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Abstract

Diabetes mellitus (DM), is the most common metabolic disease and is characterized by

sustained hyperglycemia. Accumulating evidences supports a strong association between DM and
numerous lung diseases including chronic obstructive pulmonary disease (COPD), fibrosis, and
lung cancer (LC). The global incidence of DM-associated lung disorders is rising and several
ongoing studies, including clinical trials, aim to elucidate the molecular mechanisms linking DM
with lung disorders, in particular LC. Several potential mechanisms, including hyperglycemia,
hyperinsulinemia, glycation, inflammation, and hypoxia, are cited as plausible links between

DM and LC. In addition, studies also propose a connection between the use of anti-diabetic
medications and reduction in the incidence of LC. However, the exact cause for DM associated
lung diseases especially LC is not clear and is an area under intense investigation. Herein,

we review the biological links reported between DM and lung disorders with emphasis on

LC. Furthermore, we report common signaling pathways (eg: TGF-B, IL-6, HIF-1, PDGF) and
miRNAs that are dysregulated in DM and LC and serve as molecular targets for therapy. Finally,
we propose a hanomedicine based approach for delivering therapeutics (eg: IL-24, HUR siRNA)
to disrupt signaling pathways common to DM and LC and thus potentially treat DM-associated
LC. Finally, we conclude that the effective modulation of commonly regulated signaling pathways
would help design novel therapeutic protocols for treating DM patients diagnosed with LC
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1. Introduction

Diabetes Mellitus (DM) is a pathological condition characterized by increase in blood
sugar levels and the loss of functional B-cell mass in the pancreas is identified to be the

key mechanism underlying DM. The p-cells of the pancreas produce the hormone insulin
which in turn promotes absorption of glucose into cells as an energy source. There are two
forms of DM is which differ from each other pathogenically: 1) Type 1 DM, or T1DM,
wherein the pancreas cannot produce insulin due to the depletion of pancreatic p-cells
mediated by autoimmune reactions (insulin deficiency); and 2) Type 2 DM, or T2DM,
which is a metabolic disorder that arises due to loss of insulin secretion coinciding with
insulin resistance by the pancreas. Both types of DM ultimately lead to hyperglycemia

and predispose individuals to other physiological disorders. Measurement of fasting plasma
glucose (FPG) and plasma glycated hemoglobin (HbALc) levels, the latter of which reflects
the mean ambient fasting and postprandial glycemic values over a 2- to 3-month period, are
widely used to determine the status of long-term glyco-regulation in patients.

The burden of DM has increased worldwide with over 450 million cases reported as of
2019 and a predicted expected total of 700 million by 2045 [1]. T1DM, arising largely
due to an individual's inherent genetic predisposition, is most often diagnosed in children
ranging from 0 to 14 years, but can also occur in individuals at any age. TLDM can

be triggered by environmental factors (viral infections, vitamin D levels, hygiene, and
exposure to ultraviolet rays or pollutants) and diet/lifestyle factors (physical activity,
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nutrition, stress, socioeconomic conditions) [2, 3]. In most cases of TLDM, onset is

sudden and is characterized by symptoms of polydipsia, polyuria, lack of energy/extreme
tiredness, polyphagia, sudden weight loss, slow-healing wounds, recurrent infections and
dehydration [4]. In summary, TIDM arises due to complex interplay of genetic, immune
and environmental factors leading to destruction of pancreatic p-cell function. Infiltrating
immune cells, suggestive of increased inflammation, have also been seen in TLDM patients
[5]. In contrast, T2DM, occurs predominantly in adults, although numerous studies report
increasing numbers in children and adolescents [6]. The numbers of people with T2DM

is significantly higher than those with T1DM); the increasing incidence of T2DM is

largely attributable to sedentary lifestyles, unhealthy dietary habits, stressful lifestyles, and
environmental conditions in addition to any underlying putative hereditary influences. Based
on these combined factors, T2DM occurs at varying rates in different racial and/or ethnic
groups.

Irrespective of DM type, increased blood glucose levels affect multiple organs, including
the kidneys, eyes, and liver, and, thus, DM patients require continuous ongoing evaluation
to assess diabetes related complications. Morbidity and mortality from DM results from
both macrovascular disease (eg: coronary artery disease, cerebrovascular accident) and
microvascular disease (eg: retinopathy, nephropathy, and neuropathy) [7]. Both diabetes
itself and diabetic medications are known to induce a wide variety of pulmonary
complications, and over the last few years many studies have identified the lung as an
impacted organ in diabetes [8]. DM patients reportedly have an increased risk of asthma,
chronic obstructive pulmonary disease (COPD), pneumonia, fibrosis and lung cancer [9].

The data suggests potentially overlapping or shared regulatory mechanism(s) between the
two pathologically different disease states i.e. DM and lung disease. This premise is further
substantiated by the ongoing clinical trials focused on DM and lung diseases (Table 1), for
example, one clinical trial (NCT02967406) is studying the role of a sedentary lifestyle as

a cause of DM, COPD and cancers. However, the relationships between diabetes and lung
disorders are not clearly understood, and elucidating how the two disease states operate

and influence each other will provide avenues to develop new treatment strategies. This
review will largely focus on the role of diabetes in lung disorders with special emphasis on
lung cancer (LC), and lead to suggestive therapeutic interventions for better management of
diabetes associated LC.

1.1. Diabetes and COPD

COPD, a condition characterized by irreversible airway obstruction, is mostly caused

by long-term exposure to harmful substances such as cigarette smoke. COPD is the

third leading cause of death, it affects 380 million patients worldwide [10], is classified

as a disease of elderly, and its prevalence increases with age. Cardiovascular disease,
diabetes, obesity and hypertension are all reported co-morbidities in COPD patients [11].
Approximately 10% of diabetes patients have COPD [12, 13] indicating a potential
relationship between the two diseases. Studies indicate that DM can worsen the disease
progression in COPD patients and increase their mortality (1.62 times) [14, 15]. Patients
with T2DM have a higher incidence of COPD, an association that is stronger in women than
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in men and in those over 65 years of age [16, 17]. The chronic hyperglycemia of diabetes
increases a patient’s risk of developing chronic airflow obstructions that subsequently impair
efficient breathing by causing mechanical dysfunction of the lungs and airways. A meta-
analysis by Bram van den Borst ef a/. showed that reduced lung function manifests as a
reduction in forced expiratory volume in one second (FEV1%, 2.8% in TIDM and 4.9%

in T2DM) and reduction of forced vital capacity (FVC %, 3.8% in TIDM and 6.7% in
T2DM) [18]. Additionally, HbAlc levels (<6% and >10%) are associated with a greater
risk (HR: 1.19, 95% CI: 1.06-1.34) of COPD in patients with T2DM [19], suggesting

that both, hyperglycemia and hypoglycemia can support development of COPD. While
hyperglycemia, oxidative stress, inflammation, and use of corticosteroid therapy could all
potentially contribute to the link between DM and COPD, the exact mechanisms and effect
of DM over COPD is not well elucidated.

Equally, manifestations of COPD can also lead to DM. The increased expression of
C-reactive protein (CRP), reflecting an inflammatory process, that is seen in the lungs

of COPD patients [20] that could further lead to development of diabetes. COPD is
characterized by increased inflammation and oxidative stress, as well as upregulation of
mammalian target of rapamycin (mTOR) [21]. A higher risk of developing T2DM in COPD
patients (1.8; 95% Cl:1.1-2.8) than in asthma patients (1.0; 0.8—1.2) may be attributable

to the different inflammatory and immune cell patterns observed in COPD (dominated

by neutrophils, macrophages, and Th1 cells) and asthma (eosinophils and Th2 cells)
respectively [22]. Interestingly, a retrospective case control study has reported a beneficial
role of T2DM on COPD and attributed this to lifestyle changes [23].

The effects of anti-diabetic medications on COPD and anti-COPD treatment modalities on
DM have also been widely studied. Metformin, a common drug used in T2DM, reduced the
risk of COPD (HR 0.46; 95% CI) when used for more than 2 years [15, 24]. Furthermore,
an observational study evaluated the effects of six-month metformin treatment in T2DM
patients with moderate-to-severe COPD and identified improved dyspnea and health status
[25]. The survival benefit observed with metformin reportedly arose from a reduction

in airways infections; metformin use leads to reduced airways glucose permeability and
decreases Staphylococcus aureus load induced under hyperglycemia [26]. In addition, gut
microbiota dysbiosis plays a role in in the progression and exacerbation of COPD [27],

and use of metformin induces compositional changes in the gut microbiota which lead to
improved insulin resistance and reduced tissue inflammation [28]. However, use of insulin,
or sulphonylurea did not associate with COPD [23]. Inhaled corticosteroids (ICS) are in
used to manage COPD and exposure to systemic corticosteroids reportedly causes a dose-
dependent increase in serum glucose concentration (hyperglycemia) in DM patients [29].
However, O’Byrne et al., [30] found no significant association between budesonide usage
and onset of diabetes or hyperglycemia in COPD patients. It is evident from these reports
that the contribution of DM to COPD remains unclear and investigations into the underlying
molecular mechanisms to identify potential causal effects are warranted.
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1.2. Diabetes and Asthma

Asthma is a chronic respiratory disease that affects approximately

8% of the population in the United States [https://www.cdc.gov/asthma/
most_recent_national_asthma_data.htm].Diabetes (T1DM and T2DM) contributes to an
increased risk of asthma, with the incidence of asthma being 47% higher in the TLDM
cohort than in non-diabetic controls [31]. Wu et a/., showed that insulin resistance and
metabolic syndrome or metabolic features common in pre-diabetes/diabetes, can further
influence asthma morbidity and that such patients have higher (27% - prediabetes and 33% -
diabetes) asthma exacerbation rates [32]. Another study reported that asthma incidence was
significantly higher (HR 1.30; 95% CI: 1.24-1.38) in a diabetic cohort than a non-diabetic
cohort after adjusting for age, sex, and obesity [33]. Increased HbA1lc (aOR; 1.38 95% ClI:
1.03 — 1.84) and insulin levels (aOR 1.02; 95% CI: 1.01 — 1.04) also lead to increased
occurrence of asthma [34]. Yang et al., reported an association between HbAlc, asthma-
related hospitalizations, and lung function among adults in the United Kingdom. HbA1c
levels in the prediabetes/diabetes range (=42 mmol/mol) were found to be associated with 1
or more asthma hospitalizations and inversely associated with FEVq and FVVC [35]. Single
nucleotide polymorphisms (SNPs) common to TLDM and asthma have also been reported;
both T1DM and allergic asthma were significantly associated with the TLR2 rs3804100 T
allele and this may be a susceptibility locus common to the two diseases [36]. Analysis of
Th1/Th2 cytokine balance in patients with TLDM and asthma revealed a similar cytokine
expression pattern but lower Th1/Th2 ratio when compared to patients with TLDM only
[37].

Chen et al., [33] investigated whether use of various anti-diabetic agents associate with

the risk of asthma; insulin use increased (OR 2.23; 95% CI: 1.52-3.58) the risk of

asthma among diabetic patients. Insulin, via activation of the phosphoinositide 3-kinase
(PI3K) pathway, promotes mast cell survival and degranulation, which in turn facilitates
bronchoconstriction and enhances airway hyper-responsiveness, an observed clinical
phenotype of asthma [38—40]. Insulin also modulates the T cell differentiation by promoting
a shift toward a Th2 type response, which is key mechanism to the pathogenesis of asthma
[41]. Inhaled insulin in diabetic patients is associated with decreased lung function as
determined by FEV4 [42]. In contrast, the use of either metformin (HR 0.80; 95% CI
0.69-0.93) or sulphonylurea (HR 0.76; 95% CI: 0.60-0.97) was beneficial and reduced
the risk of asthma [43, 44] and related outcomes, including asthma-related hospitalization
(OR 0.43; 95% CI : 0.14-1.29), asthma-related emergency room visits (OR 0.81; 95% ClI:
0.74-0.89) and asthma exacerbations (OR 0.65; 95% CI: 0.28-1.48) [45]. Metformin also
reduces both airway inflammation and remodelling /n vitroand in vivo [33, 46, 47]. In
another study, the effect of glucagon like peptide-1 receptor (GLP-1R) agonist on T2DM
patients with asthma was compared to sodium glucose linked transporter 2 (SGLT-2) and
dipeptidylpeptidase 4 (DPP-4) inhibitors, sulphonylureas and basal insulin [48]. The study
results showed that GLP-1R agonist administration in adult asthmatics with T2DM was
beneficial and reduced the number of asthma exacerbations compared to all other drugs used
for treatment intensification. It is evident that there are some therapeutic benefits in using
anti-diabetic medicines for asthma, however, the mechanism of action underlying these
beneficial effects are yet to be determined.
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1.3. Diabetes and Lung Fibrosis

Diabetes reportedly induces pathological changes including inflammation and fibrosis in
the lung tissue. Mechanisms believed to contribute to hyperglycemia-associated tissue
fibrosis include oxidative stress, deregulation of the nuclear factor-kappa B (NF-xB) and
transforming growth factor beta (TGF-B) pathways, apoptosis and endoplasmic reticulum
(ER) stress [49-52]. Additionally, deposition of extracellular matrix (ECM) proteins,
including collagen and fibronectin, by lung fibroblasts and inflammatory myofibroblasts
also contributes to lung fibrosis. Chen et a/., using a diabetic rat model showed that

sirtuin 3 (SIRT3) is important for mitigating lung fibrosis. In their study, diabetic rats
developed lung fibrosis and the fibrotic lung tissue had increased levels of N-cadherin and
alpha smooth muscle actin (a-SMA), proteins associated with epithelial to mesenchymal
transition (EMT), along with increased collagen I, collagen 111, and fibronectin expression.
Administration of bone marrow derived mesenchymal stem cells (MSCs) to the diabetic rats
resulted in increased SIRT3 and superoxide dismutase (SOD) expression with concomitant
reduction in lung fibrosis. Molecular studies revealed that SIRT3 expression by MSCs
suppressed EMT, as evidenced by increased E-Cadherin expression, and inhibited the NF-
xB/HMGB1/RAGE/NLRP3-mediated inflammatory response, and reduced apoptotic cell
death and ER stress by modulating the PI3K/AKT signaling pathway [49]. Thus, the use

of MSCs as a therapeutic approach for diabetes associated lung fibrosis was proposed.
Talakatta et al., demonstrated that both TGF-p signaling and high glucose (HG) played
arole in diabetes induced lung fibrosis [53]. TGF-p signaling promoted EMT leading to
inflammation and fibrosis while reducing glucose caused reversion to the mesenchymal to
epithelial transition (MET) phenotype. The study showed that sustained exposure to HG
conditions as a consequence of diabetes supported cell proliferation and EMT that led to
lung fibrosis and pulmonary dysfunction. Additionally, uncontrollable cell proliferation and
inflammation can increase the risk of LC development. From a therapeutic stand point,
treatment with the GLP-1R agonist exendin-4 partially reduced the hyperglycemia-induced
tissue damage by reducing glucose levels and oxidative stress. However, use of this molecule
also reduced insulin signaling and collagen accumulation which in turn increased lung injury
thereby limiting its usefulness [54]. The studies described show a clear association between
diabetes and lung fibrosis, and several signaling pathways contributing to the disease have
been identified. However, there are significant gaps in the field that require study, and
improved treatments to manage diabetes-induced lung fibrosis are needed.

1.4. Diabetes and Cancer

Cancer primarily occurs due to gene alterations and mutations that confers uncontrolled
proliferation and survival on tumor cells. In recent years, both metabolism and aberrant
metabolic activity have been linked to cancer. Epidemiologic and clinical studies indicate a
complex relationship between diabetes, obesity and the incidence of cancer. Both TIDM and
T2DM are associated with an increased risk of cancer progression. For example, diabetes
may perturb various cell signaling mechanisms that are crucial for the initiation and or
progression of tumorigenesis; it does so via hyperglycemia, which drives malignant cell
growth, hyperinsulinemia, which impacts cell survival and mitogenesis, and inflammation
[55, 56]. Thus, understanding the molecular changes occurring in DM, especially at the
cellular level, will provide insights into their role in cancer and offer therapeutic strategies
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to mitigate cancer growth. While DM is associated with a broad spectrum of human cancers
(including pancreatic, ovarian, breast, and uterine among others) [57], in the following
sections we will discuss the putative association of LC with DM with particular emphasis on
molecular signaling pathways shared between the two diseases and therapeutic strategies to
disrupt such signaling pathways using nanomedicine.

1.4.1 Lung cancer (LC)—LC is the leading cause of cancer related mortality
worldwide. Epidemiologic studies suggest that diabetic patients are at a significantly higher
risk both for developing LC and for LC-associated mortality (HR 1.27; 95% CI: 1.07-1.50)
[58, 59]. Pre-existing diabetes had an adverse effects on cancer patient survival, including
those with LC, and was associated with increased mortality (HR 1.44; 95% ClI: 1.40-1.49)
compared to cancer patients without diabetes [57]. Higher fasting blood glucose (>126
mg/dL) is an independent prognostic factor contributing to higher risk (69% greater) and
mortality rates in non-small cell lung carcinoma (NSCLC) patients [60]. Furthermore, the
hyperglycemic environment of diabetes was associated with different survival outcomes

in patients diagnosed with NSCLC and those with small cell lung cancer (SCLC) [61].
NSCLC patients with DM who underwent surgery as first line treatment had poor survival
compared to those patients without DM undergoing surgery; for NSCLC patients receiving
chemotherapy DM-status did not impact survival. In contrast, SCLC patients with DM and
receiving chemotherapy or chemo-radiation therapy had poor survival compared to SCLC
patients without DM. These studies show that DM, in addition to playing an important

role in LC development, also influences treatment response and survival outcomes. While
the mechanism by which DM influences LC growth and treatment response is unclear,

one explanation put forth is that higher expression of insulin receptor (IR) and insulin-like
growth factor (IGF), in addition to apart increasing serum insulin levels, may contribute to
LC growth and metastases; higher plasma IGF-I levels was associated with increased (OR
2.06; 95% C1:1.19-3.56) risk of LC [62]. Another study reported that greater expression of
IGF-1 receptor (IGF-1R) and insulin receptor substrate 2 (IRS-2) in NSCLC patients with
T2DM, negatively correlated with lymph node metastases and tumor staging [63].

Additional factors contributing to LC progression include HG. Increased HG levels
suppressed miR-194 and concomitantly increased miR-194 regulated nuclear factor of
activated T cells 5 (NFAT5) in NSCLC cell lines resulting in increased cell proliferation,
invasion and migration [64]. NFAT5 is known to play a role in cell differentiation

and inflammation during embryogenesis and has an oncogenic role in human cancers.

In NSCLC with DM, miR-194 was significantly reduced with concomitant increase in
NFAT5 expression compared to NSCLC without DM. HG was also shown to promote

LC cell proliferation, migration and angiogenesis-related proteins (VEGF, HIF-1a.) by
modulating the receptor for advanced glycation end-products (RAGE)/Nicotinamide adenine
dinucleotide phosphate oxidase (NOX)-4 [65]. Both, RAGE and NOX4 are associated with
DM and reactive oxygen species (ROS)-mediated oxidative stress, and inhibiting RAGE/
NOX4 reduces the proliferative and migratory activity of NSCLC cell lines. Thus, HG-
mediated increased ROS and inflammation in DM could support LC progression. Alisson et
al., reported that exposure of A549 LC cells to HG (25 mM) increased TGF-f secretion and
expression of O-glycosylated oncofetal fibronectin that promoted EMT and tumorigenesis
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[66]. HG also confers proliferative and cell survival advantages by inhibiting the growth
arrest-specific 5 (GAS5) —TRIB 3 axis [67] and potentially promotes resistance to anticancer
drugs via JINK-mediated downregulation of the p53 pathway [68]. Finally, a retrospective
study showed increased peritumoral inflammation (r=0.377; £<0.05), programmed death-
ligand 1 (PD-L1) positivity (<50%), and disease recurrence (HR: 3.08; 95%CIl: 1.027-9.23)
in diabetic NSCLC compared to non-diabetic NSCLC [69]. The authors concluded that
metabolic reprogramming due to DM likely contributed to increased PD-L1 expression and
immune suppression leading to disease aggressiveness and recurrence. Thus, investigating
how DM modulates the immune cell milieu will likely offer new avenues for incorporating
immunotherapy for diabetic LC patients.

The association between T2DM and LC is also attributable to a sedentary lifestyle that
results in the formation and accumulation of advanced glycation end products (AGEs). AGE
derivatives (carboxymethyllysine (CML), argpyrimidine, and pentosidine) are formed by the
glycosylation of sugars with macromolecules including proteins and lipids. The interaction
of AGE with their receptor (RAGE) results in aberrant cell signaling and ROS generation
leading to inflammation which culminates in cell damage [70, 71]. RAGE, which is highly
expressed in normal lung tissues, was markedly reduced in NSCLC and that was associated
with higher tumor stage (TNM) [72]. Similarly, higher levels of CML were observed ina LC
animal model suggesting its involvement in the development and progression of LC [73]. All
of the above reports indicate that DM plays an important role in the growth and progression
of LC.

1.5. Molecular signaling pathways common to diabetes and LC

Diabetes and cancer, albeit differing in their patho-physiology, have significant overlap

in the important molecular signaling pathways and associated proteins. For example,
inflammation, angiogenesis, cell proliferation, cell death, and DNA damage, along with

the various proteins (eg: TGF-B, IL6, PDGF, HIF-1, VEGF, c-myc, p53, NF-xB, ROS, AKT,
mTOR) and nucleic acids (miRNA, mRNA, IncRNA) that regulate these processes, are both
shared and are reported to be deregulated in diabetes and LC (Figure 1). Therefore, a better
understanding of these commonly altered pathways will help in identifying molecules as
therapeutic targets for use in diabetic LC patients. The following sections provide examples
of few dysregulated molecular signaling mechanisms in DM and LC; the information
provided herein is not exhaustive and readers are advised to refer additional literature.

1.5.1. Transforming growth factor (TGF) - B signaling—TGF-f is involved

in various biological processes that includes regulating cell growth and differentiation,
apoptosis, angiogenesis, and remodeling of the ECM [74]. TGF-B/Smad3 signaling regulates
glucose tolerance and energy homeostasis as well as insulin gene transcription in the
pancreatic islet p-cells. Dhawan et al., showed that TGF-B/Smad3 signaling activates and
maintains p16'"k4a expression to prevent B-cell replication [75], and that inhibiting TGF-f
signaling with small molecule inhibitors reduces p16'"4a and promotes B-cell replication

in human islets transplanted into non obese diabetic (NOD) - SCID IL-2Rg, null mice

[75]. Finally, diabetes induced fibrotic changes in the lung occurs via the TGF-p1 signaling-
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mediated EMT pathway [53]. Thus, TGF- signaling blockade is likely to be beneficial in
both diabetes and diabetes-induced lung fibrosis [76].

TGF- signaling is also important in cancer, including LC; TGF-B primarily promotes
tumorigenesis and metastases by suppressing the immune system. In LC, high TGF-p
expression is associated with advanced tumor stage, lymph node metastases, and worse
survival, and thus, higher TGF-B expression is an indicator of poor prognosis [77]. In a

3D co-culture model of cancer-associated fibroblasts and LC cells, knockdown of TGF-p

(1 and 2) caused anti-proliferative effects and attenuated fibroblast-mediated collagen gel
contraction, resulting in reduced LC cell invasion [78]. Abrogation of TGF-p (1 & 2) using
neutralizing antibodies, antisense oligonucleotides, and small molecule inhibitors has been
tested as a potential cancer therapeutic in several preclinical studies [79, 80]. Assessment of
anti-TGF therapies for LC has also proceeded to the clinical trials stage (clinicaltrials.gov).
An ongoing phase I/11 clinical study is currently testing stereotactic ablative radiotherapy in
combination with the anti-TGF antibody (fresolimumab) in stage I/I1 LC (NCT02581787).
In another study, a bispecific fusion protein targeting PD-L1 and TGF-p receptor 11 (M7824)
is being assessed in combination with radiation for treatment of SCLC (NCT03554473). For
additional clinical trials focused on TGF-targeted therapy in LC, readers are advised to visit
www.clinicaltrials.gov.

It is evident that TGF-p plays an important role in DM, DM induced lung fibrosis, and
LC. Thus, modulation of TGF-p will prove beneficial in improving DM status by restoring
pancreatic p-cell function and in the process reducing LC tumor progression and metastases.

1.5.2. Interleukin (IL)-6 signaling—The pleiotropic cytokine IL-6 is primarily
involved in inflammatory and immunological processes and dysregulation of IL-6 signaling
is implicated in the pathogenesis of TIDM and T2DM [81, 82]. Systemic IL-6 is elevated

in TLDM and T2DM patients [83, 84], and high circulating levels of IL-6 is considered

to be an independent predictor of T2DM [85]. In addition, the IL-6 gene polymorphisms
-174G>C (rs1800795) and -573G>C (rs1800796) also have a significant association with
the incidence of T2DM [86]. In addition to the role of the pro-inflammatory cytokine IL-6 in
insulin resistance, studies also report the involvement of IL-6 inhibition in improving insulin
sensitivity, glucose homeostasis and inflammation in T2DM [87-89]. The effects of IL-6 on
insulin sensitivity and glucose metabolism is context specific and appears to vary among
different tissues. Akbari ez a/, [90] have suggested exploiting the therapeutic potential of
selective IL-6 trans-signaling inhibition for management of T2DM; targeting IL-6-mediated
chronic inflammation and signaling may be beneficial in T2DM treatment.

IL-6 is also well studied for its role in EMT, tumor progression and metastasis of

NSCLC [91]; higher systemic IL-6 levels are prognostic factor for NSCLC patients [92].
High expression of IL-6 and the IL-6 receptor components gp80 and gp130 in NSCLC
tissues indicate a possible role for IL-6-mediated signaling of downstream molecules (i.e.
JAK/STAT, AKT, ERK) in promoting NSCLC [93]. The IL-6 promoter polymorphism
(rs1800796), associated with T2DM, is also associated with increased risk of LC as well as
prostate and colorectal cancers [94]. IL-6 reportedly enhances interactions between NSCLC
cells and lung fibroblasts leading to increased EMT, chemoresistance and tumor progression
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by enhancing TGF-p signaling [95]. IL-6 also modulates the NF-xB signaling pathway
which increases T-cell immunoglobulin and mucin domain containing 4 (TIM-4) expression
and promotes migration, invasion and EMT of NSCLC cells [96]. Blockade of I1L-6, on

the other hand, apparently reprograms the lung tumor microenvironment and reduces tumor
progression in K-Ras mutant lung tumors [97]. Nanomedicine-based treatment strategies
for reducing IL-6 signaling in cancer has also been investigated. Polymeric and liposome
based delivery of IL-6 SiRNA, and IL-6R antibodies reduced cell proliferation in breast

and colorectal cancer cells, and melanoma [98] and inhibited metastasis in mouse models
of breast cancer [99]. Although the role of IL-6 in LC is well established, a significant
knowledge gap exists regarding the complex molecular mechanisms of I1L-6 signaling in the
development of T2DM. Since a humanized anti-1L-6 antibody (ALD518) was tested in a
Phase I clinical trials for treatment of NSCLC with fatigue and cachexia (NCT00866970)
[100], it would be worthwhile to study the therapeutic effect of ALD518 in T2DM.

In summary, therapeutic interventions capable of inhibiting the pro-inflammatory and
deleterious effects of 1L-6, without compromising its beneficial effects, including metabolic
functions, would undoubtedly help treat T2DM and T2DM-associated LC.

1.5.3. Hypoxia inducible factor (HIF)-1 signaling—Cells must adapt to various
physiological and pathological conditions to survive; under hypoxic conditions, rapidly
proliferating cells (eg: embryogenesis, tumorigenesis) adapt to survive by activating the
DNA binding transcription factor, HIF. In hypoxia, the HIF family of proteins induce the
expression of many genes (eg: VEGF, PDGF, erythropoietin, and angiopoietin, among
others) that facilitate metabolic reprogramming of the cell and enhance angiogenesis
thereby promoting cell survival. Among the HIF family members, HIF-1a is the most
studied and is known to play an important role in several human diseases including
atherosclerosis, pulmonary hypertension, diabetes and cancer. Under normoxia, HIF-1a
undergoes proteasomal degradation in the cytoplasm. However, under hypoxia, HIF-1a
translocates to the nucleus where it dimerizes with HIF-1p thus becoming functional

and transcriptionally activating its downstream targets that are essential for survival,
angiogenesis, metabolism, and EMT. Similar functions can be assigned to HIF-2a. due based
on homology with HIF-1a, however, this review will focus on HIF-1a in the context of DM
and cancer. For in-depth information on HIFs and their role in hypoxia, readers should refer
to the literature.

HIF-1 signaling is required to maintain the normal homeostasis and function of the pancreas
and pancreatic p-cells. However, HIF-1 signaling is deregulated in diabetes and diabetes-
associated disorders [101]. In diabetes, the pancreatic islets are hypoxic and HG exacerbates
hypoxia [102]. In T1DM, activation of HIF-1a signaling in the pancreatic p-cells protects
against p-cell depletion [103]. Furthermore, deletion of HIF-1a in @ NOD mouse model led
to increased incidence of virus- and toxin-mediated T1DM, thus highlighting the importance
of HIF-1a in pancreatic p-cells in preventing TLDM [104]. HIF-1a signaling and HIF-1a
also reduce diabetic nephropathy and increase wound healing by promoting angiogenesis;
nephropathy and poor wound healing are important complications of DM [105-107]. Thus,
HIF-1 activation in diabetic tissues may be important in treating DM and diabetes-associated
sequalae.
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In contrast, HIF-1 activation in cancer is deleterious. HIF-1a activation in cancer

cells especially under hypoxia, is associated with cell survival, angiogenesis, EMT and
metastasis. In addition, in the hypoxic center of a tumor, HIF-1a activation promotes drug
resistance. HIF-1a expression has been reported in many human cancers and regulates
numerous growth factors and oncogenes [108]. In NSCLC, HIF-1a mRNA expression
positively correlates with VEGF and hexokinase type 1l expression [109]; additionally,
HIF-1a expression associates with disease progression and poor prognosis in node-positive
patients. Gao et al., reported that HIF-2a, but not HIF-1 a, contributed to poor prognosis
in NSCLC [110]. HIF-1a was recently shown to modulate the tumor microenvironment and
create an immunosuppressive environment in LC cells by upregulating PD-L1 through the
involvement of NF-xB and EZH2 [111, 112]. Finally, resistance to chemotherapy in LC
has been attributed to HIF-1 and HIF-1-induced glycolysis [113]. Thus, HIF (-1a, —2a)
are important in cancer development and progression and represent a potential therapeutic
target.

Since HIF (-1a, —2a)) plays an important role in cancer, nanomedicine-based drug delivery
systems have been tested to knockdown HIF-1 in many cancers including LC. Delivery

of echinomycin, an inhibitor of HIF-1a in a liposomal formulation showed suppression of
TNBC metastases in tumor xenograft models with no treatment-related toxicity [114]. Chen
et al., showed treatment of nasopharyngeal carcinoma with HIF-1a siRNA encapsulated in
TPGS-b-poly(e-caprolactone-ran-glycolide) NPs reduced HIF-1a levels and inhibited tumor
growth both, in vitroand in vivo [115]. These studies suggest similar HIF-1a targeted
nanomedicine approaches can be applied for LC treatment.

While HIF-1 expression is associated with deleterious effects in cancer, it does have a
beneficial role in diabetes. Hence, the management and treatment of diabetes-associated LC
using HIF-1 targeted therapeutics would need to be carefully designed and tested.

1.5.4. Platelet derived growth factor (PDGF) signaling—PGDF, via multiple
mechanisms, promotes cell proliferation, growth, and migration. Deregulation of PDGF
signaling occurs in several human diseases including diabetes, fibrosis, cancer, and
atherosclerosis, among others [116]. Activation of PDGF occurs by binding of four PDGF
polypeptides (A, B, C, and D) to form five functional growth factors (PDGF-AA, -BB,

-AB, -CC and -DD). Binding of functional PDGF (AA, -BB, -AB, -CC and -DD) to

its receptors (PDGFR-a and PDGFR-) results in activation of downstream signaling and
elicits appropriate functions. For more information on PDGF, readers are directed to an
available comprehensive review [117]. Herein, we briefly discuss PDGF role in diabetes and
cancer.

PDGEF signaling in diabetes, especially in gestational diabetes, causes dedifferentiation of

B cells which leads to p-cell dysfunction [118]. Overexpression of PDGF-AA, as well

as hypomethylation at a CpG site in PDGF-AA, both reportedly increase T2DM risk,
hyperinsulinemia, insulin resistance, and steatohepatitis risk [119]. Similarly, overexpression
of PDGF-A and PDGF-B contribute to fibrosis in diabetic nephropathy [120], and PDGF-
BB-mediated P38 MAPK activation leads to chronic inflammation in the vascular smooth
muscle cells of diabetic rats [121].
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Altered PDGF expression and signaling is also reported in lung diseases, including LC.
High tumor-cell expression of PDGF-B and PDGFR-a correlated with poor survival

and is a negative prognostic indicator for survival [122]. In contrast, high PDGFR- a
expression in stromal cells was an indicator of increased survival while high PDGFR-f
expression was associated with poor survival [123, 124]. It is important to note that PDGFR
expression varies in NSCLC subtypes and in squamous cell carcinoma [123], suggesting a
careful analysis of PDGF/PDGFR is warranted for diagnostic and prognostic assessments.
In the context of PDGF/PDGFR-targeted therapeutics, small molecule kinase inhibitors,
antibodies, and aptamers have been tested and show efficacy in preclinical studies [125-
127]. Olaratumab, a human anti-PDGFR-a monoclonal antibody (IMC-3G3) is undergoing
clinical testing in human cancers (NCT02783599, NCT02677116, NCT03086369). In a
phase 11 clinical study, treatment of NSCLC patients with olaratumab in combination

with chemotherapy showed no improvements in progression free survival (PFS) or overall
survival (OS) [128]. In summary, aberrant PDGF/PDGFR signaling is a common feature

in both diabetes and lung diseases, including LC, and targeted therapy to modulate PDGF
levels in both, LC and T2DM has promise.

1.6. Therapeutic interventions for DM associated LC

1.6.1. Anti-diabetic drugs for LC—Metformin and thiazolidinediones (TZDs) are

two anti-diabetic drugs that have been tested for their anticancer properties and have

shown efficacy against LC in preclinical studies [129, 130]. In a mouse model of LC,
metformin treatment reduced the tumor burden by 53-72% [131]. Metformin chemotherapy
significantly improved survival (PFS: 8.4 months and OS: 20.0 months) in diabetic NSCLC
patients [132]. Similarly, exposure to either metformin and/or TZD in T2DM patients
reduced the likelihood of developing LC [130]. However, an aggressive disease phenotype
was likely in T2DM patients who did develop LC while receiving metformin. Metformin/
insulin treatment was also shown to lower the risk (metformin HR 0.82; 95% CI: 0.72-

92 and insulin HR 0.65; 95% CI: 0.44-95) of LC-specific mortality [133]. Metformin in
combination with epidermal growth factor-tyrosine kinase inhibitors (EGFR-TKI) show an
enhanced therapeutic effect and increased PFS (9.2 months; 95% ClI: 8.6-11.7) and OS
(33.4 months; 95% ClI: 29.4-40.2) in T2DM patients with LC. Additionally, metformin

plus EGFR-TKI combinatorial therapy was superior to that of EGFR-TKI plus other
hypoglycemic agents in NSCLC patients with T2DM [134, 135]. TZD, like metformin,
reportedly reduces the risk of LC by 33% in diabetic patients [136]; TZD treatment reduced
the expression of the anti-apoptotic, immunosuppressive and inflammatory prostaglandin E2
in NSCLC cell lines [137] and reduces the risk of LC by 33% [138]. Additional anti-diabetic
agents such as SGLT2 and DPP4 inhibitors have also been reported to have beneficial
effects on LC. While each of these anti-diabetic agents have shown antitumor activity, the
molecular mechanism by which they operate varies and extensive and discussion of such is
beyond the scope of this review. A single center, randomized Phase 2 trial of metformin in
treating glucocorticoid-induced diabetes in patients with melanoma, LC and breast cancer
with brain metastases is ongoing (NCT04001725). Results from the clinical study may
elucidate the mechanism by which anti-diabetic drugs regulate cancer growth or prevention.
In summary, use of anti-diabetic treatment modalities is anticipated to have beneficial effects
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in the management and treatment of LC, the efficacy of such treatments could be improved
by using novel delivery systems described in section 1.7

1.6.2. Drug delivery approach targeting molecules/pathways to mitigate DM
associated LC

1.6.2.1. Molecular targeting of human antigen R (HuR): HuR is an RNA-binding
protein which regulates the stability and transcription of numerous mRNAs whose protein
products are known to promote cell growth (c-myc, c-Fos), cell cycle (p21, cyclin D, E),
survival (Bcl-2, XIAP, Mcl1), angiogenesis (VEGF, HIF1), cytokines and growth factors
(TNF, PDGF, IL-6, TGF-B), migration and invasion (MMP-9, uPA and uPAR), EMT (Snail,
TGF-B), inflammation (COX-2, iNOS, IL-8) and immune evasion (TGF-B, MKP-1, PD-L1),
etc. [139]. Thus, HuR likely plays an important roles in various normal and pathological
conditions in humans.

In the context of lung diseases, Wang et al., reported that induction of PDGF elevated HUR
expression in cultured airway smooth muscle cells [140]. The increase in HUR expression
further led to enhanced expression of TGF-B1 and inflammatory cells indicating a HUR/
TGF-p1 feedback loop that regulated airway remodelling /n vivo and in vitro in asthmatic
conditions. Thus, targeting HuR and interrupting the HUR/TGF-B1 circuit may make an
impact in the management of asthma. HuUR is also reported to mediate TGF-p1-induced pro-
fibrogenic actions in hepatic stellate cells [141]. Finally, HuR knockout in skeletal muscle
of mice results in a metabolically inflexible phenotype with mild obesity and impaired
glucose tolerance [142], while decreased expression of oxidative phosphorylation, fatty acid
transport, and mitochondrial fatty acid metabolism genes along with decreases in protein
levels of molecules in the mTOR signaling pathway was reported [142]. All of these findings
support a role for HUR in lung diseases, fibrosis and metabolism.

In cancer, HUR is overexpressed in multiple human cancers and is associated with poor
prognosis. HUR overexpression correlated with tumor progression, metastasis and drug
resistance [143], and suppressing HUR expression specifically in cancer cells would
result in global knockdown of oncoproteins and pronounced antitumor activity. Thus,
HuR is a promising molecular target for cancer therapy [144]. Wang et a/., used small
interfering RNA (SiRNA) based approaches to target HUR in LC cells [145]. Although
there was reduced HUR expression along with changes in cellular localization, the siRNA
based interventions have certain limitations that restrict their use. First, the efficiency/
bioavailability of siRNA largely depends on the route of administration, while their net
negative charge makes it difficult to penetrate biological membranes and their relatively
small size leads to rapid renal clearance by the kidneys. Their relatively short half-life along
with threat of unmodified or naked siRNAs undergoing nucleases-mediated extracellular
degradation poses another challenge. The many barriers to siRNA delivery are detailed

in a recent review by Sajid et a/. [146]. Incorporating various chemical modifications

into siRNAs or the use of nanoformulations can ameliorate, at least partially, the above
drawbacks. Studies from our own laboratory, as well as others, have developed and tested
various drug delivery strategies targeting HUR for cancer treatment. Muralidharan et al.,
using a tumor-targeted cationic lipid-based nanoformulation demonstrated that systemic
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delivery of HuR-specific siRNA (Figure 2A) significantly suppressed tumor cell growth
and migration /n vitro and inhibited growth of local and experimental lung metastases

in vivo [147, 148]. Interestingly, they showed that silencing of HUR not only reduced
expression of several oncoproteins in the tumors but also produced complete tumor
regression in few of the mice (Figure 2B) [148]. In another study, co-delivery of cisplatin
and HuR siRNA encapsulated in a folate receptor targeted dendrimer nanoparticle showed
additive to synergistic antitumor activity against human LC cells [149]. Combining HUR
siRNA-nanotherapy with the CXCR4 inhibitor AMD3100 disrupted the CXCR4/SDF
signaling and resulted in inhibition of LC cell migration and invasion [150]. Incorporating
radiation therapy with HUR siRNA nanotherapy induced oxidative stress and DNA damage
resulting in enhanced antitumor activity [151]. Molecular studies showed that silencing HUR
prevented efficient repair of radiation induced DNA damage making the tumor cell undergo
apoptotic cell death [152]. In ovarian cancer, delivery of HUR siRNA using a folic acid
derivative DNA dendrimer (3D nanocarrier) resulted in anticancer activity both /n vitroand
in vivo [153].

Targeting HUR using small molecule inhibitors (CMLD2, MS-444) also results in antitumor
activity in glioma, thyroid cancer and colorectal cancer [154-157]. Romeo, et al., showed
MS-444-mediated inhibition of HuR restored TRAIL sensitivity in pancreatic tumor cells
[158]. More recently, the HuR inhibitor KH-3 was demonstrated to interrupt the interaction
between HuR and FOXQ1 and suppress breast cancer invasion and metastasis [157]. Recent
studies also indicate a role for HUR in modulating the immune response. Depletion of

HuR from macrophages and glial cells resulted in significant reduction in glioblastoma
growth and was associated with reduction in tumor cell PD-L1 expression with concomitant
increases in macrophages of the M1 phenotype and CD4+ T cells infiltration [159]. Liu

et al., recently reported a direct association between HuR and PD-L1, and treatment with
MS-444 resulted in reduction in both HuR and PD-L1 and suggested that incorporating
PD-L1/PD-1 immunotherapy will likely restore the host immune response and improve

the efficacy of MS-444 and other HuR-targeted therapeutics[160]. We have demonstrated
that silencing of HUR while having inherent antitumor activity, also increased cell surface
PD-L1 expression in LC cells (unpublished data) supporting the incorporation of anti-PD-L1
immunotherapy with HuR-targeted therapy. However, further detailed studies focused on
the molecular mechanism(s) by which HuR regulates PD-L1, and possibly other immune
checkpoint proteins, are essential before incorporating immunotherapy with HuR-targeted
therapy.

As well as playing a role in cancer progression, HuR is also associated with muscle wasting
and atrophy. Muscle wasting, or cachexia is a debilitating and common condition among
cancer patients that is aggravated by cancer treatments. Sanchez et al., using muscle-specific
HuR knockout mice showed that loss of HUR prevented muscle loss due to cancer cachexia
[161]. In another study, HUR was shown to regulate inflammation induced muscle wasting
by competing with micro (mi) RNA-330 for binding to the 3’ untranslated region (UTR) of
STAT-3 [162]. miR-330 promotes muscle wasting, and its displacement by HuR suppresses
STAT-3 mediated muscle wasting. All of these studies convincingly demonstrate HUR is a
valid molecular target for cancer therapy. A careful design of drug delivery approaches to
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selectively disrupt HUR functions in cancer cells, immune cells and skeletal muscles could
significantly impact in cancer management and treatment outcomes.

Another important aspect to consider is that many of the HuR-regulated mRNASs and their
protein products identified and reported as overexpressed in cancer are also known to be
modulated in DM and DM-associated lung diseases. For example, Amadio et a/., showed
that lipoplexes-mediated HUR siRNA delivery to the eye of streptozotocin (STZ)-induced
diabetic rats significantly reduced vascular endothelial growth factor (VEGF), a molecular
target of HUR and prevented diabetes induced retinopathy [163]. The study established the
proof-of-concept of targeting HUR for managing diabetes-associated retinal diseases. Thus,
availability of HuR-targeted therapeutics that specifically suppress HUR in the desired target
cells (i.e. cancer and skeletal muscle among others) will be beneficial in treating both

DM independent LC and DM-associated LC. Additionally, HuR-targeted therapeutics will
potentially be beneficial in treating DM-associated lung diseases and other complications
(eg: retinopathy).

1.6.2.2. Interleukin (IL)-24: IL-24 also referred to as melanoma differentiation associated
gene-7 (mda-7) is a member of the IL-10 cytokine superfamily and is located on
chromosome 1 at 1932. [164, 165]. Members of the IL-10 family, in addition to 1L-10

and IL-24, include IL-19, IL-20, IL-22, and IL-26. IL-24 was originally identified in
human melanoma cells that were allowed to differentiate with IFN-y [166]. The I1L-24
cDNA encodes an evolutionarily conserved protein of 206 amino acids with a predicted
size of 23.8 kDa. Presence of three glycosylation and five phosphorylation sites in

the IL-24 protein sequence have been predicted, and to a certain extent validated by
functional studies [164, 167]. Additionally, demonstration that the IL-24 protein undergoes
ubiquitination and proteasomal degradation suggests that the protein is susceptible to a
variety of post-translational modifications, a feature that is typically observed in a classical
tumor-suppressor gene [168]. Finally, a secretory signal sequence present in the 1L-24
cDNA enables the protein to be secreted and available in soluble form to exert its
autocrine and paracrine functions by binding to one of the two heterodimeric receptors
complexes, IL-20R1/IL-20R2 and IL-22R1/IL-20R2 [164, 165]. These unique features

of 1L-24 distinguishes it from other family members, leading to its testing as a cancer
therapeutic and as a pro-inflammatory Th1 cytokine.

The first report of 1L-24 to functioning as a tumor suppressor gene involved overexpressing
exogenous IL-24 in human breast cancer cells and showing tumor growth inhibition [169].
Follow-up studies showed IL-24 mRNA, but not the protein, was detected in human cancer
cell lines and tissues. Furthermore, loss of IL-24 protein expression in melanoma and LC
was associated with disease stage and poor prognosis [170, 171]. In addition, intravenous
delivery of 1L-24 plasmid DNA containing DOTAP: Cholesterol NPs suppressed tumor
growth and metastasis in A549 LC xenograft model (Figure 3) [172]. These results indicated
that IL-24 is required to suppress tumor growth and its loss likely contributes to tumor
progression. No 1L-24 gene mutations or polymorphisms have been reported to-date. Based
on these initial reports, our laboratory as well as several others, have tested IL-24 as a
cancer therapeutic against numerous human cancer models both /in vitroand in vivo [167,
173-177]. These studies conclusively demonstrate exogenous expression of 1L-24 results
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in antitumor activity thus confirming IL-24 is a bona fide tumor suppressor. Additionally,
combinatorial therapies with radiation, chemotherapy and small molecule inhibitors can
enhance the antitumor activity of I1L-24 [177-186]. The molecular mechanism by which
IL-24 exerts its anticancer activities varies among the cancer cell types tested and is cell type
dependent. Modulation of several molecules and pathways (PKR [187], PERK, Fas/FasL
[188], MAPK [JNK, ERK], AKT, mTOR, beta-catenin/Wnt signaling, NF-xB, STAT-3, and
Gli-Hedgehog signaling [189], and iNos [190] among others) by IL-24 have been reported
[168, 173, 176-179, 182, 184]. However, studies of the role of IL-24 mediating tumor cell
death converge on the mitochondria, where it activates pro-apoptotic proteins and caspases
resulting in apoptotic cell death.

As well as from inducing tumor cell death, IL-24 inhibits cell migration and invasion by
downregulating MMPs (MMP-2 and -9), PI3K, FAK, CXCR4 chemokine, and modulating
EMT (cadherin, TWIST, TGF-B) [191, 192]. IL-24 also inhibits tumor angiogenesis by both
intracellular and extracellular mechanisms of action [182, 193-195]. The extracellular mode
of action involves binding of IL-24 to its receptors and the resulting inhibitory activity

on VEGF-mediated angiogenesis. The intracellular mode of action involves inhibiting

the Src-STAT3 pathway leading to reduction of VEGF. In addition to VEGF, 1L-24 also
modulates IL-8 and HIF-1a expression in LC cells (unpublished data). Finally, I1L-24
inhibits inducible nitric oxide synthase (iNOS) and an inverse correlation between 1L-24
and iNOS was reported in melanoma [190].Since iNOS can also regulate angiogenesis it

is possible that 1L-24 mediated antiangiogenic activity is in part, due to iNOS inhibition, a
possibility that has not been tested to date. Finally, 1L-24 has pro-immune properties and
stimulates the host immune response to effectively suppress tumor growth [196-198] The
anti-tumor response involved activation and infiltration of CD8+ T cells along with release
of pro-inflammatory cytokines (TNF, IL-1, IFN-y, IL-12). The studies clearly demonstrate
IL-24-mediated antitumor activity involves multiple mechanisms and pathways, that underly
it’s testing in the clinic for cancer treatment [199, 200].

Of note, many of the signaling molecules and pathways and cytokines/chemokines regulated
by IL-24 are also reported in lung diseases [201-204] and diabetes, suggesting a potential
overlap of the signaling mechanisms in LC lung diseases and diabetes. For example,
deregulation of the angiogenic process is common in both, cancer and diabetes leading

to severity of the diseases. Since, IL-24 can inhibit angiogenesis, its application in the
treatment of diabetes-associated retinopathy and poor wound healing is a possibility [205].
Thus, with careful experimental design for each disease setting, it is worthwhile to test the
therapeutic benefits of 1L-24-based therapy not only in LC but also in COPD, lung fibrosis,
and diabetes. The caveats associated with these therapeutic approaches would be ensuring a
suitable route of administration (i.e, intraperitoneal, intravenous, intraocular, subcutaneous,
intradermal, etc.) to achieve maximum bioavailability. In addition, the drug delivery vehicle
(i.e. liposomes, dendrimers, exosomes, metals, polymers, etc.) will need to be optimized
for each disease condition to achieve maximum benefit and clinical relevance. Furthermore,
adequate precautions must be incorporated in order to limit toxicities associated with use of
these therapeutic approaches.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raguraman et al.

Page 17

Nanomedicine based approaches for DM and Cancer

Owing to their small size, biocompatibility, and ease of multi-functionalization
nanotechnology-based applications are increasingly used to deliver therapeutics and
monitor treatment response. The potential of nanotechnology-based therapy in medicine
has supported the development of multiple novel drug and nanoparticle formulations
incorporating metallic nanoparticles, polymeric nanoparticles, dendrimers, liposomes,
extracellular vesicles or exosomes containing drugs and other target moieties [206, 207].

Diabetes research is one of the few areas where nanotechnology has been effectively
transformed from basic research findings to the clinic. The hand-held glucometer is one

of the most sophisticated product of nanotechnology-based engineering products available
to date. Following this success, research is ongoing to develop tools for sustainable delivery
of insulin [208], and for reactivation of damaged B-cells in the pancreas. One approach
aims to re-initiate insulin production for TLDM management by delivering biologics such
DNA (for gene therapy) and siRNA [209]. Similar approaches are being assessed for T2DM
to sensitize cells to insulin and induce glycolytic metabolism. Nanomedicine approaches
have been actively explored for diabetes [210] and cancer research [207] in context of
therapy as well as for diagnostics. Doxil (Doxorubicin hydrochloride liposome) is a widely
used nanomedicine application for the treatment of ovarian cancer and multiple myeloma.
Delivery of biologics, including small molecule inhibitors or ligands for certain receptors
that are overexpressed in cancer or diabetes and described in the earlier sections of this
review, can be actively pursued via nanotechnology-based approaches. Our laboratory has
developed several nanomaterial-based therapeutic delivery strategies for targeting one key
oncogenic molecule, namely HuR, in LC [147] and melanoma [211]. Using nanotechnology,
the role of several regulatory molecules like miRNAs could also be deciphered to explore
their potential role in cancer and diabetes. Table 2 describes a list of mMiRNAs that are
involved in regulation of LC and DM physiology. Effective modulation of these miRNASs
would alter the expression of key tumor suppressor genes and oncogenes and lead to
desired therapeutic effect. In the following subsections, we will discuss many technologies
in different categories of nanotechnology involved in therapeutic delivery and diagnostics
applied for DM and LC.

1.7.1 Polymer-based nanomaterials—Owing to their high biocompatibility, ease of
fabrication in a variety of structures, biomimetic nature polymeric materials are a preferred
choices for developing drug delivery vehicles. Biodegradable polymers such as poly (lactic
acid) (PLA), poly (lactic-co-glycolic) acid (PLGA), gelatin, albumin, and chitosan have
consistently demonstrated sustainable release of drugs and are widely used as delivery
vehicles for therapeutics as approved by Food and Drug Administration (FDA) [212-
214]. Nanoparticles have been widely used both for insulin delivery and management

of diabetes associated complications [208, 210]. Attaining efficient bioavailability of
insulin is an essential requirement for effectively treating insulin-dependent TLDM. To
address this, Damge et al., developed a polymer based vehicle using poly (e-caprolactone)
and a polyacrylic polymer, Eudragit RS for oral delivery of insulin. They achieved

high encapsulation efficiency (96%) and anti-diabetic effects characterized by decreased
fasting glycemic values and increased serum insulin levels which were attributed to
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the mucoadhesive properties of Eudragit RS [215]. Malathi et a/,, also developed a D-a.-
tocopherol poly (ethylene glycol) 1000 succinate (TPGS)-emulsified poly (ethylene glycol)
(PEG) - PLGA nanoparticles (NPs) for oral administration of insulin and demonstrated

a two-fold decrease in serum glycemic levels in diabetic rats [216]. Diabetic retinopathy
(DR), a diabetes-associated complication causes vision impairment, and VEGF-A and
matrix metalloproteinase-9 (MMP-9) are two crucial proteins involved in its initiation

and progression. Zeng et al., utilized a PLGA based nanoparticle, prepared by double
emulsion method, to deliver IL-12. The IL-12 NPs reduced MMP-9 and VEGF-A levels and
decreased retinal neovascularization in DR mice [217]. Furthermore, fenofibrate - an agonist
of peroxisome proliferator-activated receptor-a. (PPAR-a) reportedly protects against DR.
The drawbacks of conventional systemic administration of fenofibrate were avoided by
encapsulating fenofibrate within a PLGA nanoparticle. This system, by reducing retinal
dysfunctions in terms of vascular leakage and VEGF levels, has showed promising results
using STZ-induced diabetic rats [218]. Diabetic ischemic ulcers are another complication

in diabetic patients, often leading to neuropathy and resulting in amputations of the

feet. The angiogenic process is pivotal in the process of wound healing and delivery

of VEGF-A and PDGF-B through PLGA nanospheres resulted in improved repair of
diabetic foot ulcers in STZ induced rat models [219]. Interestingly, angiogenesis is also

a hallmark of cancer progression, and in many tumors VEGFR is overexpressed. Thus,
targeting of the tumor with VEGF/VEGF-conjugated polymeric NPs can be beneficial

for developing anti-cancer based therapeutics. Several polymer-based vehicles have been
developed and assessed for delivery of anti-angiogenic therapeutics in different cancer
models. In addition to VEGF, PLGA based NPs have been developed for carrying

various chemotherapeutic drugs like paclitaxel (PTX), cisplatin (CDDP), and therapeutic
biomolecules such as sSiRNA, miRNA, peptides and plasmid DNAs (Figure 4) [220].
Recently, Varani et al., developed a VEGF-PLGA-based theranostic and tested its diagnostic
ability in BALB/c mice bearing a syngeneic tumor. VEGF-PLGA-NPs exhibited a 1.75
times higher accumulation at the tumor site when compared to PLGA-NPs [221]. Polymeric
nanoparticles have great potential for application in cancer theranostics and is an area of
extensive active investigation. A detailed review of PLGA based therapeutic interventions in
cancer was presented by Rezvantalab ef al. [222].

1.7.2 Metallic Nanoparticles—Over the past few years, nanoparticles synthesized from
metals, including gold, silver and iron, have been used to carry therapeutics and/or serve as
contrast agents for imaging and theranostics. Metallic nanoparticles offer various advantages
including: a) their inert nature offers high degree biocompatibility and low immunogenicity;
b) the enhanced permeability and retention (EPR) effect contributes to sustained release

of drugs leading to enhanced therapeutic effect; c) their ease of multi-functionalization for
delivering multiple therapeutics/target moieties simultaneously; and d) ease of size /shape
tuning for altering their loading capacity [223].

Zhang et al., created gold nanoclusters (AuNCs) and loaded them with 3-
aminophenylboronic acid (PBA) (glucose responsive factor) for sustainable and targeted
release of the loaded insulin to create an AUNC-PBA-insulin complex. This complex
aided in rapid insulin release based on changes in glucose concentration levels in a
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T1DM mouse model for up to 3 days [224]. Islet transplantation is a current treatment
modality for management of TLDM, and use of conventional delivery methods to deliver
therapeutic cargo to islet cells has been challenging due to poor penetration capability. To
circumvent this problem, Cy5-gold NPs (GNPs) oligonucleotide conjugates were utilized
and this model demonstrated enhanced uptake of molecular cargo in pancreatic islets
without perturbing the normal cellular function [225]. GNPs have also been used to deliver
anti-VEGF drug Sorafenib tosylate for management of DR [226]. Insulin loaded chitosan
iron oxide nanoparticles (IONPs) [227] and superparamagnetic iron oxide nanoparticles
(SPIONSs) [228] have also yielded favourable results in the management of diabetes.
Studies demonstrate SPIONS function by activating hepatic PPAR-gamma coactivator 1-
a, adipocytokines, or by regulating the lipid metabolism directly, and deliver profound
anti-diabetic effects in T2DM mouse models [229]. SPIONSs are also being exploited as
contrast-imaging agent in Magnetic Resonance Imaging (MRI) to determine successful
islets transplantation [230]. MRI was also used to study the bio-distribution of nanoparticle
and drug 2-(1"H-indole-3"-carbonyl)-thiazole-4-carboxylic acid methyl ester based delivery
system in TLDM mouse models[231] SPIONs conjugated with quercetin have also been
successfully tested to treat DM associated cognitive decline [232]. In addition to use as

an imaging agent, IONPs have also been incorporated in development of nanosensors for
monitoring blood glucose levels [233].

Metallic nanoparticles have also been used in the field of cancer therapeutics. In LC
research, both GNPs [234] and IONPs [235, 236] have been extensively studied for its

use in drug delivery, imaging, and theranostics. Ramalingam et a/., utilized doxorubicin
conjugated GNPs stabilized with polyvinylpyrrolidone to inhibit growth of LC cells. This
system upregulated the expression of various tumor suppressor genes and induced apoptosis
in LC cells [237]. Folic acid (FA) - conjugated PEG modified SPIONS labelled with Cy5.5
have been used to develop optical imaging system that was used for the diagnosis of LC in
mice models [236].

1.7.3 Lipid based nanoparticles / liposomes—Liposomes have emerged as a
promising means of drug and gene delivery. Liposomes are small nano-sized vesicles

made of single or multiple layers of lipids, and they can efficiently carry hydrophilic

or hydrophobic drugs encapsulated within them. Liposomes are synthetic NPs that very
closely resembles biological vesicles and are considered an efficient drug carrier. Current
methods of drug administration in DM, i.e. oral or subcutaneous injections, have limitations
in terms of enzymatic degradation and poor absorption, which can result in instability

and skin allergies. Liposomes that can encapsulate and protect drugs and deliver them

to the intended site, avoiding such limitations [238]. Liposomes have been used for oral
delivery of insulin to hepatocytes in order to enhance insulin absorption, however, there are
limitations that restrict their optimal use [239]. Kapoor et a/., showed that PEGylation of
liposomes provided greater stability in systemic circulation, leading to prolonged insulin
release in diabetic rats and a hypoglycaemic effect; these findings reflect the true potential
of liposomes as drug delivery vehicles [240]. Genetic manipulation by genome engineering
is another treatment option that is being actively explored to treat DM (both T1IDM and
T2DM). The challenge of this treatment method is ensuring precise delivery of modified
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therapeutic cargo to the target site. Genome alteration using the CRISPR/Cas9 complex for
DM treatment has been attempted by Cho et al; they used lecithin liposomes to deliver Cas9
with a single-stranded guide RNA (sgRNA) ribonucleoprotein (Cas9-RNP) directed towards
DPP-4 with an aim of regulating GLP-1 function in T2DM db/db mice [241].

In the context of LC, Lipoplatin (liposomally-encapsulated form of cisplatin) is currently
under fast-track approval by the U.S. FDA for clinical use. Devarajan et al., showed use

of lipoplatin therapy had significantly lower nephrotoxicity compared to cisplatin alone

in rat models [242]. PTX is another chemotherapeutic drug widely used for treating LC.
Wang et al., conducted a phase 1 clinical trial of PTX delivery by liposome in 12 NSCLC
patients and identified better pharmacokinetics, efficacy, and lower toxicity associated with
intrapleural PTX liposome injections [243]. A liposome based targeted PTX delivery system
to strategically direct the drug to tumor sites, especially those with multidrug resistance
(MDR), enhanced efficacy and specificity; Jiang et al., developed a dual liposome delivery
system that releases drug based on extracellular pH and has a modified lipid peptide -
D[KLAKLAK]2 (KLA) attached to it. This system showed an efficacious therapeutic effect
in LC A549 cells and A549/Taxol drug resistant cells [244]. In our own laboratory, we

have developed and successfully tested tumor-targeted folate receptor-a (FRA)-targeted
DOTAP: Cholesterol lipid nanoparticles containing HUR siRNA (HUR-FNP) in LC cells
and preclinical LC models [147, 148]. In addition to the above-mentioned examples,
liposomes-based treatment strategy have been adopted for other treatment modalities like
cancer vaccines, adjuvant and neo-adjuvant interventions, and theranostics. For more details
on nanoparticle- and liposome-based delivery systems in LC, readers are directed to a review
by Babu et al. [207].

1.7.4 Exosomes for drug delivery—Exosomes are tiny nano-sized vesicles produced
by all cells and they have the unique ability to carry biomolecules between different cells in
the body. As an analogy, exosomes are often considered as cargo carriers in the body and,
due to this property, they are also being exploited as drug carrier vehicles [245]. Several
studies have loaded therapeutics on exosomes and evaluated their ability to deliver drugs

to the desired site [246, 247]. Exosomes reportedly have significant structural similarities
with liposomes. However, exosomes have an edge over conventional synthetic liposomes,
particularly as regards an absence of immunogenic response, ease in loading hydrophilic and
hydrophobic drugs, and multi-functionalization of surface among others.

Exosomes normally have a profound effect on the surrounding cells, culminating in
perturbation of cellular physiology [248]. Such effects can be seen in both normal and
pathological conditions such as diabetes and cancer. In many instances, exosomes serve as
an integral component of various cellular events in DM including glucose homeostasis. In
an interesting study, when miRNAs were packaged into exosomes derived from the adipose
tissue macrophages of obese mice and the exosomes administered to lean mice, the recipient
animals developed glucose intolerance and insulin resistance. In contrast, when exosomes
isolated from lean mice were administered to obese mice, their glucose tolerance and
insulin sensitivity improved [249]. Exosomes are also known to impart immunoregulatory
functions, leading to autoimmune diabetes. In TLDM intracellular membrane proteins
usually act as target autoantigens. Cianciaruso et a/., showed that exosomes derived from

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raguraman et al.

Page 21

rat and human pancreatic islets contained membrane proteins, including glutamic acid
decarboxylase 65, islet-associated protein 2 and proinsulin, that act as autoantigens and

in turn activate dendritic cells which may lead to initiation of autoimmune responses in
T1DM [250]. The insulin resistance in T2DM develops by dysregulation of obesity and
accumulation of fat in the adipose tissue. Recently, exosomes isolated from adipocytes have
been shown to carry sonic hedgehog which modulates the immune system and induces pro-
inflammatory signaling leading to insulin resistance. In addition, several exosomal miRNAs
and IncRNAs have been identified and shown to have a putative role in pathogenesis of
T1DM and T2DM [251]. Many of such miRNAs and proteins are also being explored as
biomarkers for diagnosis of DM and to evaluate the therapeutic responses.

Exosomes, similarly to liposomes, can be engineered or tailored for their therapeutic use

as drug delivery carriers. Loading of therapeutics into exosomes can be broadly divided
into two basic approaches: (a) exogenous loading which involves loading of therapeutic
cargo (like small RNAs, proteins, DNA and drugs) into the lumen of exosomes by various
physical methods including incubation, electroporation, and sonication among others; or
(b) endogenous loading, which involves using de novo synthesis machinery to package

the chosen therapeutic cargo into the exosomes. Alvarez-Erviti et al., performed the
pioneering study of adding siRNA exogenously into exosomes. They used dendritic cell
derived exosomes and electroporation to load exogenous siRNA into exosomes which
resulted in loading efficiencies of up to 25%. The loaded exosomes showed a successful
therapeutic effect on the targeted brain cells after crossing the blood—brain barrier [252].

In our laboratory we have successfully employed incubation technique to exogenously

load GNPs-Doxorubicin conjugates into exosomes (nanosomes) for selectively delivering
drug moiety to LC cells [253]. The second method of endogenous loading encompasses
transfecting ShRNA/mMiRNA/siRNAs in donor cells for expressing the target moiety and
further harvesting exosomes from the transfected donor cells for therapeutic purposes.
Using the exogenous loading strategy, Ohno et al., stably transfected human embryonic
kidney (HEK) cells with pDisplay GE11 peptide to generate GE11 peptide expressing
exosomes. Subsequently, the GE11 transfected HEK cells were subjected to second round of
transfection with let-7a miRNA and the exosomes isolated from the cells expressed GE11
and contained let-7a miRNA. Administration of the GE11 positive exosomes containing
let-7 miRNA to mice bearing breast cancer resulted in tumor suppression [254]. 1zco et al.,
combined exogenous and endogenous loading approach for delivering shRNA minicircles
(shRNA-MCs) into the brain for preventing Parkinson disease. In their study primary
dendritic cells were transfected with the Rabies Virus Glycoprotein (RVG)-Lamp2b peptide
to produce RVG expressing exosomes. The exosomes were subsequently exogenously
loaded with alpha-synuclein sShRNA-MCs by electroporation. Systemic administration of
the alpha-synuclein shRNA-MCs loaded exosomes decreased the aggregation of alpha-
synuclein normally seen in Parkinson conditions and offered therapeutic benefits in disease
management [255].

In context of diabetes, human urine-derived stem cell exosomes also offered a protective
role against diabetes induced kidney injury [256] and hind limb ischemia [257]. Urine-
derived stem cell exosomes in T1DM rats reportedly carried TGF-p1, angiogenin and bone
morphogenetic protein (BMP)-7 in their lumen and gave favourable response for protection
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from diabetes-induced kidney injury [256]. The regenerative property of exosomes derived
from stem cells has been extensively explored for preventing damage and repairing organs
by DM. The regenerative and immunomodulatory properties of stem cell exosomes have
been proposed to have a protective role against autoimmune destruction of pancreatic islets
in TIDM [258]. Exosomes have also been implicated in diabetic wound healing [259].
Geiger et al., used human fibrocyte-derived exosomes to demonstrate an increased rate of
wound healing in diabetic mice. The study identified exosome cargo to contain HSP-90a.,
activated STAT3, proangiogenic miRNAs (namely miR-126, miR-130a, miR-132), anti-
inflammatory miRNAs (miR124a, miR-125b), and a microRNA regulating collagen
deposition (miR-21). This cargo content mainly responsible for promoting angiogenesis,
migration, and proliferation of keratinocytes resulting in enhanced wound healing. This
study gives strong evidence of using fibrocyte cell-derived exosomes to treat diabetic ulcers
or wounds [260].

Exosomes have also been widely studied in almost all cancer types including LC. Over
the last 20 years, exosomes and more specifically the molecules contained in their lumen,
have been implicated in various tumor-related pathways including initial inflammation,
EMT, angiogenesis, metastasis, and resistance to therapy [261, 262]. Multiple studies
have also explored the role of exosomes in pathogenesis of lung morbidities, such as
COPD, and further substantiated their use as biomarkers and diagnostics [263]. Tan et
al., isolated and quantified exosomes from stable COPD patients and patients with acute
COPD exacerbations. The found elevated levels of plasma exosomes in both types of
COPD patients when compared to healthy, non-smoking controls; the levels of plasma
exosomes were further reported to correlate with markers of inflammation [264]. Bazzan
et al., took a more specific approach, and isolated exosomes from bronchoalveolar lavage
fluids of non-smokers, smoker with or without COPD, and idiopathic pulmonary fibrosis.
They found higher levels exosomes in smokers irrespective of COPD status compared to
the non-smokers [265]. In addition to having significant intrinsic health-associated roles,
exosomes have also shown their potential for therapy.

Exosomes have recently garnered much attention in the management of lung and other
cancers, largely based on their ability to deliver therapeutic cargoes in a targeted fashion.

In one of the earliest study, Kim et al., studied exosome-based PTX drug delivery, for
treating MDR cancer; they reported a 50 fold increase in activity against drug resistant
MDCKMDR1 (Pgp+) cells when PTX was delivered in exosomes. The study also showed
that exosomes delivered to the airways co-localized with cancer cells in a mouse model

of Lewis lung carcinoma pulmonary metastases, thus substantiating a potent therapeutic
effect [266]. In a follow up study, the same group delivered PTX exosomes conjugated

with aminoethylanisamide — PEG and demonstrated enhanced therapeutic efficacy [267].
Our laboratory also works at the forefront of developing exosome based delivery system

for anti-cancer drugs. We have established a unique and novel approach of combining
drug-conjugated metallic nanoparticles, such as GNPs, SPIONS with exosomes (Figure 5).
Using this approach, we have sustainably delivered therapeutics selectively to H1299 and
Ab549 LC cells with minimal toxicity to non-cancerous cells [253]. Other investigators have
examined the de novo effect of exosomes in cancer progression. Mesenchymal NSCLC cells
derived exosomes exhibit the potential to transfer their acquired chemoresistance phenotype
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to surrounding epithelial NSCLC cells. The study further reported that levels of ZEB1
MRNA, a transcription factor involved in the process of EMT, were increased in the parental
human bronchial epithelial cells (HBECs) when exosomes from oncogenic mesenchymal
HBECSs were added [268].

Although exosomes have recently engendered much interest as delivery vehicles, there
remain several pitfalls that must be addressed before they can transition to the clinic. Issues
including scaling up of exosome production, isolation of pure homogenous populations of
exosomes, and methods to develop controlled loading of therapeutics remain unresolved.
Nevertheless, the progress made in the last decade clearly indicates the bright future of this
technology. With the rapid addition of investigators and scientific groups to the field of
exosome research, we anticipate these hurdles can readily and rapidly be overcome.

In summary, we have demonstrated that there are many common targets between DM and
LC (Figure 1) and the above-described nanoparticles can be effectively used for developing
efficient and precise therapeutic modalities.

1.8. Conclusions and future perspectives

Diabetes mellitus (DM) incidence continues to increase around the world and poses major
challenges, in particular when associated with secondary diseases. Effective management
of DM in order to maintain normal blood glucose levels includes dietary management

and daily exercise supplemented with anti-diabetic drugs (metformin sulfonylureas, TZD,
GLP-1 agonists, DPP-4 inhibitors) or insulin. The evidence increasingly supports the role
of diabetes in contributing to additional pathological conditions such as fibrosis and many
cancers including LC. However, the precise mechanisms that link DM (T1DM, T2DM) with
lung diseases and LC is not clear and is an area under intense investigation. Molecular
studies reveal significant overlap in the signaling pathways in DM and cancer suggesting
that early onset of diabetes with sustained inflammation may provide an environmental
niche for cells to become susceptible to fibrosis and transformation and/or promote tumor
cell survival, growth, and metastasis. Thus, inhibiting or disrupting signaling pathways
shared by diabetes and cancer could be effective in managing diabetes-associated cancers.
This contention is supported by the observation that diabetic patients treated with metformin
exhibit significant reduction in the incidence of LC. In addition to metformin, other
anti-diabetic drugs have also been reported to exhibit anticancer activities in preclinical
studies. In the context of biologics, many have been tested specifically geared towards
either DM or LC, but very few to none have been investigated in the context of DM and
cancer. In this review we have given examples of two biologics (IL-24 and HuR) that
modulate molecules shared by DM and LC and that are potentially be useful in treating
DM-associated LC. However additional studies testing IL-24 and HuR-targeted therapies in
relevant experimental models with diabetes and LC are necessary. Additionally, applying
multi-omics approaches such as genomics, transcriptomics, proteomics, and metabolomics
will lead to identification of new therapeutic targets; bridge existing knowledge gaps

and provide novel information relevant to disease progression. For instance, a recent
investigation by Chen et al,, utilized a combination of metabolomics, proteomics and
peptidomic to decipher the biological characteristics and signatures involved in metabolic
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disorders like DM and obesity [269]. A review by Gan et al.,, reported various miRNAs and
protein biomarkers identified using transcriptomics- and proteomics-based approaches for
diagnosis of diabetes [270]. Table 2 lists certain miRNAs obtained from high throughput
genomic or transcriptomic technologies that are commonly dysregulated in LC and DM and
can thus serve as potential targets. These commonly regulated miRNAs could be further
analysed to provide valuable insights into the pathogenesis of diabetes associated LC.
Finally, the availability and testing of additional therapeutics (biologics, synthetic small
molecule inhibitors) targeting the identified new targets shared between DM and LC and
using innovative and novel nanodrug delivery platforms (Table 3) would potentially have a
significant impact in managing DM-associated LC in the clinic.
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SOD Superoxide dismutase

SPIONS Superparamagnetic iron oxide nanoparticles
STZ Streptozotocin

T1DM Type 1 diabetes

T2DM Type 2 diabetes

TGF-B Transforming growth factor beta

TIM-4 T-cell immunoglobulin and mucin domain containing 4
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Figure 1.
Schematic showing mechanistic links between, and therapeutic approaches for treating,

diabetes and lung diseases. (A) signaling pathways and molecules triggered in diabetes that
are shared in cancer and contribute to lung diseases. (B) molecules that are dysregulated in
diabetes and cancer and regulated by both HuR and IL-24. Delivery of siRNA targeted to
HuR or IL-24 plasmid DNA for inhibiting molecules expressed in both diabetes and LC.
(C) nanoformulations that can be used for delivering HuUR siRNA or IL-24 plasmid DNA.
Images were created with Biorender.com.
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Figure 2.

Nanomedicine based approaches for delivering HUR siRNA in LC cells. (A) Schematic
representation of synthesis and TEM characterization of HuR siRNA - folate nanoparticle
(FNP) prepared with DOTAP: Cholesterol, and (B) reduced expression of HuR in

mouse A549 LC models treated with HuR — transferrin liposomal nanoparticle (TfNP)

when compared to control. Image reproduced from Muralidharan et a/., 2016 [148] and
Muralidharan et al., 2017 [149] that is under an open access Creative Commons CC BY 4.0

licence.
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Figure 3.
Delivery of DOTAP: Cholesterol based IL-24 nanoparticle reduced tumor burden and

metastases in A549 mouse lung tumor models in comparison to control PBS treated and
empty vector treated control (CAT — nanoparticle). Image modified and reproduced from
Ramesh et al., 2004 [172].
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Figure 4.
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Nanomedicine based approaches for delivering therapeutics to LC cells. (A) TEM images
of PLGA - Chitosan nanoparticle (CSNP) for co-delivering RGD (arginine-glycine-aspartic
acid) peptide and PTX to integrin avp3 receptors, (B) % drug loading and encapsulation
efficiency of the nanocarrier and (C) /n vitro drug release data from unmodified and
modified nanocarrier. Image reproduced from Babu et a/., 2017 [220] that is under an open
access Creative Commons CC BY 4.0 licence.
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Figure 5.
Exosomes as carrier of therapeutics. Schematic representation of exosomes functionalized

with SPIONS carrying anti-cancer drugs such as doxorubicin/cisplatin for targeting
transferrin receptors in LC cells.
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