy of tumor deliv-
ery of Let7bwouldbe result in cellular reprogrammingofmiRNA, lead-
ing to prevention of relapse of cancer in resistant ovarian cancer. To
achieve tumor delivery of miRNA, we have chosen HA-PEI as delivery
vehicle. HA-PEI is a modular and versatile delivery system, which has
the capability to deliver a wide variety of nucleic acids, such as siRNA,
miRNA, and plasmid DNA, by modifying the ratio of the polymer
(HA-PEI) to the nucleic acid. Previous studies conducted by our labo-
ratory have demonstrated that HA-PEI/HA-PEG containing siRNA
NPs can achieve efficient gene silencing by targeting genes MDR1
lar Therapy: Oncolytics Vol. 25 June 2022 63
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Figure 5. Improved efficacy of combination of HA-PEI-Let7b and PTX in the ID8-PTX-MDR/relapse model of ovarian cancer

Timeline for ID8-VEGF relapse development using repeat dosing of PTX (3 doses, 8 mg/kg, i.p.) on day 14, 21, and 28, followed by dosing regimen for combination therapy

(PTX, 20 mg/kg, and HA-PEI-Let7b, 1 mg/kg, i.p.) (A) Graph showing tumor growth using body weight change on y axis as a measure of ascitic fluid buildup post tumor

inoculation for various control and treatment groups. (B) Graph showing % body weight change normalized to naive (no tumor) on the y axis group on day 55 (euthanasia)

for various control and treatment groups (n = 8 per, n = 4 for naive). (C) Measurement of anti-tumor efficacy of combination therapy using VEGF ELISA.VEGF levels (pg/mL)

measured from supernatants of ascitic fluid on day 55 (n = 6–8 per group). (D) Representative images of ID8-VEGF-resistant tumor bearing mice on day 55 post tumor inoc-

ulation. Untreated control group (resistant/relapse) showing ascitic fluid buildup leading to abdominal bloating, PTX group only with ascites in the peritoneal cavity, and PTX +

HA-PEI-Let7b group with no ascites formation (p values for A, B, and C: ****p < 0.0001, ***p < 0.001, and**p < 0.01 were obtained from Student’s t test by comparing PTX +

HA-PEI- Let7b with other groups)
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and survivin-resistant ovarian and lung cancer mouse models, respec-
tively.24,33 More recently, multiple studies have demonstrated that
exogenous delivery of miRNA 125b, and miRNA 34a using HA-PEI
NPs in combinationwithPTXhas shown improved anti-tumor efficacy
in aggressive mouse of models of ovarian and lung cancers.19,21 Let7b
mimics have been recently explored as a therapeutic strategy to
suppress tumor growth using different delivery approaches, such as
encapsulation of Let7b mimics using neutral lipid emulsion (NLE) in
combinationwithmiR34 and lipid conjugatedLet7b inprevious studies
of mouse models of NSCLC (lung cancer).12,34 However, in aggressive
cases of ovarian cancer, we believe that Let7b alone would not be
enough andhence have decided to combinewith PTX as a combination
therapy. Results from in vitro studies in ID8-VEGF cells have shown
that intracellular delivery Let7b was able to significantly (10-fold)
decrease the IC50 of ID8-VEGF cells that were pre-dosed with PTX.
We were also able to show downregulation of validated targets of
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Let7b, such as HMGA2, VEGF-A, KRAS, etc., which have been shown
to improve the sensitivity of ID8-VEGF cells to PTX. To successfully
translate this approach in vivo, miRNA mimic needs to be delivered
to the tumor nodules, and, to this end, wewere able to show that 3 doses
of HA-PEI-Let7b NPs are able to restore Let7bmiRNA levels in tumor
nodules compared with naive (no tumor) mice. In the same study, we
were able to demonstrate that the increased levels of Let7b were also
able to downregulate mRNA levels of above-mentioned oncogenes
in vivo.

We then focused on evaluation of combination therapy of HA-PEI-
Let7b and PTX on anti-tumor efficacy in the relapse model of ID-
VEGF ovarian cancer. The therapeutic strategy was to supplement
the downregulated Let7b exogenously using dosing HA-PEI-Let7b
NPs (between day 28 and 49) via the i.p. route of administration.
We chose to use quantitate VEGF levels as biomarker for efficacy,
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because VEGF levels in ascitic fluid are correlated with advanced tu-
mor stages and elevated VEGF ascites levels were negatively corre-
lated with patient survival.35,36 The results indicate that the combina-
tion therapy (HA-PEI-Let7b + PTX) was successful in not only
reducing the ascitic fluid buildup but also reducing the levels of
VEGF (�500 pg/mL) by almost 10-fold compared with monotherapy
(PTX or HA-PEI-Let7b). While the combination therapy did not
completely reduce the VEGF levels to what is usually observed in
benign peritoneal fluid in humans (median,184.5 pg/mL), these levels
were certainly lower than the range of VEGF levels (2575–4650 pg/
mL) from ascites of clinical ovarian cancer. We believe that there is
still room for improvement by increasing the number of doses of
HA-PEI-Let7b (1mg/kg) beyond to maintain lower levels of VEGF.
Additionally, combining the delivery of other miRNAs, such as
miR 451 or miR 148a, which has shown to be downregulated from
profiling studies, may be able to improve the efficacy by targeting
genes, such as CARF and c-Met. However, this requires extensive
evaluation both in vitro and in vivo to make sure the combinations
of miRNA are safe and do not lead off-target effects.

MATERIALS AND METHODS
ID8-VEGF cell culture

ID8-VEGF ovarian cancer cells were obtained as a gift from Dr.
Michael Goldberg (Dana-Farber Cancer Institute). ID8-VEGF cells
were cultured in RPMI-1640 media supplemented with 10% fetal
bovine serum (FBS), 5% penicillin streptomycin/S, 1% L-glutamine,
and 0.5% sodium pyruvate in 5% CO2 at 37�C. All the reagents
were obtained from Thermo Fisher Scientific (Carlsbad, CA).

Synthesis of HA-PEI and formulation of HA-PEI-Let7b nanopar-

ticles

HA-PEI-Let7bNPswere synthesized, as described previously.37 Briefly,
100mg sodium hyaluronate, 20–40 kDa (Lifecore Biomedical, Chaska,
MN), was modified by a coupling reaction with 15 mg of branched
poly(ethyleneimine) (bPEI ), 10 kDa (Polysciences, Warrington, PA),
using 50mg of N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide hy-
drochloride (EDC, Thermo Fisher Scientific, Rockford, IL) and 50 mg
of sulfo-N-hydroxysuccinimide (NHS). For formation of Let7b,
miRNAmimic (Thermo Fisher Scientific, Carlsbad, CA) was dissolved
in nuclease-free water and added to the HA-PEI polymer (1:27 weight
ratio) to form HA-PEI-Let7b NPs.

Development of the relapsed model of ID8-VEGF syngeneic or-

thotopic model of EOC

All mice used in the below studies were purchased from Charles
River Laboratories (Wilmington, MA). Female C57BL/6 mice (8–
10 weeks old) were inoculated with 4 million ID8-VEGF cells
through i.p. injection. For the development of the relapse model, tu-
mor inoculated mice were dosed with 8 mg/kg of PTX on days 14,
21, and 28 post tumor inoculations, and the treatment was stopped.
PTX (Sigma-Aldrich, St. Louis, MO) was solubilized in 50/50 (v/v)
Cremophor EL/Ethanol (EMD Serono, Billerica, MA) at a concen-
tration of 6 mg/mL and diluted in PBS for dosing at 8 mg/kg.
Relapse of tumor was monitored by total body weight and the
buildup of the ascitic fluid in the abdomen for the ID8-VEGF tumor
bearing untreated, PTX treated, and naive groups.

Molecular profiling of relapsed/MDR model of EOC

In order to evaluate if the effects of repeat dosing of PTX altered the
molecular profile of mRNA and miRNA of tumor cells, animals from
both control and PTX (n = 6) were sacrificed 8 weeks post tumor
inoculation. An i.p. lavage was performed using ice-cold 1� PBS in
animals that did not develop tumor and, for animals that showed
abdominal bloating, ascitic fluid was drained using a 5 mL syringe
loaded with a 25G needle. Tumor nodules in the i.p. space and on
the diaphragm were also collected. Ascitic fluid samples were sub-
jected to red blood cell (RBC) lysis and stained with CD45 antibody
(BD Biosciences, San Jose, CA), followed by cell sorting equipment
(BD FACSAria Fusion, BD Biosciences), and 1 million cells per sam-
ple were collected using CD45 negative and GFP positive as gates for
sorting cells. The collected cells for each were split into two equal
parts (0.5 million) for mRNA expression using qPCR and miRNA
expression profiling using NanoString assay.

Tumor MDR gene expression analysis using qPCR

Total RNA was isolated from the sorted cells using the mirVANA
RNA isolation kit (Thermo Fisher Scientific, Carlsbad, CA), using
the vendor’s protocol. Isolated total RNA was quantified using UV
absorbance at 260 nm (NanoDrop 2000, Thermo Fisher Scientific,
Wilmington, DE). TaqMan-based gene expression assays (qPCR)
were to evaluate the mRNA expression of VEGF, EGFR, CD44, sur-
vivin, etc., and genes involved in MDR (ABC transporters and related
genes). Briefly, 1 mg of RNA was converted cDNA using reverse tran-
scription (High Capacity Reverse Transcription kit, Thermo Fisher
Scientific, Carlsbad, CA) followed by qPCR reaction (TaqMan gene
expression master mix) using Light Cycler 480 (Roche, Branford,
CT). B-actin was used a housekeeping gene. Ct values obtained for
each sample were converted to relative expression, and fold changes
(normalized to the untreated/control group) were obtained using
the DDCt method; p values were obtained using Student’s t test
(GraphPad Prism, San Diego, CA). All reagents for performing
qPCR were obtained from Thermo Fisher Scientific (Carlsbad, CA).
TaqMan primers (assay ID) were VEGFA (Mm00437306_
m1), KRAS (Mm00517492_m1), survivin (Mm00599749_m1),
HMGA2 (Mm04183367_g1), Abcb1a (Mm00440761_m1),
Abcb1b (Mm00440736_m1), IMP1 (Mm00501602_m1), MRP1
(Mm00456156_m1), and B-actin (Mm00607939_s1).

Global miRNA expression analysis using NanoString

We used NanoString nCounter platform (NanoString Technologies,
Seattle, WA) to evaluate miRNA expression with the nCounter
mouse miRNA Panel v. 3 (NanoString Technologies). The panel
included unique oligonucleotide tags for over 800 highly curated
human miRNAs (from miRbase v. 21) and five housekeeping genes
for normalization of expression between samples. Each sample was
analyzed by using 100 ng of total RNA for processing and consec-
utive hybridization (21 h at 65�C) to the probe pairs, consisting of a
reporter probe, which carries the signal on its 50 end, and a capture
Molecular Therapy: Oncolytics Vol. 25 June 2022 65
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probe, which holds biotin on its 30 end. After hybridization, sample
cleanup and counting were performed, according to the manufac-
turer’s instructions. Total RNA was extracted using RNAzol (Molec-
ular Research Center), according to the manufacturer’s instructions.
RNA quality was assessed using Agilent TapeStation 4200 (Agilent,
San Jose, CA). All RNA samples had an RNA integrity number
(RIN) above 7. Raw counts were analyzed using NanoString nSolver
software, v. 4.0. We calculated geometric means of negative ligation
controls plus two SDs for all samples. All count values below this
threshold were excluded from normalization. After that, all the
normalization steps were performed, according to manufacturers’
instructions. Only miRNAs that were expressed in 75% or more
of samples in at least one group were further analyzed. We then
selected miRNAs that showed statistical significance with p < .05.
Differentially expressed miRNAs in each group were detected by
one-way ANOVA using Partek Genomics Suite v. 7, and false dis-
covery rate (FDR) was calculated for multiple comparisons using
the q-value, FDR %0.1. The significance level for all analyses was
set at p < .05.
In vitro evaluation of Let7b delivery with HA-PEI nanoparticles

and transfection in ID8-VEGF cells

HA-PEI-Let7b NPs were prepared by complexing HA-PEI conjugate
with Let7b mimics at various doses (0.1–100 nM). For evaluation of
combination therapy (HA-PEI-Let7b + PTX), ID8 -VEGF cells
were plated in a 96-well plate and, for development of resistance,
ID8-VEGF cells were treated with a 2 uM dose of PTX every other
day in a T75 flask and subsequently plated in 96 wells (1,500 cells/
well), 12 h before transfection. Let7b transfection was performed at
24 h, followed by PTX dosing in various combinations. Scrambled
miRNA (Thermo Fisher Scientific, Carlsbad, CA) was used as a nega-
tive control; Let7b alone and PTX alone for each dose were also used
to assess the effect of combination PTX + Let7b; % cell viability for
each well was evaluated using CellTiter 96 Aqueous One Solution
Cell Proliferation Assay (Promega, Madison, WI), per vendor proto-
col. Different treatment conditions normalized to untreated cells were
performed using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay 48 h
post PTX treatment.
Downregulation of mRNA levels of validated Let7b targets using

HA-PEI-Let7b nanoparticles in ID8-VEGF cells

The experiment steps involved plating of ID8 control cells at a seeding
density of 50,000 cells/well in 6-well plates followed by transfection of
Let-7b at various doses (1–200 nM) and scRNA along non-trans-
fected control with n = 3 biological replicates; 48 h post transfection,
dosing media were removed and cells were detached using trypsin
and pelleted, followed by RNA isolation using the mirVANA total
RNA isolation kit (the RNA thus obtained was reverse transcribed
and gene expression of specific genes, VEGFA, KRAS, survivin,
HMGA2, Abcb1b [MDR 1], IMP-1, MRP1, and B-actin, was ampli-
fied, detected, and quantified by RT-qPCR using B-actin as a house-
keeping gene).
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In vivo delivery and distribution of Let7b in tumor and peritoneal

organs upon intraperitoneal administration with HA-PEI

nanoparticles

Tumor development and HA-PEI NPs were prepared, as described
previously; 48 h post 3 doses of HA-PEI-Let7b (1 mg/kg) or HA-
PEI-scRNA (negative control miRNA), all the mice were euthanized
using a CO2 chamber. Ascitic fluid/i.p. lavage was collected and stored
at �80�C for further processing. Tumor nodules were observed on
the diaphragm for the resistant/relapse control group, and, for the
other groups, diaphragm tissue was collected. Total RNA was isolated
from all mice using a mirVANAmiRNA isolation kit. mRNA levels of
target genes were quantified using TaqMan gene expression assays
(RT-qPCR), as described earlier. B-actin was used as endogenous
control, and % mRNA expression levels were obtained by normal-
izing the respective mRNA expression levels observed in the resistant
control group. The mRNA target gene expression panel for Let7b
mRNA targets was the same as previously described. For quantifying
the absolute levels of Let7b (copies/nanograms of total RNA),
TaqMan Let7b miRNA assay (assay ID 002619) was employed, ac-
cording to vendor protocol.

Therapeutic efficacy of combination Let7b and PTX in vivo in a

relapsed/MDR model of EOC

To evaluate the efficacy of combination therapy, an orthotopic and
syngeneic relapse/resistant model of ovarian cancer was developed
in C57BL/6 mice, as mentioned in the previous section. Both naive
(no tumor inoculation) and ID8-VEGF-sensitive groups (no PTX
treatment at day 14, 21, and 28) were also included; 5 doses of HA-
PEI-Let7b (1 mg/kg) NPs were administered i.p. for the combination
therapy (PTX + HA-PEI-Let7b) as well as Let7b only in the ID8-
VEGF relapse groups. Similarly, PTX (20 mg/kg) was administered
i.p. on day 40 for the combination (PTX +HA-PEI-Let7b) andmono-
therapy (PTX) groups alone for ID8-VEGF relapse groups of mice.
PTX + HA-PEI-Scr (1 mg/kg) was used a negative control. Different
control and treatment groups were euthanized between days 53 and
55, using a CO2 chamber. An i.p. lavage was performed using ice-
cold 1� PBS in animals that did not develop tumor and, for animals
that showed abdominal bloating, ascitic fluid was drained using a
5 mL syringe loaded with 25G needle. Following i.p. lavage, peritoneal
cavity was opened, and tumor nodules in i.p. space, diaphragm, and
other organs, such as liver, lung, and spleen, were collected and frozen
at �80C until further processing. VEGF levels (pg/mL) from ascitic
fluid isolated from all the groups were quantified using Mouse
VEGF Quantikine ELISA kit (R&D Systems, Devens, MA), per the
vendor’s protocol.

Statistical analyses and reporting

Statistical significance for various datasets (except NanoString) was
evaluated by Student’s t test using GraphPad Prism (GraphPad, San
Diego, CA).
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