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Representative immunoblots of the different anti-metastatic proteins (EGFR
and B1-Integrin) and anti-apoptotic proteins (BAX, BCL-2, Caspase-3; C3,
cleaved caspase-3; CC3) and housekeeping protein GAPDH. B:
Representative immunoblots of B-1 integrin, CC3, C3 and housekeeping

134

XV



protein B-actin in 4T1 cells after being treated with different concentration
of exosomes. C. Graphical representation of ratio of cleaved caspase-3 and
caspase-3 (CC3/C3) and BAX and BCL-2 (BAX/BCL-2). In both the cases,
the individual protein expression was first normalized and quantified with
respect to the housekeeping protein GAPDH followed by calculating
respective ratios. D: Differential expression of EGFR upon different
treatments. E: Differential expression of mentioned proteins to evaluate the
effect of exosomes in cells

5.11

Representative plasma concentration-time profile of Taxotere® and Exo-
DTX in in vivo pharmacokinetic study. The dataset is presented as mean
(n=3) £ SEM.
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6.1

Schematic diagram for the preparation of EX0(PANssa+prx). Step I
Preparation of PANasa+pTx, Step I1: Preparation of exosomal fragments (EF),
and step Il1: Preparation of Exo(PANssa+prx.
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6.2

Optimization of blank PAN based on particle size, zeta-potential and
absolute intensity (Kcounts/s). (A) Effect of molar ratio of
NazHPO4:KH2PO4 (varied from 5:1 to 5:3) at 10 mM sodium chloride. (B)
Effect of concentration of sodium chloride (0/ 10/ 20/ 150 mM) with
optimized NazHPO4:KH2PO4=5:3 (C) Effect of PAH concentration (0.01-1
mg/mL) in optimized PBS (NazHPO4:KH2PO4: NaCl: 5:3:10). The PAN
particles thus formed were compared to PAH (1 mg/mL) in water. (D) Effect
of PAH concentration on the zeta-potential of the blank PAN when the
concentration was varied between 0.01-1mg/mL in modified PBS and
compared with PAH (Img/mL) in dl water (E) Effect of dilution. All
experiments were performed in n=3 (three independent experiments),
statistical significance was ascertained by one-way ANOVA with Tukey’s
comparison test, *p<0.05, **p<0.01, ***p<0.001.
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6.3

Optimization and characterization of PANbrx formulation. Effect of pH
(5.5, 7.2, and 9.4) of reaction medium on, (A) particle size (hm) and zeta-
potential (mV) and, (B) derived count rate (KCPS). (C) Effect of pH and
concentration of NaCl on %EE of DTX, (D) DTX quantified in the
formulations before and after dialysis, (E) representative particle size
distribution and zeta-potential graphs and, (F) Representative morphology
of the PANbrx using FESEM at magnification 30,000X, scale bar 3um.
Data are represented as mean(n=3) £ SD, where one-way ANOVA with
Tukey’s test was used for determination of the statistical significance;
*p<0.05, **p<0.01 and ***p<0.001.
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6.3

Characterization of PAN-RNA formulations by comparative particle size
and zeta-potential graphs. (A) Comparative particle size of Blank PAN,
RNA (2pg), and PAN-RNA with R ratio of 1.214 in modified PBS. (B)
Comparative zeta-potential graph of blank PAN, Pan-RNA, PANrna+DTX,
and Exo (PANRrna+pTx) indicating efficient formulation development
leveraging electrostatic interaction. Effect of varying amount of RNA on the
(C) particle size (nm) and (D) zeta-potential (mV) of the PAN-RNA using
R ratio 1.21 in modified PBS. Representative (E) particle size (hm) and
absolute intensity (Kcounts/s) and (F) Zeta-potential(mV) indicating
formation of PAN-RNA and PANRrna+DTX.
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6.4

Characterization of PANrna formulation by particle size and zeta-potential
measurement (A) Particle size of blank PAN, RNA (2 pg) and PANgrna at R
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ratio of 1.214 in modified PBS. (B) Zeta-potential of blank PAN, PANRrna,
PANrna+pTx, and Exo (PANrna+pTx) indicating efficient formulation
development leveraging electrostatic interaction. Effect of varying the
content of RNA on (C) particle size (nm) and (D) zeta-potential (mV) of the
PANRna at R ratio 1.214 in modified PBS. Representative (E) particle size
and absolute intensity and, (F) zeta-potential (mV) confirming the formation
of PANrna and PANrnaspTx. All data are represented as mean (n=3) + SD,
where one-way ANOVA with Tukey’s test was used for the determination
of the statistical significance, where *p<0.05, **p<0.01 and ***p<0.001.

6.5

Characterization of PANasa+prx and Exo (PANasa+pTx). (A) Complexation of
miRNA demonstrated by gel retardation assay. (B) Effect of the PAH
concentration on miRNA complexation in the absence (lanes 3-5) and
presence of heparin (lanes 6-8). (C) Effect of varying the amount of miR-
34a (100-500 ng) on the formation of PAN-miR34a at R~1.2.

161

6.6

Comparative morphological characterization of the formulations by
FESEM. (A) Blank PAN, (B) PANbrx, (C) PANaw+orx and (D) EF, (E1)
Exo (PANasz+pTx), scale bar: 3um. (Inset E2) Single particle analysis was
carried out at 200,000 X. Scale bar 400 nm for Exo (PANssa+pTx) inset.
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6.7

In vitro functional studies of PANbrx formulation. (A) Seven-day long
stability study at 4°C. All data are represented as mean (n=3) + SD, (B) in
vitro pH dependent release of DTX at pH=5.5 and 7.4. % Cumulative drug
release is expressed as mean (n=3) + SD, (C) in vitro hemocompatibility
study wherein, % haemolysis was evaluated for free DTX (100 ng/mL),
Blank PAN, PANbrx (100 ng/mL) and expressed as mean (n=3)% SD, one-
way ANOVA with Tukey’s test was used for determination of the statistical
significance, where *p<0.05, **p<0.01 and ***p<0.001.
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6.8

In vitro transfection efficiency and uptake of different formulations in 4T1
cells. FAM siRNA transfection mediated by, (A) Lipofectamine 2000® (A,
as positive control) and, (B) PAN particles. (C) Representative uptake
efficiency of FAM-siRNA by Exo(PANrav) wherein, CM-Dil stained
exosomes were utilized to prepare EF and used for formulation
development. The overlay of red (CM-Dil) and green (FAM siRNA)
fluorescence produced yellow fluorescence within the cells indicating
successful uptake of the formulation by 4T1 cells. (D) The CM-Dil stained
Exo(PANram:pTx) showed both uptake (as indicated by yellow
fluorescence) and cytoskeletal deformation (due to DTX) in 4T1 cells.
Magnification 630X and scale bar 10um
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6.9

Anti-proliferative assay in 4T1 cells after 48 h. (A) Cytotoxic effect of
free DTX (100 ng/mL), DTX in combination with miR-34a (10-50 nM), and
free miR-34a (50 nM). Herein, the data are represented as mean(n=6) £SD,
(B) The cytotoxic effect of formulations A-F (as annotated) in comparison
to the free DTX (40 ng/mL), free miR-34a (50 nM), free PAN, and EF (~12
ug) on 4T1 cells after being treated for 48h. All data represented here is
mean(n=6) +SD. One-way ANOVA with Tukey’s test was used for the
determination of the statistical significance, where *p<0.05, **p<0.01 and
***p<0.001.
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6.10

Effect of formulations B, D, and F and EF on the inflammatory soluble
cytokine release by 4T1 cells, herein, formulation B, D, and F denote
Exo(PANbrx), Exo(PAN-miR34a) and Exo(PANszs+pTx) respectively (A)
TNF-a and (B) IFN-y in the conditioned media of the cells treated with free
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DTX (40 ng/mL), blank PAN, EF, and formulations B, D, and F for 48h.
The release of (C) TNF-a and (D) IFN-y by EF treatment in a concentration
dependent manner in 4T1Effect of EF1(6 pg/mL) and EF2 (12 pg/mL)
indicated the biological role of EF in 4T1 cells. All data represented here in
(n=6) +SD, One-way ANOVA with Tukey’s test was used for the
determination of the statistical significance, where *p<0.05, **p<0.01 and
***n<0.001.

6.11

gRT-PCR analysis of 4T1 cells for the expression of miR-34a target gene
BCL-2. (A) Effect of different formulations and, (B) effect of EF in a
concentration dependent manner wherein, EF1 indicated ~6pg/mL protein,
and EF2 indicated ~12pg/mL protein. All data are represented as mean (n=3)
+SD and statistical comparison was performed by applying one-way
ANOVA with Tukey multiple comparison test. *** p-value <0.001,
**p<0.01, *p<0.05.
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7.1

Effect of the source of exosomes on the cell viability of 4T1 cells. (A) The
effect of hUCBMSC, miR-125a transfected hUCBMSC, and RAW 264.7
cell derived exosomes indicated by % cell viability (the amount of exosomes
used here were equivalent to that required to load 100 and 250 ng/mL DTX
to account for the different loading capacities of the exosomes from different
sources). (B) Concentration dependent cytotoxic effect of different Exo-
DTX formulations was compared to free DTX. All data is represented here
as mean (n=6) +SD. One-way ANOVA with Tukey’s test was used for the
determination of the statistical significance, where *p<0.05, **p<0.01 and
***p<0.001.
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ABSTRACT
‘Cancer’ is a dreadful immune-pathological condition that is characterized by tumorigenic
responses, elicited by the infiltrated immune cells in the vicinity of uncontrollably proliferative
cancer cells in the tumor microenvironment (TME). TME offers a conducive micro-environment
that confers cancer cell survival by modulating the host immune defense. Recent advancement in
exosomal research has shown exosomes, originating from both the immune cells as well as the
cancer cells, have immense potential of inducing or suppressing cancer progression and its survival
in TME. A recent proteomic study revealed the tumorigenic contribution of tumor-associated
macrophages (T AM) derived exosomes wherein, the TAM model was established by conditioning
murine macrophages (Ana-1 cells) with conditioned media (CM) of colon carcinoma cells (CT-
26) for 48 h. As reported, TAM-derived exosomes upregulated the expression of tumorigenic
proteins (MMP-8/12/13 and cathepsin) and attenuated the expression of pro-inflammatory proteins
(Fcerlg, Polr3c and Prkdc. Among the 115 proteins found expressed in Ana-1 CM derived
exosomes, 84 were uniquely expressed in TAM exosomes with a fold change >1.5. Hence, close
contact between cancer and the immune cell in the TME seems to be the prerequisite criterion for
predominance of tumorigenic responses. In a comparative macrophage expansion study, breast
cancer cells (MDA-MB 231) derived exosomes were able to induce expansion and proliferation
of the macrophage cells (RAW 264.7) enormously as indicated by almost 350-fold increment in
IL-6 expression in comparison to the non-tumorigenic exosomes, isolated from MCF10a cells
CM.> Further, another hallmark of tumor “ECM remodeling and invasion of cancer cells” was also
proved in a study wherein, the macrophages (PMA treated THP-1) were treated with apoptotic
breast cancer cells derived exosomes. This treatment particularly increased the release of pro-
tumorigenic mediators like IL-6, MMP 2 and 9 and STAT3 in TME, which are well known to
cause ECM degradation and invasion of the cancer cells.® On the contrary, interesting outcomes
have been demonstrated by the macrophage derived exosomes as a nanocarrier of
chemotherapeutics as well as immunomodulatory vesicles in their naive and polarized forms
without any additional chemo or immunotherapeutic payload. Phorbol-12- myristate-13- acetate
(PMA) induced differentiation of THP-1 cells (human monocyte cells) into macrophages, released
A Disintegrin and metalloproteinase 15 (ADAM 15) expressing exosomes; DT X loading capacity
of 8.86+1.97 ng DTX/ug exosomes and miRNA retention capacity of these 12.31+5.73%. This

characteristic formulation was able to lower the ICso by 2.36 folds’ than the free DTX ICso, and

XiX



showed prominent anti-migratory potential through in vitro wound healing, transwell assay and F-
actin degradation assay in TNBC 4T1. Additionally, exosomes, irrespective of their diverse
sources, have been well-reported as efficient nano-carriers for cancer therapeutics and their ability
for targeted delivery due to their biogenic nature, ease of cellular uptake, and scope of
functionalizing exosomes with biomolecules like peptides, aptamers, targeting ligands, etc. A new
strategy has been explored to effectively deliver RAW 264.7 derived exosomes more efficiently
in HelLa cells wherein, the exosomes were mixed with self-assembling ethylenediamine modified
cholesteryl pullulan (cationic CHP, cCHP) to form a stable exosome-cCHP nanogel hybrid by both
electrostatic and hydrophobic interactions. This cCHP nanogel has already been well reported for
the delivery of the proteins and peptides.” The hybrid nanogel thus formed showed prompter
uptake (only 30 min to get adsorbed onto the cell surface followed by an efficient uptake by 4h)
in comparison to the free exosomes which is considered to be an advancement in the field of
exosomes being explored as a drug delivery system and can eventually be further utilized for

development of cancer vaccine.

In light of existing literature support, exosomes are well established and better nanocarrier system
than the synthetic polymeric / lipidic / or hybrid nanocarriers. Liposomes, being the closest
synthetic nanocarrier to exosomes have been tested and reported less efficient in terms of uptake,
release and in-vivo efficiency as compared to exosomes. Yet, exosomes in drug delivery faces
odds, including the low %yield, scale-up challenges, lack of unified drug entrapment capacity and %drug
loading (DL) with inevitable biological implications carried by the naive exosomes from different
sources'®®, The biological implications of exosomes vary greatly depending on their source, such
as whether these are isolated from immune cells, cancer cells, stem cells, or other cells. In fact,
same cells under different experimental conditions have exhibited significant changes in their
omics level, which must be addressed and emphasized before projecting them as the therapeutic
nanocarrier candidate for any disease treatment. Exosomal integrity must also be ensured, as well
as thorough characterization of exosomal formulations (with loading efficiency or entrapment
efficiency) is important to facilitate dose escalation, toxicokinetics, pharmacokinetics, and in-vitro

and in vivo correlation (IVIVC).

In the present work, we aimed to explore the strategic advancement of exosomal formulation

development under the thesis entitled, “Cell-derived exosomes as the nanocarrier for the co-
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delivery of the anticancer small therapeutic molecules and tumor suppressor miRNA”. In this
thesis, we have formulated and evaluated two different exosomal formulations, namely miR-125a-
Exo-DTX and Exo(PANssa+pTx) to co-deliver TS-miRNA and docetaxel (DTX). In both the cases,
exosomes have been utilized to co-load the small molecule drug and miRNA wherein, these
exosomes have been obtained from two different sources and two different strategies been adopted

for preparation of these formulations.

For the development of the first exosomal formulation miR-125a-Exo-DTX, we isolated the miR-
125a exosomes from the miR-125a transfected human umbilical cord blood derived mesenchymal
stem cells (hUCBMSCs) and utilized them to load DTX by an optimized mild-
sonication/incubation method to achieve miR-125a Exo-DTX with DTX loading capacity of
8.861+1.97 ng DTX/ug exosomes and miRNA retention capacity of 12.31+5.73%. This formulation was
able to lower the ICsp by 2.36 folds’ than the free DT X ICsp and showed prominent anti-migratory
activity in in vitro wound healing, transwell assay and F-actin degradation study in TNBC 4T1
cells. In fact, miR-125a Exo-DTX treatment caused wound broadening upto 6.14+0.38% while
treatment with free DTX and miR-125a exosomes alone caused 18.71+4.5% and 77.36+10.4% of
wound closure respectively in 36 h. miR-125a Exo-DT X treatment further exhibited significantly
reduced invasiveness of 4T1 cells (by 3.5+1.8%) along with prominent cytoskeletal degradation
and nuclear deformation as compared to the miR-125a exosomes treated group. Another
interesting observation during this work was the impact of miR-125a transfection on the
proliferative indication of hUCBMSC derived exosomes wherein, miR-125a exosomes
demonstrated lesser cell proliferation (% cell viability= 143+25.03) at a concentration of 25
pg/mL equivalent protein in comparison to the hUCBMSC exosomes (% cell viability= 183 +24.1)
attributed to the presence of transfected TS miR-125a in them. Despite of this, DT X encapsulation
in both hUCBMSC exosomes and miR-125a exosomes demonstrated better cytotoxic effect than
the free DTX, which clearly signified the potential role of exosomes as a nanocarrier for the cancer

therapeutics.

For the development of the second exosomal formulation, Exo(PAN34a+bTx), & novel exosomal
membrane enclosed core/shell nanoformulation was fabricated for both DTX and miR-34a
wherein, the exosomes isolated from the murine macrophage cells RAW 264.7 were used. This

segment was broadly divided into three objectives, (1) isolation, characterization and biological
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role of exosomes and exosomal fragments, (2) statistical optimization and development of the Exo-
DTX formulation and, (3) development of exosomal fragment enclosed polyamine-phosphate
nanocomplex (PAN) of DTX and miR-34a as a co-delivery nanocarrier and evaluation in TNBC
4T1 cells.

In our initial investigation, we found an immune-stimulant role of RAW 264.7 exosomes and
exosomal fragments in a concentration dependent manner in 4T1 cells. Herein, we also explored
the immune triggering role of RAW 264.7 cell derived exosomes and exosomal fragments with
prominent antiproliferative and anti-migratory effect on 4T1 cells in a concentration dependent
manner. Also, a correlation was established between exosomal integrity and external mechanical

stress to guide us during the optimization of the process parameters for formulation development.

Further next, we methodologically optimized the process parameters to develop and validate the
exosomal formulation (RAW Exo-DT X) by applying Quality by Design (QbD) approach to ensure
an optimum loading capacity of the exosomes. The statistical optimization of exosomes (~200 pg
protein) with Exo: DT X ratio 4:1 provided an encapsulation of 23.60+1.54 ng DT X/ g exosomes.
Exo-DTX (~189 nm, -11.03 mV) with 100 ng/ml DTX as payload exhibited ~5 folds’
improvement in 1Cso of DTX and distinct cytoskeletal deformation in TNBC 4T1 cells without
any additional payload of TS miRNA. It also showed enormous Filamentous actin (F-actin)
degradation and triggered apoptosis signifying effective anti-migratory impact of Exo-DTX with
just 2.6£6.33% wound closure and 4.56+1.38% invasion. Western blot analysis confirmed that
Exo-DTX downregulated migratory protein EGFR and B1-integrin but raised cleaved caspase
3/caspase 3 (CC3/C3) ratio and BAX/BCL-2 ratio by about 2-2.9 folds. As emphasized earlier, the
naive RAW 264.7 exosomes also contributed positively towards the effect of Exo-DTX
formulation by suppressing B1-integrin expression and increasing the CC3/C3 ratio in TNBC 4T1
cells. Additionally, significant improvement in PK parameters of Exo-DTX was observed in
comparison to Taxotere, 6-folds” and 3.04-folds’ improved ti2 and Vg, proving the translational

value of Exo-DT X formulation.

As concluded from the work done till this stage, exosomes have the limited loading capacity and
enormous biological possibilities. We further investigated RAW 264.7 exosomal fragments to
layer the DTX and miR-34a co-loaded polymeric nanoparticles, Exo(Pzsa+pTx). This pH-dependent

delivery system exhibited ~77.5% DTX encapsulating capacity and efficient complexation
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capacity for 3.5uM miRNA which get dissembled at pH<6 found in TME along with undergoing
a high cellular uptake attributed to the exosomal layering onto the nanoparticles. Additionally,
layering of the PAN particles with exosomal fragments reduced the toxicity of free PAN particles
attributed to their surface cationic charge (27.51+2.63% cell death) to 13.76+£11.28 % in case of
exosomal fragment layered PAN-DTX. It further induced ~48% cytotoxicity in the cells even at a
50% lesser dose of RAW Exo-DTX. Additionally, the inflammatory cytokine release study
indicated that Exo(PANa3za+pTx) induced 4T1 to release significantly higher IFN-y, (11.8+1.84
ng/MI) in comparison to free DT X and PAN-DTX.

XXXXXXX
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1.1 Exosomes
1.1.1 The New-Age biogenic nanocarrier

International Society of Extracellular vesicles (ISEV) has defined Extracellular Vesicles (EV) as
the “particles naturally released from the cell that are delimited by a lipid bilayer and cannot
replicate, i.e. do not contain a functional nucleus” and broadly categorized them as “Ectosome,
originating by external budding of plasma membrane” and “Exosome, originating by double-
invagination and formation of intraluminal vesicles (ILVs)- plasma membrane fusion before
exocytosis™2, Ectosomes are characterized by size in the range of 50 nm -1pum, and comprise of
microvesicles, microparticles and large vesicles while exosomes are well known for their nanosized
structure 40-160 nm. The minimal information for studies of extracellular vesicles (MISEV) is a
major initiative to guide researches with experimental guidelines while working on the EV
isolation, characterization and functional exploration. A biogenic particle could only be claimed
as EV if, it has been isolated from the extracellular fluid (applicable for cellular and biological
fluids), and could be characterized by at least two EV marker proteins including transmembrane
proteins, cytosolic proteins, along with a non-EV co-isolated protein, and by electron microscopy
and particle size analysis 2. If the EV population is not found positive for specific markers, these
are then termed as small extracellular vesicles (SEVs), having particle size <200nm. Depending
upon source, size, content, and biological responses, exosomes are heterogeneous in nature and
need in-depth exploration for their therapeutic application. While, size and content heterogeneity
originates due to uneven invagination of the Ilimiting membrane and the variable
microenvironment, functional heterogeneity is attributed to the receptors or proteins present on
either source or effector cells. While one set of exosomes can induce protective effect ina disorder,

another set can initiate apoptotic milieu and may also act as a biomarker of the diseased state 3.

Recent trend in pharmaceutical industry has already witnessed a paradigm shift of interest towards
biologicals as therapeutics, including exosomes as a promising therapeutic and nanocarrier system.
In the year of 2020, several companies including Mantra Bio, Takeda, Carmine Therapeutics,
ReNeuron, EVOX, Eli Lily and many more have invested heavily in the “exosome business” for
RNA therapeutics, gene silencing, gene editing, RNAI delivery, and targeted therapy *.

Additionally, literature supported the relevance and upsurge of exosome research in recent years,
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where several phase 1 and phase 2 trials are being conducted especially on mesenchymal stem cell
(MSC) derived exosomes for the treatment of Alzheimer’s disease (NCT04388982), SARS-Cov2
associated Pneumonia (NCT04491240), Periodontitis (NCT04270006), and colon carcinoma
(NCT01294072).5The World Intellectual Property Organization (WIPO) also received the highest
patent applications in the domain of the exosome research, which is 49.8%, substantially greater
than the patents filed in other domains (18%), this surely indicates the trend of the research,
technology and business interest towards research in EV. From publication view-point, an
exponential growth of documentation was observed since 2014, considering only universities and
institutes from United states of America (USA) including NIH funded projects. The key concept
that got highlighted in these publications is ‘exosomes’ in ‘disease targeting’, as ‘biomarkers’, in

‘drug delivery’ and many more®.
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Figure 1.1. Past, present and future of Exosomes in global health market.

Courtesy: Market news live, dated 30" Oct, 2023 (https://www.linkedin.com/pulse/exosomes-market-sales-
top-usd-2707-billion-revenues-2033-aboli-more)

1.1.2 Biogenesis, secretion and uptake

All eukaryotic and prokaryotic cells generate EV as a physiological phenomenon. Exosome
biogenesis is carried out by both endosomal sorting complex required for transport (ESCRT)
dependent and independent pathway’-°. In conventional ESCRT pathway, the cellular membrane
forms a cup-shaped invagination which encloses the cell surface protein, and soluble extracellular
matrix (ECM) components and forms the early-sorting endosome (ESE). These ESEs further

mature into late sorting endosomes (LSESs). These endosomal limiting membranes of LSEs would

2
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again invaginate to generate ILVs within multi-vesicular bodies (MVBs). These MVBs would
either fuse with the lysosomal membrane and undergo degradation or with plasma membrane to
expel out the ILVs as exosomes 0, The whole process of exosomes release is monitored by ESCRT
specific proteins’. The ESCRT machinery is composed of four complexes wherein, ESCRT-0 is
responsible for cargo clustering in an ubiquitin dependent manner and ESCRT-I/Il and its
accessory protein tumor susceptibility gene 101 (TSG 101) promote bud formation i While,
ESCRT-III is irreplaceable for ILV formation, its accessory proteins, i.e., ALIX, and VPS4 are
responsible for scission of the membrane and dissociation of the ESCRT-III complex before
releasing the exosomes. Also, syndecan-syntenin interaction recruits ALIX, which plays an
important role in collaboration with ESCRT-III to promote inward budding of ILVs'?. In ESCRT-
independent manner, MLVs are formed depending upon the presence of lipids, tetraspanin, and
heat shock proteins. Ceramide, CD63, CD81 and HSP 70 are well reported for their important role
in exosomes biogenesis but CD63 is indispensable in ESCRT-dependent pathway as well 13,
While, Ceramide helps in forming the inward curvature of the MLVs, HSP 70 acts as an aid to
recruit transferrin (Tfr) receptors on exosomes 415, Further, the intracellular trafficking of the
MVBs and their fusion with the cellular membrane are monitored by Rab GTPase, In Rab GTPase
protein family, depletion of Rab 27a showed altered MVBs generation, whereas inhibition of
Rab11a/35/7 resulted in reduced SEV recovery. Further, Rablla and 27a interaction has been
proved to occur through Ca*2 dependent secretion of exosomes 6. Apart from exosome biogenesis,
Rab27a is responsible for soluble functional protein (matrix metalloproteinase, MMP-9) secretion
as well. Apart from Rab protein family, SNARE (soluble N-ethylmaleimide-sensitive fusion
attachment protein receptor) complexes are specifically required for MVB fusion with the plasma
membrane before exocytosis. Syntaxin-1A, a neuron-specific SNARE involved in synaptic vesicle
secretion from neuron has proved its role in exosome secretion . Further, the secretion of EV
require altered actin polymerization followed by contraction of the acto-myosin cytoskeleton. De-
polymerization of cortical actin might also be necessary to allow docking of MVBs to the plasma
membrane for subsequent exosome secretion®, Certain molecules associated with exosome
docking, i.e., tetraspanins, integrins, proteoglycans and lectins are found helpful in guiding the
exosomes to their receptor cells. The recruitment of TSPAN 8 (CD 8) in pancreatic adeno-

carcinoma exosomes was reported to be beneficial for exosomal docking with additional support
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of ECM proteins, i.e., vascular cell adhesion protein 1 (VCAM-1) and integrin a4*® In fact, the
presence of certain integrins in exosomal leaflets facilitate the exosomes to carry out some
important biological functions, like metastasis. This was supported by an observation wherein, the
exosomes secreted by breast cancer cells, 4175-LuT showed higher tendency to accumulate in the
lung and liver. Later on, it was discovered that aef1 and asBa integrin expressed in the exosomes
enabled this organotropic feature leading to induction of metastasis'®. The cellular uptake of the
exosomes is reported through clathrin and caveolae dependent endocytosis, micropinocytosis, and
phagocytic pathways!®-2L, An interesting observation has been made recently wherein, cellular
uptake of exosomes was found to be dependent on the %purity of the exosomes as well as their
size distribution??. This underscores the significance of understanding the biogenesis, secretion

and uptake of the exosomes along with exploring exosomes for therapeutic application.
1.1.3. Structural features and natural payload of exosomes

Exosomal structure could be broadly categorized into, exosomal membrane and exosomal payload.
Both these structural components are greatly influenced by their source cell and cellular micro-
environment. Like other plasma membranes, exosome also have phospholipidic bilayer with
varying amount of proteins present within the membrane leaflets. Various studies reveal that
exosomes contain several parent cell or tissue derived surface bound, cytosolic proteins, some
ribonucleoproteins and tissue-specific proteins that are unique to them. Recently, researchers have
also been exploring the use of CAR-T cell-derived exosomes as a potential alternative to CAR-T
cell therapy. These exosomes are thought to retain some of the therapeutic properties of the CAR-
T cells, such as the ability to target and kill cancer cells, but are devoid of potential drawbacks of

using live cells in therapy?.

Exosomes are exact blueprint of their source cells which sometimes carries the RNA cargo
(miRNA, mRNA, tRNA, and snRNA, etc) and nonfunctional DNA (mtDNA, dsDNA, and etc.)
that are responsible for their paracrine signaling behaviour in many instances?*. The exosomal bi-
layer is composed of zwitter-ionic, anionic phospholipids and cholesterol which play a crucial role
in enabling exosomes to regain their integrity after external mechanical stress. Among zwitter -
ionic lipids, phosphatidylcholine (PC) and sphingomyelin (SM) accounted for 16.3% of total lipid
and anionic lipids including phosphatidylserine (PS) represented 11.7% of total lipid in prostate
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cancer cell PC-3 derived exosomes. Interestingly, PC-3 exosomes showed 43.5% cholesterol
(CHOL) which is greater than the cholesterol found in the cellular membrane?. Zwitterionic lipids
having both positive and a negative charge within the same molecule, allow them to form stable
bilayers within aqueous microenvironment and provide leakage-proof barrier for its contents.
Additionally, the higher % of CHOL in exosomal membrane helps to maintain liquid order phase
(lo) in lipid bilayer which reduces the fluidity of the membrane, and results in the maintenance of
the exosomal integrity even after thermal or mechanical stress applied?6-?’. The protein cargo of
exosomes is well explored and in many instances has been related to the exosomal biogenesis and
secretion pathway as mentioned above. Recently, a reassessment study on exosomal cargo
components has reported the absence of a well-known cargo component in the highly purified
exosomal fragment, isolated by high resolution density gradient fractionation and direct
immunoaffinity capture (DIC) technique. Although, exosomes thus prepared expressed CD 63,
CD 81 and CD9, but were devoid of proteins namely, GAPDH, Ago 1-4, Annexin A2 and many
more, that were reported previously to be co-isolated with the exosomes?®. Hence, a direct link
exists between the exact cargo composition and purity of exosomes and efficiency of the method

employed to isolate exosomes from their parent cells.

1.2 Exosomes in Cancer Pathology

‘Cancer’ is a dreadful immune-pathological condition that is characterized by anti-inflammatory
and tumorigenic responses that are elicited by the infiltrated immune cells in the vicinity of
uncontrollably proliferative tumor in the tumor microenvironment (TME)?°. TME offers a
conducive micro-environment that confers cancer cell survival by modulating the host immune
defense. TME contains immunocytes, cancer cells, stem cell and fibrobasts, and each of these cell
types release their characteristic exosomes with functionally distinct cargos3°-34. Recent proteomic
and transcriptomic studies reported the involvement of these exosomes in different immune-

pathological conditions®-28,
1.2.1 Immune cell derived exosomes in cancer

A recent proteomic study revealed the tumorigenic contribution of tumor-associated macrophages
(TAM) derived exosomes wherein, the TAM model was established by conditioning murine

macrophages (Ana-1 cells) with conditioned media (CM) of colon carcinoma cells (CT-26) for 48
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h. As reported, TAM-derived exosomes upregulated the expression of tumorigenic proteins
(MMP-8/12/13, cathepsin) and attenuated the expression of pro-inflammatory proteins (Fcerlg,
Polr3c, Prkdc, etc.). Distinctly, 84 out of 115 proteins were found uniquely expressed in TAM
exosomes with a fold change >1.5 in comparison to only Ana-1 CM derived exosomes. Hence, a
close contact between cancer and the immune cells in the TME seems to be the prerequisite
criterion for predominance of tumorigenic responses.®® Also, DC-derived exosomes have shown
differential immunological cargo depending upon their microenvironment. DC when exposed to
two opposite environments i.e. LPS treated immune-stimulatory (LPS_DC) and VitDs induced
immune-inhibitory (Vit D_DC) conditions, exhibited alteration in both the nature and the content
of RNAs present in the DC-derived exosomes. Under immune-stimulant conditions, the LPS_DC
derived exosomes demonstrated upregulated expression of miR-155-5p, miR-9-5p, and miR-7a-
5p, well known to induce DC maturation and monocyte activation whilst the immunosuppressive
condition resulted in upregulated levels of miR-10a-5p and miR-223-5p, well known for repression
of the pro-inflammatory cascade.*® The abundance of Trq (CD4*CD25*FoxP3") cells in TME is
also responsible for apoptosis of the cytotoxic CD8* T-cells which further hinders programmed
cell death of cancer cells.**3 The exosomes derived from Trq cells exhibit anti-inflammatory
nature and modulate the DC function. A seven-day long co-culture of Teg-derived exosomes with
bone marrow-derived DC (BM-DC) proved that the DC under influence of Treg-derived exosomes
can generate T cells lacking MHCII. The absence of MHCII on these T cells helps in immune
evasion by the cancer cells by suppressing the CD4*T cell-mediated responses.** Also, in an in-
vivo study on the induced B16 melanoma model, Trgexosomes were able to kill 37.5% of DCova
(ovalbumin-treated DC) immunized animals wherein, the DCova immunization resulted in the
reduction of tumor load with 100% of survival. Most interestingly, MDSC -derived exosomes were
reported to cause the “acquired chemo-resistance” in a study wherein, the MDSC-derived
exosomes containing miR-126a induced doxorubicin (DOX) chemo-resistance in 4T1 breast
cancer in vivo model with lung metastasis.*> All the above mentioned examples highlight how the
immune cells contribute towards the modulation of the immunological responses, which are in
turn responsible for achieving the cancer hallmarks. Concluding from the limited reports available,
it can be stated that exosomes from either immune cells or cancer cells can modulate the host

immune defense significantly to maintain the TME and absence of any one of these types of
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exosomes could inhibit tumorigenesis. Also, it can be said that exosomes from immune cells and
cancer cells in TME have a strongly regulated response, and easy acceptance as a paracrine
mediator by both cells. This particular attribute of the exosomes (with or without external payload)

could be clinically utilized to modulate the TME.
1.2.2 Cancer cell derived exosomes and cancer

Similar to the immune cells, cancer cells also send signaling cues through the exosomes expelled
by them to modulate the immune cells present in their vicinity. These tumor-derived exosomes
(TEX) contribute towards cancer hallmarks by interacting with other cellular components in TME.
Among the typical hallmarks of cancer progression, “the immunocytes infiltration” is the stepping
stone for cancer initiation. In a macrophage expansion study, breast cancer cells (MDA-MB 231)
derived exosomes were able to induce expansion and proliferation of the macrophage cells (RAW
264.7) enormously as indicated by almost 350-fold increment in IL-6 expression in comparison to
the non-tumorigenic exosomes, isolated from MCF10a cells CM.#¢ Further, another hallmark
“ECM remodeling and invasion of cancer cells” was also proved in a study wherein, the
macrophages (PMA treated monocyte cell THP-1) were treated with apoptotic breast cancer cells
derived exosomes. This treatment particularly increased the release of pro-tumorigenic mediators
like IL-6, MMP 2 and 9, STATS, etc. in TME, which are well known to cause ECM degradation
and invasion of the cancer cells.*” The predominant cancer hallmark “persistent hypoxia within
TME”is also contributed by an interplay between immunocytes and tumor cells. This was proven
by another study wherein, TAM-derived exosomes transferred HISLA (HIF-1a- stabilizing long
non-coding RNA) to cancer cells and TEX transferred gp130 to macrophages in a bidirectional
crosstalk. This resulted in the dominant expression of tumorigenic cytokines, IL-6/10, CXC4 and
CCL2 thus revealing the reason behind the polarization of macrophages into M2 type TAM in this
study.*® In another study, The TAM-derived exosomes and their cargo miRNAs (miR-29a-3p and
miR-21-5p) were found to upregulate the Trgand Th17 (anergic) T-cell population, the prevalence
of which can be related to another cancer hallmark, i.e. the “evasion of immune responses” by the

cancer cells?*®.
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Figure 1.2. Interaction between immune cells and cancer cells essential for the survival of the cancer
in the vicinity of host immune microenvironment. Immune cell manipulation by cancer cells plays a vital

role in progression of cancer and attaining its hallmarks. (Reprinted (Figure 1) with permission from
doi.org/10.1021/acshiomaterials.2c00893. Copyright 2023 American Chemical Society)

1.2.3 Stem cell derived exosomes in cancer

Currently the field of MSC exosomes is undergoing extensive research to explore their application
in cancer therapeutics, especially the regulatory role of MSC derived exosomes. In one study, bone
marrow (BM) MSC derived exosomes, enriched with miR-100 showed tumor suppression by
down regulating VEGFR-I expression via HIF-I/mTOR mediated pathway in breast cancer cells,
MCF-7 and MDA MB-231, at the dose of 80 pg/mL. Another study however reported BM MSC
exosomes (200 pg/mL) inducing angiogenesis by upregulating VEGF in both in vivo models of
gastric carcinoma (SGC-7901) and colon carcinoma (SW-480)%5, These observations highlight
the conflicting role of MSC exosomes in cancer pathophysiology inspite of being derived from the
same source. Among the different sources explored for procuring MSCs, human umbilical cord
blood (hUCB) derived MSCs (hUCBMSC) have been found functionally anti-inflammatory and
anti-tumorigenic in different cancers. They have already been reported to suppress cancer stemness
in breast cancer, tumorigenesis in Kaposi sarcoma, and also induce cytotoxicity in U87 glioma
cells®>-%4, Several reports have claimed that human umbilical cord MSC derived exosomes are anti-

tumorigenic due to presence of miR-375, miR-451a, miR-181 etc., which suppressed the
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expression of enabled homolog (ENAH) in squamous cell carcinoma, downregulated a Disintegrin
and metalloprotease 10 (ADAM 10) mediated epithelial-mesenchymal transition (EMT) in
hepatocellular carcinoma and retarded lysine-specific demethylase 5C (KDM5C) in
nasopharyngeal carcinoma %', Recently, it has been reported that the hUCBMSCs derived
exosomes inherently carry miR-503-3p which significantly down regulates the mesoderm specific

transcript (MEST) and suppresses the cellular growth in endometrial carcinoma®®,

TME also contain circulating tumor cells (CTC) and cancer stem cells (CSCs), which actually
contribute towards in the chemotherapeutic resistance, immune evasion and metastatic
aggressiveness. Specifically, circulating tumor cells (CTCs) seem to separate from the primary
tumor and circulate throughout the body as single cells or clusters whereas, CSCs are a specialized
population of cancer cells inside tumors with the ability of self-renewal, maturation, and
tumorigenesis. The CSCsare of massive concern as they can induce the metastasis by metamorphic
change from epithelial to mesenchymal phenotype, and remain insensitive towards the existing
therapies®. The interaction of CSC with their microenvironment (including immune cells, cancer
cells and fibroblasts) is also carried through both exosome dependent and independent manner.
While M2 macrophages derived exosomes, carrying miR-27a-3p potentiate the stemness marker
SOX-2 and Oct-4 expression significantly in hepatic carcinoma cell SMMC-7721, cancer
associated fibroblasts (CAFs) enhance renal cancer stemness in RCC cells with exosomal miR -
181d-5p3+6061, Also, cancer derived exosomes carrying specific protein, STO0A9 were revealed to
contribute to the stemness of CSC, required for the survival of cancer.®? Alongside, CSC derived
exosomes are reported to enhance the colon cancer aggressiveness by exosomal transfer of long
intergenic non-coding RNA (LINC 01315) 3,

Hence, it can be concluded that the survival of cancer cells depends on a highly decorated mutual
interplay between the cellular components of TME wherein exosomes act as the mediator between

all the cells.

1.3 Exosomes as Nanocarrier for cancer therapy: Strategies employed

Exosomes are considered as an efficient biogenic nanocarrier with specialized cell-cell

communication ability which can be utilized for efficient and targeted cellular uptake of the
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payload. Additionally, the inherited biological properties demonstrated by the exosomes isolated
from different source cells also become beneficial for desired therapeutic effect. Alongwith, the
membrane structure of exosomes could also be semi-synthetically functionalized for targeted
therapy ©4. It is invariably safe, devoid of allogenic rejections, non-immunogenic, and
biocompatible with superior cellular uptake efficiency. Overall, exosomes combine benefits of
both synthetic nanocarrier and cell-mediated drug delivery systems while bypassing their

limitations.
1.3.1. Active Loading

Active loading of the therapeutics in the exosomes is a strategy wherein, the cells are either primed
with the desired payload or transfected by viral and non-viral vectors carrying genetic material
prior to the isolation of the characteristic exosomes. It is also known as the pre-loading before

exosome formation ©°.

1.3.1.1. Cell priming before exosome biogenesis

In the year of 2014, cell priming before isolating the exosomes with desired payload was reported
by Pessina et al. Mesenchymal stromal cells, SR4987 (10x10°) were exposed to 2000 ng/ml
paclitaxel (PTX) for 24 h and CM was collected for isolation of the exosomes. This PTX loaded
exosomal formulation (2.54 ng/mL PTX) demonstrated 50% tumor growth inhibition . Almost
similar observation was also reported in 2012 wherein, hepatic carcinoma cells (HepG2, 3x10°
cells) pretreated with different anticancer drugs, i.e., PTX, carboplatin, irinotecan and etoposide
generated HSP bearing exosomes and activated NK mediated immunogenicity against hepatic

carcinoma®’.

1.3.1.2 Viral and non-viral vector mediated transfection of cells before exosome biogenesis

For the treatment of Duchenne muscular dystrophy (DMD), a dreadful disease caused by dystropin
loss and over-activation of the mycostatin, murine mycostatin propeptide inhibitory domain was
cloned in lentivirus expressing vector pPCDH-CMV-puro, digested with Xho 1 and EcoR1. These
viral vectors were further utilized to infect NIH3T3 fibroblasts for 12h at every 24 h interval for 2
weeks. The exosomes produced from NIH3T3 were utilized for the treatment of DMD animal
model and were found to accelerate muscle regeneration and growth, resulting in significantly

increased muscle mass by inhibiting the mycostatin®8.
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Under non-viral vector mediated transfection of the genetic material, we come across a study
wherein, hyaluronic acid-poly(ethyleneimine) and hyaluronic acid-poly (ethylene glycol)
nanoparticles were prepared for the plasmid DNA encoding for wild type p53 (wt-p53) and miR-
125b respectively with 93.46% and 95.23% entrapment efficiency. Later on, theses nanoparticles
were utilized to transfect the lung cancer cells, SK-LU1 and the isolated exosomes from the CM

of these transfected cells showed significant repolarization effect in the M2 macrophages®.

These studies exemplify the versatility of the exosomes for the delivery of genetic materials by
modulating the source cell itself. Yet, the mechanism of drug encapsulation during exosome
biogenesis needs deeper investigation. Additionally, parameters like cellular growth, impact of the
treatment on cell survival and experimental conditions would also drastically impact the yield of

the exosomes and its loading efficiency dictating the cost effectiveness of the therapy.
1.3.2. Passive Loading

In this process, the exosomes are isolated from the biological fluids, purified and quantified before
being utilized to entrap the payload by means of external stimuli or by density gradient across the
exosomal membrane. The strategies explored so far are categorized into co-incubation,
sonication, sonication and incubation, electroporation, extrusion, freeze-thaw and,

permeabilization.

Milk derived exosomes have been reported to load PT X by simple incubation method to formulate
ExoPTX with 7.9+1.0% practical loading capacity to treat A549 xenograft lung tumor orally
wherein, ExoPTX (~ 4 mg/kg body weight PTX and exosomes 60 mg/kg) showed nearly 60%
tumor growth inhibition compared to vehicle treatment’. The drawback of this method was low
loading efficiency and its applicability to small hydrophobic molecules only. The exosomal
membrane integrity limits the passage of moderate to high molecular weight molecules through its
bi-layer even if concentration gradient is maintained. Also the overall ionization state of the
molecule at experimental pH plays an important role as exosomes themselves are negatively

charged .

In comparison to the incubation, mild sonication overcomes the issue providing significantly

higher loading capacity (LC) as reported by Kim et al. Their study on RAW 264.7 cell derived
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exosomes reported PTX loading capacity 20 times higher by mild sonication and 5.4 times more
by electroporation than incubation. Although an additional incubation for 1h post sonication was
recommended for the attainment of exosomal integrity as well”?. Another study, reported
pancreatic cancer cell, PANC-1 derived exosomes as a nanocarrier for the hydrophilic drug
gemcitabine wherein LC was 11.68 + 3.6% by sonication and 2.79 + 0.72% by incubation”.
Comparatively, gemcitabine loading capacity was found 50% more than that of the hydrophobic
PTX as mentioned before. Yet, this method also faces several odds, including the exosomal
membrane integrity, exosomal agglomeration, effect of the process parameters on the LC, and
influence of the experimental variables which would eventually result in non-uniformity in LC
from lab to lab. Considering the fact that exosomes are preformed vesicles with a defined volume
to accommodate the payload, the optimum exosomal LC of the API needs to be identified which
could be monitored by the process parameters that can alter the exosomal integrity and entrapment
efficiency °. The applicability of all the methods mentioned above could be compared by a study
reported by Batrakova et.al. In this study, RAW 264.7 cell derived exosomes were explored to
encapsulate a macromolecule (an enzyme), named catalase to treat Parkinson’s disease. For this,
all five techniques (incubation, sonication, freeze thaw, extrusion and saponin mediated
permeabilization) were screened to formulate catalase loaded exosomes (EXoCAT). The maximum
and equivalent loading capacity was reported with sonication and extrusion, whereas freeze/thaw
technique was able to encapsulate catalase moderately and negligible LC was obtained by only
incubation method”. While, electroporation was applied to incorporate siRNA, extrusion was able
to load porphyrin with 28%LC in the exosomes >76, The major drawback of the usage of
electroporation for siRNA loading is the metal ions contributed by the electrodes, that may
precipitate sSiRNA by complexation and, extrusion involves extensive mechanical stress that could
alter the physicochemical characteristics of exosomes and might adversely affect its inherent

therapeutic activity®®.
1.3.3 Exosome-liposome hybrid

Liposomes are synthetic congener of the exosomes and well reported for their biocompatibility,
versatility for carrying both hydrophilic and hydrophobic molecules, and passive targeting. Surface
decoration or functionalization with the targeting molecules further help the liposomes to target

the tumor actively. The major disadvantage of the liposomes is limited loading capacity, leaching,
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stability issue and immune activation. Considering the immunogenic aspects, exosomes can evade
the immune system and exhibit high cellular uptake efficiency but cannot accommodate large
therapeutic molecules like CRISPR/CAS9 expression vector or plasmids’’-’8. Hence, the hybrid of
exosomes and liposomes has been proposed as a single nanoparticle system. In a recent study, the
exosome-liposome hybrid system was prepared by simple incubation technique, and the
encapsulated CRISPR/CAS9 was successfully delivered in MSC cells to modulate the target gene
(hCTNNBL1) expression’®. Recently, a CD47 expressing exosome-thermosensitive liposome
(QETL) has been reported to deliver DTX and GM-CSF as the part of hyperthermic intraperitoneal
chemotherapy in metastatic peritoneal carcinoma (mPC). Herein, the hybrid nanoparticle was
prepared by sequential extrusion of the exosomes and liposomes. The loading of GM-CSF and
DTX in hybrid system was reported as 7.2 pg/ug and 4.3% respectively. Mechanistically, treatment
with co-loaded NPs induced macrophage polarization, enhanced macrophage-mediated tumor cell
phagocytosis, and induced cellular apoptosis’. This indicates a wide scope of modulating the
application of exosomes in the development and delivery of therapeutics along with modulating
the TME.

1.3.4 Exosome mimetic nanovesicles (NV)

Exosome mimetic nanovesicles are the bio-inspired cell derived nanovesicles (CDN) to combine
the characteristics of the cells and nanocarrier for targeted delivery of the chemotherapeutic agents,
by subjecting the cells to serial extrusion through filters with diminishing pore sizes after the cells
have been loaded with chemotherapeutic agents. In one such study, NV were prepared by serial
extrusion of the cell suspension (U937 cells) to obtain the NV of a specific size range and then
these were isolated by density gradient centrifugation which ultimately increased the exosome
yield by 100 folds as compared to the conventional differential centrifugation method without
altering the surface integrity. The characterization parameters studied using dynamic light
scattering (DLS), cryo-TEM, and western blot of exosomal marker proteins proved that the NVs

were identical to the exosomes secreted by U937 cells &,

Recently, macrophage derived NVs have been projected as a promising anticancer immunotherapy
wherein, these repolarized the TME into a tumor hostile environment in a unique way. They

converted the M1- macrophage rich TME into M2-macrophage dominant one. Macrophages are
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heterogeneous, both the subtypes, M1 and M2 indistinctly co-exist under the physiological
conditions, which can polarize and proliferate into either of two types depending on their exposure
to different immunological conditions. When exposed to a specific antigen or LPS or cytokines,
they follow the classical activation pathway to polarize into the M1 type while the M2 type
predominantly proliferates upon exposure to glucocorticoid or IL-10 mediated immune-
suppressant conditions®’. We came across just a single study that explored exosome-like
nanovesicles (M1NV; obtained by serial extrusion of M1 macrophages) to target the TME along
with tumor (using an antibody for Programmed death-ligand 1; aPDL1). The M1NV inherited the
lymphocyte function-associated antigen 1 (LFA-1; adhesion molecule) from their source which
enabled their localization into TME (highly rich in LFA-1 binding protein, ICAM-1) resulting in
the conversion of the predominant M2 of TME into M1 type. The characteristic cargo of NVs was
found to be upregulated miRNAs of M1 subtype i.e. miR-155, miR-125 and miR-132, well known
to polarize the macrophages to M1 type 2. These findings bring forth a tremendous possibility of
M1 macrophage-derived exosomes as well as the MINV to be explored for targeting the tumor by
modulating the TME.

1.3.5 Surface functionalization of Exosomes

Surface functionalization (by both covalent and non-covalent modification) is one of strategies to
potentiate the specificity of exosomes towards the target tissue 8. The significance of surface
functionalization of exosomes was exemplified in a study wherein, PTX loaded macrophage-
derived exosomes were surface-functionalized with aminoethylanisamide-polyethylene glycol
(AA-PEG). AA-PEG specifically targets Sigma factor, abundantly expressed in lung cancer. The
functionalized exosomes resulted in almost complete eradication of all the pulmonary metastatic
nodules in comparison to the non-functionalized formulation; this was attributed to the targeting
efficiency of the AA-PEG and also the enhanced circulation time due to PEGylation®*. Likewise,
the RGE peptide has been explored as a targeting ligand for the glioma specific receptor
Neurophilin 1(NRP1). RAW 264.7 derived exosomes were functionalized with RGE peptide and
co-loaded with curcumin (Cur) and superparamagnetic iron oxide nanoparticles (SPION) to cross
the blood-brain barrier (BBB) and target the NRP1 expressing glioma cells. Comparative
cytotoxicity study of RGE-Exo-SPION, RGE-Exo-Cur, and RGE-Exo-SPION/Cur in the NRP1

expressing glioma cells U251, revealed that maximum cytotoxicity was rendered by RGE-Exo-
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SPION/Cur among all the groups wherein, SPION and Cur produced synergistic effect. The
loading of SPION in the exosomes reduced the toxicity of free SPION and the RGE conjugation
enabled specific targeting of NRP1, thus resulting in site-specific delivery to glioma®. A new
strategy has been explored to effectively deliver RAW 264.7 derived exosomes more efficiently
in HeLa cells wherein, the exosomes were mixed with self-assembling ethylenediamine modified
cholesteryl pullulan (cationic CHP, cCHP) to form a stable exosome-cCHP nanogel hybrid by both
electrostatic and hydrophaobic interactions. This cCHP nanogel has already been well reported for
the delivery of the proteins and peptides®. The hybrid nanogel thus formed showed prompter
uptake (only 30 min to get adsorbed on the cell surface followed by an efficient uptake within 4h)
in comparison to the free exosomes, especially through the caveolae-mediated and macropinocytic

pathway as depicted by the internalization assay in presence of endocytosis inhibitors.
1.3.6 Exosomal layering of synthetic nanoparticles

‘Camouflaging’ synthetic nanovesicles with exosomal bi-layer could be considered as the one of
the trending opportunistic strategies that enable the nanoparticles to overcome immune
recognition, and undergo prolonged circulation, and homotyping targeting &’. It is basically a core-
shell delivery system wherein, the nanoparticle of the therapeutic would act as the ‘core’ and the
exosomal membrane, as the ‘shell’ of the system. Through this method, the limitation associated
with the use of the individual components could be overcome, i.e., the low entrapment of the
therapeutics by exosomes and the ‘opsonization and serum protein binding’ issues with the
synthetic nanoparticles®. Few such examples are discussed herein. In an interesting study, the use
4T1 derived exosomal layering of cationic Bovine serum albumin (cBSA) nanoparticle carrying
siS100A4 (siRNA for metastatic marker protein S100A4) for the treatment of the breast cancer
related lung metastasis has been reported. Within 24h, CBSA/siRNA@exosomes were able to
distribute in the lungs 2.9-fold more than the CBSA/siRNA@]liposome as per the post-operative
biodistribution assay in in vivo disease model®. In another study, the homotypic targeting activity
of exosomal membrane enclosed DiR-PLGA nanoparticles was compared with the cancer cell
membrane enclosed DiR-labeled PLGA nanoparticles in A549 induced murine lung cancer model.
The pharmacokinetic study concluded that the A549 derived exosomal membrane enclosed PLGA
nanoparticles (EM-PLGA NP) exhibited greater circulation half-life (to.s= 13.5h) in comparison to
the A549 cancer cell membrane enclosed PLGA nanoparticles (CCM-PLGA NP) with a half-life
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of 7h. Additionally, the corresponding DiR labeled poly(lactic-co-glycolic acid) or PLGA

nanoparticles showed a variable distribution in the A549 tumor. It was observed that the
fluorescence intensity of EM-PLGA NP in the A549 tumor was more prominent than the MDA
MB-231 tumor and got diminished over extended period of time®. This clearly indicated the
superiority of the homotyping targeting capacity of exosomes over the cell membrane of same

origin.

1.4 Scope of exosomes for co-delivery of miRNA and small molecules

Exosomes have been reported for co-delivery of miRNA and small anticancer therapeutic
molecules. Being hydrophilic and anionic in nature, miRNAs are not easily entrapped in the
exosomes, which has been overcome by chemically modifying the miRNA to provide
hydrophobicity to the molecule. Firstly, THP-1 cells were treated with Phorbol myristate-12
accetate 13 (PMA) to enhance the A disintegrin and metalloproteinase 15 (A15) overexpressing
exosomes (A15-Exo) to confer the tumor targeting ability towards the breast cancer cells. miR-
159 was hydrophobically modified with cholesterol (Chol) to form Chol-miR159 which enhanced
the miRNA loading into exosomes by almost 5 folds in comparison to unmodified miR-159.
Doxorubicin was co-delivered with Chol-miR159 using A-15 exosomes; wherein it was entrapped
in the exosomes by incubation technique with maximum loading of ~160 ng DOX/png exosomes.
In vitro apoptosis assay showed 28.26 % and 47.15% of MDA MB-231 cellular apoptosis in Chol-
miR159 and A15-Exo/Chol-miR159 treated groups®. In another study, HEK293T cells were
stably transduced with lentiviral vector encoding the Her2 binding antibody, LAMP-2 and GFP
and utilized to isolated exosomes (THLG-Exo) with homing property. These exosomes were
electroporated with 5-fluorouracil (5-FU) and then incubated with miR-21 inhibitor (miR-21i) to
specifically target the co-delivery system to the 5-FU resistant colorectal carcinoma cells (HCT -
116°>R) 92, However, 5-FU and miR-21i LC into exosomes was only 3.1% and 0.5% respectively.
Evidently, both the studies exhibited low loading efficiency of miRNA and the small therapeutic
molecules in exosomes which needs to be addressed further. Yet these systems produced
significant therapeutic efficacy in both cases which might be attributed to the targeting property

attained by the modified exosomes along with the co-delivery of small molecule and miRNA.
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Although, exosome mediated co-delivery of miRNA and small therapeutic molecules is not much
explored, but well reported with synthetic nanoparticles. Inarecent study, an amphiphilic tri-block
co-polymer, poly (ethylene glycol)-b-poly-L-lysine-b-poly-L-leucine (PEG-PLL-PLLeu) was
utilized to entrap DT X in the micelles with +38.8 £ 2.1 mV surface charge, onto which the siRNA-
BCL-2 has been adsorbed to prepare the micelleplex with zeta-potential value of +20.48+1.8 mV®,
This study indicated that small molecules and siRNAs can be co-delivered with smart designing
of the co-delivery system utilizing non-covalent interaction, i.e., hydrophobic interaction and

electrostatic interaction as in the case.
Tandem self-assembly delivery system: Leveraging non-covalent interaction

‘Tandem self-assembly’ or ‘Polyamine —salt aggregates’ (PSA) are a relatively newer concept of
core-shell drug delivery system wherein, the core is composed of ionically cross-linked
nanoparticles of cationic polyamine with a multivalent anionic salt, and the PSA thus formed acts
as a template for the negatively charged shell material to form the capsular structure. This
technique has several advantages namely; a preformed template is not required, rather the template
is formed in situ by ionic interaction and the size of the template can be fine-tuned by changing
process parameters. Additionally, encapsulation is performed by merely adding the cargo before
capping the PSAs with the shell-forming material, and the procedure involves simple mixing and
mild processing conditions®*%. In the year of 2010, Wong et al, reported phosphate driven
Polyallylamine hydrochloride (PAH, Mw: 70,000 Da) self-assembled aggregates, encapsulating
56% of indocyanin green (ICG) after aging at 4°C for 2h. As a negatively charged dye molecule,
ICG interacted with the polymer/salt aggregates electrostatically, and stabilized the
PAH/phosphate aggregate particulate structure through strong hydrophobic interactions with the
PAH backbone as well. These particles were then brought in contact with the negatively charged
anti-EGFR antibody to form the shell around the aggregates. The shell formation resulted from
charged interactions between the carboxyl groups of anti-EGFR molecule and amine groups of the
PAH chains of the uncoated nanocapsules®. Recently, Moya lab working on this self-assembled
system for delivery of sSIRNA, reported the Phosphate driven polyamine nanoparticles (PAN) for
efficient delivery of the siRNA, along with oleic acid (OA) and PEGylated polyamine, resulting
in greater efficacy of the siRNA for cancer therapy®’-1%°. However, this system has never been

explored for co-delivery of miRNA and small molecules, and exosomal membrane has not been
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layered onto these particles as the shell material. Considering this, exosome with its bi-layer

structure has a great scope to be considered for exploration of this novel strategy.

1.5 Cargo components: DTX and tumor suppressor (TS) microRNA
1.5.1. Docetaxel Trihydrate (DTX): an anti-cancer small molecule

DTX (Mw: 819.6 Da) is an anti-neoplastic agent, well known for its high hydrophobicity and low
solubility (log P-4.2 and pK,-10.8, BCS IV category). It causes excessive polymerization of
microtubule, eventually resulting in dynamic instability and consequently inducing apoptosis. It is
well reported that DTX has a biphasic effect especially on TNBC; at considerably lower
concentration<4 Nm, it induces aberrant mitosis followed by hypodiploidy while at higher
concentration >100 nM, it induces mitotic arrest at Go/M phase of cell cycle and mitotic slippage,
resulting in multi-nucleation and nuclear degradation 191192 Apart from inducing apoptosis in
aggressive breast cancer cells, DT X is also known to distort the cytoskeletal organization which is
otherwise maintained by close co-ordination between microtubule and F-actin 193194 Also, the
marketed formulation of DTX, i.e., Taxotere® has shown biphasic plasma half-life of 7 min and

1.2 hin both normal and tumor bearing mice 1°°,
1.5.2. microRNA (miRNA): Mode of action and importance in cancer treatment

miRNA isa single stranded non-coding RNA (with 22 nt) molecule that targets mMRNA to modulate
the protein expression. Most miRNAs are transcribed from DNA to form primary miRNAs (pri-
miRNASs) which are further converted to precursor miRNA. The pre-miRNA is exported to the
cytoplasm in an Exportin5/RanGTP-dependent manner and processed to produce the mature
miRNA duplex. Argonaute (AGO) family of proteins aid these duplexes to forma miRNA-induced

silencing complex (miRISC) which binds to target mMRNAs to induce translational modification®®,
Tumor suppressor miR-125a

Among RNAI(s), miRNAs plays a significant role in regulating the gene expression by modulating
the target MRNAs either as oncomiRs, stimulating oncogenesis or TS miRNAS, suppressing the
tumor 197, miR-125a is a well-known TS miRNA which specifically targets the HER2/ ErbB2
(EGFR subfamily) mediated signaling pathway that contributes to the migratory nature of
aggressive BC cells 1%, Basal level of the miR-125a transcript has been reported to be under-

expressed in human BC tissues by 1.75-fold in comparison to the normal breast epithelial cells.
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miR-125a-3p has been shown to increase the expression of the ErbB2 which eventually reduces
the invasiveness of the cancer cells 1%°. Also, miR-125a-5p was reported to suppress BC
susceptibility gene 1-associated protein 1 (BAP1) resulting in induction of cancer cell apoptosis
110 Hence, miR-125a was chosen as one of the therapeutic molecules to be co-loaded with DTX

in exosomes in this study.
Tumor suppressor miR-34a

miR-34a is another widely explored tumor suppressor miRNA, which functions through apoptotic
TP53 integration pathway!*!. In general, miR-34a level is found downregulated in triple negative
breast cancer (TNBC) in comparison to the mesenchymal BC cells and Her2* cancer cells. In fact,
MDA-MB-231 transfected with synthetic miR-34a mimics induced 25.7 £ 4.2 % apoptotic cell
death and around 12.5% late phase apoptosis in comparison to MDA MB-435 with 22.5 £ 3.4 %
apoptosis including only 6.1% cells in late phase apoptosis cycle!'2. miR-34a has also been well
reported to regulate cell proliferation through the suppression of apoptosis related proteins, such
as Bcl-2, SIRT-1, E2F3, CDK4 and CDK®6. Also, miR-34a directly binds to the 3’-untranslated
region of eEF2K and FOXM1 mRNAs and suppresses their expression, leading to inhibition of
TNBC proliferation, motility, and invasion*3. The phase I clinical trial of liposomal formulation
of miR-34a mimic (MRX34) with dexamethasone premedication in advanced solid tumor patients
demonstrated manageable toxicity with some clinical activity. Pharmacodynamics data
demonstrated dose dependent modulation of miR34a target genes in the patients and miR34a

localization in the tumor as well4,

1.6 Gaps in Existing Research

Current research in the field of ‘Exosomes’ is mainly focused upon its clinical application in
various diseases either as a potent immunotherapeutic agent or biogenic nanocarrier of the
therapeutics®!®, It has been observed that most of the research studies are exploring the advantages
of exosomes in comparison to the synthetic nanocarriers or the marketed products, while
neglecting the limitations associated with exosomes or challenges involved in working with
exosomes including optimization and QbD driven formulation development and scale-up.

Exosomes have mainly been restricted to the lab scale, but these also need to be projected upto the
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manufacturing scale to take complete advantage of the versatility of these tiny vesicles. The

challenges associated with exosomal research that need urgent consideration can be stated as:

(1) Lack of unified isolation, purification, characterization technique causing variable results

among different research groups.

(2) Cost-effective cell maintenance process to continuously procure the exosomes, which needs

proper GMP regulation for cell maintenance, processing, collection and storage guidelines.

(3) Low vyield of exosomes compromises the pace of the research work which needs drastic

improvement without altering the nature of the naive exosomes.

(4) Exosomal formulations reported so far, lack systematic development, validation and

characterization in terms of the drug potency, stability, and capacity.

(5) In-depth exploration of the effect of the process parameters as well as the distinct
physicochemical and biological attributes of the exosomes per se on the observed efficacy of the

exosomal formulations.

(7) Dose escalation from in-vitro assays to in-vivo efficacy studies of the exosomal formulations

also need to be addressed.

(8) Consideration of the alternative strategies wherein, the advantages of the exosomes or
exosomal fragments could be explored with the aim of overcoming the limited loading capacity

and immunogenicity of synthetic carrier.

(9) Designing of the exosomal formulation with versatile cargos needs to be considered, especially
co-delivery of small molecules and RNAI. It is expected that the mechanism of action of the small
molecules could be synergistically enhanced by the RNAI inclusion which together would act as

“two edged swords” for the disease treatment.

The above-mentioned points are not merely Gaps in Research with exosomes but also the hurdles

that could be overcome with the detailed and elaborate research work.
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1.7 Outline of Current Research Work

In this current research work, we explored the overall impact of two major attributes on the
formulation development strategy for the co-delivery of the DTX and TS miRNA, i.e.,
physiological behavior of the exosomes inherited from their respective source cells, and the co-
delivery strategy to encapsulate the miRNA and DTX to achieve more promising outcome as the

anti-cancer therapeutics.

Herein, we explored the active loading of TS miRNA (miR-125a) in the hUCBMSC derived
exosomes by plasmid vector mediated transfection of its source cells. After isolating the miR-125a
transfected exosomes, these were utilized to load DTX by an optimized sonication/incubation
method for development of the final formulation. From this segment of the research work, it was
concluded that the biological nature of exosomes relied upon the source cells, which should be
evaluated in detail. Also, DTX loading in the miR-125a transfected exosomes by
sonication/incubation method compromised the of transfected miRNA payload, which needs to be

further enhanced to make the formulation more economical and effective.

The initial observations with the outcomes of the research work led us to redefine exosome
research by following the sequential exploration of the biological implications of the macrophage
(RAW 264.7 cells) derived exosomes, followed by development of the RAW Exo-DTX in a
statistically proven manner to achieve the optimum DTX loading capacity in the exosomes.
Further, a strategic concept of PSA has also been introduced in the research work wherein, a
phosphate driven polyamine nanoparticle of DT X and TS miR-34a was prepared and optimized to
form the core of the core/shell delivery system. For the shell material, we explored RAW exosomal
fragments after confirming the biological implication of the same in 4T1 cells. In this method, the
prepared formulation was expected to overcome the loss of miRNA and to achieve the profound
therapeutic impact of the DTX and TS miRNA inthe TNBC 4T1 cells.

1.8 Objectives of Proposed Work

The main aim of the thesis is to explore exosomes as a co-delivery system for DT X and TS miRNA
by different strategies. For this purpose, two different formulations were developed using two

different strategies using two different source cells for the exosomes.
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Objective 1: Development and evaluation of human umbilical cord blood derived mesenchymal
stem cell (hUCBMSC) derived exosomal formulation for co-delivery of DTX and miR125a in
breast cancer (miR-125a Exo-DTX).

Objective 1.A. Isolation and characterization of the exosomes from naive hUCBMSCs and
miR125a transfected hUCBMSCs

Objective 1.B. Development of the hUCBMSC Exo-DTX and miR-125a Exo-DTX
formulations

Objective 1.C. Evaluation of the formulations for their anti-cancer effect in cell culture

Objective 2: Development and evaluation of macrophage (RAW264.7) derived exosomal
formulation for the co-delivery of DT X and miR-34a [RAW Exo0 (PAN34a+DTX)]

Objective 2.A. Isolation, preparation, characterization and in vitro evaluation of the RAW 264.7
cell derived exosomes and exosomal fragments

Objective 2.B. Optimization, development and evaluation of the RAW Exo-DTX formulations

Objective 2.C. Exploring exosomal fragment enclosed Polyamine-salt nanocomplex of DTX
and miR-34a as a novel co-delivery strategy in breast cancer
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Chapter 11

2.1 Introduction

The development and validation of the analytical and bioanalytical methods for analyzing active
pharmaceutical ingredient (API) is important and irreplaceable for determination of some
important parameters including solubility of the API and formulation characteristics like % drug
loading (DL), % entrapment efficiency (%EE) and unknown concentration of API in the release
samples, stability and dosing measurements®?. On the other hand, bio-analysis is considered as an
essential prerequisite for several in vivo studies like pharmacokinetic (PK), toxicokinetics (TK),
biodistribution (BD), and pharmacodynamic (PD) studies. The process of quantifying the API in
the biological matrices (blood, plasma, serum, tissue, saliva, urine, faeces, etc.) requires high-
throughput sample collection, sample cleaning, development of a sensitive method using
hyphenated analytical techniques including high performance liquid chromatography (HPLC),
liquid chromatography-tandem mass spectroscopy (LC-MS/MS), fluorometry and many more3. In
this thesis work, DTX has been explored as the API for loading into exosomal formulation.
HPLC/PDA and LC-MS/MS techniques were chosen for the development of the analytical and
bioanalytical methods respectively. Several reports are already available for estimation of DTX
using the above mentioned techniques; based on these reports, methods were developed and
validated in lab. The ICH guidelines Q2(R1) and M10 have been referred for the validation of the

analytical and bioanalytical method respectively*°.

2.1.1 Analytical method development for quantification of DTX

In literature, several analytical methods have shown the suitability of the isocratic mobile phase in
efficiently eluting and quantifying DTX under optimized chromatographic conditions. A
simultaneous analytical method for quantifying DTX and cabazitaxel has been reported wherein,
the mobile phase (water: methanol: acetonitrile ::42:32:26) in isocratic mode at 1.2 mL/min flow
rate eluted DTX at 7.4 min which was detected at 232 nm®. Our lab has already reported a
systematically validated analytical method for simultaneous analysis of DTX and a-lipoic acid.
The isocratic mobile phase used was 35% v/v 10mM acetate buffer (pH 3.5) and 65 %v/v
acetonitrile at 1mL/min flow rate; it exhibited DT X retention time of 5.82 min, detected at 227
nm. The method was found linear within the concentration range of 1-15 ug/mL and provided
98.26 + 0.37% accuracy of lower QC sample (LQC) which is considered reliable for detection of

DTX’. Another study has also reported the application of the mobile phase (0.1% o-phosphoric
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acid: acetonitrile::40:60) in isocratic mode at ImL/min flow rate and retention time of 7.2 min&,
In another recent study, mobile phase composed of water: acetonitrile::35:65 at a flow rate of 0.8
mL/min retained DTX for 5.5 min and was found linear within the range 1-75 pg/mL with 93.08%
accuracy for LQC?,

2.1.2 Bio-analytical method development for quantification of DTX

In case of bioanalytical method development, sample preparation and method validation, both are
equally important. ‘Liquid-liquid extraction’ (LLE) of DTX from the plasma matrix is well
reported. Acetonitrile: n-butylchloride (1:4 v/v) solvent system was used to reconstitute the sample
before HPLC analysis. With a mobile phase consisting of water: methanol: tetrahydrofuran:
ammonium hydroxide :: 37.5:60.2:2.5:0.1 v/v at a flow rate of ImL/min, LLOQ of DT X was found
to be 88.5-108.6% accurate and extraction recovery was reported to be 84.3+6.8%. In another
study, methanol: acetonitrile (1:1 v/v) solvent system was utilized to precipitate the protein and
extract DTX in the organic layer, which was further processed to be analyzed by LC-MS/MS
method for developing a sensitive bioanalytical method of DTX. The calibration curve for DTX
in mouse plasma was linear over the range 25-2500 nM. The LLOD was 8 nM and the LLOQ was
25 nM. With a linear gradient method at a flow rate of 0.25 mL/min, the transition (m—z) for DTX
was 808.2—527.05 and 854.2—285.9 for PT X using electrospray ionization. The calibration curve
thus plotted showed correlation coefficient >0.997, and ~100% recovery of QC smaples't. Another
study has reported an isocratic LC method in combination with the mass spectrometric analysis of
DTXin a dried blood spot. The mobile phase consisted of water and acetonitrile with 0.1% formic
acid (45:55 v/v), eluted at 0.2 ml/min by MRM monitored transitions of DTX (830 — 303) and of
PTX (835 — 247). The method was linear in 50- 3000 ng/mL range with an accuracy of 89%-
114% and precision within 2.5-10.1%%2.

2.2. Materials and Methods

2.2.1 Materials

DTX (MW 829.9 Da) and PTX (MW 875.9 Da) were provided by Fresenius Kabi and M/s, INTAS
Pharmaceuticals Ltd. as gift samples respectively. Acetonitrile (HPLC and LC-MS grade),
Methanol (HPLC grade), EDTA disodium salt dehydrate and Formic acid were procured from
Merck (Darmstadt, Germany). Ammonium accetate was obtained from CDH (New Delhi, INDIA).
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Female swiss albino mice, 20-25 g were procured from the central animal facility (CPCSEA No.
417/PO/be/2001/CPCSEA), BITS Pilani, Pilani campus (India), as per approved animal protocol
(IAEC/RES/31/03) and utilized for obtaining the plasma required for the bioanalytical calibration

curve and QC sample preparation.

2.2.2. Methods

2.2.2.1 Development of analytical method for DTX

Chromatographic Conditions

DTX analytical method was developed in HPLC system (Shimadzu, Kyoto, Japan) coupled with
a photodiode array (PDA) detector. The system was purged and equilibrated for half an hour before
analyzing the samples. Chromatographic separation was carried out using Intersil® ODS (C18)
column (250 x 4.6 mm, 5 um) with isocratic flow of mobile phase consisting of acetonitrile: water
in a ratio of 70:30 v/v with flow rate at 1 mL/min. The injection volume was kept as 80 pL and
DTX was analyzed at a wavelength of 227 nm. The generated data was processed using LC

solution software 1.22 SP1.

Preparation of stock solution, calibration solution and quality control samples

A primary DTX stock solution of 1 mg/mL was prepared by dissolving 10 mg of DTX in 10 mL
of methanol (HPLC grade). From this main stock solution, secondary DTX stock solution of 10
ng/mL was prepared and utilized for preparation of the calibration samples. Six calibration samples
i.e., 1000, 500, 250, 125, 50, and 25 ng/mL and 3 QC samples i.e., 750 ng/mL (High, HQC), 375
ng/mL (Medium, MQC), 62.5 ng/mL (Low, LQC) were prepared in n=6 replicates. For dilution,
mobile phase was used as a diluent to prepare the analytical samples.

2.2.2.2 Validation of the analytical method

1. Linearity and Range

Total six calibration curves were prepared and analyzed in consecutive three days and the linearity
of the method was established within 25-1000 ng/mL. The calibration curve was plotted between
concentration of DTX vs. peak area (mAU). The regression line was also constructed and

regression coefficient calculated.
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2. Accuracy and Precision
For accuracy and precision analysis, the intra-day and inter-day sample analysis was carried out
with HQC, MQC and LQC samples (n=3). As per the ICH guidelines, % bias and %RSD of

analytical samples was calculated, these parameters are recommended to be within +2%.

3.LOD and LOQ

Signal to Noise ratio (S/N) method was utilized to analyze LOD and LOQ. According to the
guideline, LOD should have S/N>3, and LOQ should have S/N>10.

4. Specificity

Specificity was determined by analyzing the QC sample spiked with exosomes ~ 40 pg/mL. Any

interference due to the presence of the exosomes was monitored at 227 nm wavelength.

2.2.2.3 Development of bio-analytical method for DTX using LC-MS/MS

Chromatographic and mass spectrometric conditions

The LC-MS/MS bioanalytical method of the DTX and PTX was developed using Waters Xevo
TQD Triple Quadrupole consisting of quaternary solvent manager (Acquity UPLC H-Class),
sample manager (Acquity UPLC), nitrogen generator compressor (PEAK Scientific), a triple
quadrupole (Xevo TQD) mass analyzer with an ionization source (ZsprayTM). The
chromatographic separation was achieved in an Acquity®BEH C18 column (150 x 2.1 mm, 1.7
um; Waters Milford, USA), maintained at 30°C, while keeping the temperature of the sampler
constant (4 °C) throughout the analysis. The mobile phase consisted of 0.01M ammonium acetate
buffer (pH 5.5, maintained with 0.1% formic acid) and acetonitrile (10:90 v/v), eluted at 0.18 ml
min~t. MRM monitored transitions of DTX were: DTX m/z 829.9 — 304.07 (quantitation); m/z
830 — 303 and 830 — 549.26 (qualification) and IS m/z 875.9 — 308.05 (quantitation); m/z 835
— 308.05 and 835 — 591.21 (qualification). The injection volume was 10.0 pl. The mass
spectrometry conditions optimized for analysis are shown in Table 2.1.
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Table 2.1
Chromatographic parameters of mass spectrometry in LC-MS.

Gas Flow rate

lon fragment  Capillary desolvation of 0as Cone Collision
Molecule  Quantitation  Voltage Temperature desol\?ation Voltage Energy
(m>2) (kV) CC) (L/h) V) MS (V)
DTX 829.9>304.07 42 22
PTX 875930805  °/° 450 750 90 28

Preparation of stock and calibration samples
Stock solution of DTX and PTX were prepared in ACN at a concentration of 1mg/ml. One-day

prior to the LC-MS/MS analysis, all calibration samples were prepared in mice plasma matrix.
Initially, working solutions of 2000-15.62 ng/ml DTX and 500 ng/ml of PTX were prepared in
ACN before beginning the sample preparation. In 40 uL of EDTA containing mice plasma,
required volume of DTX and PTX (of prepared working solutions) was added to prepare
calibration samples (serially diluted) 200, 50, 12.5, 6.25, 3.125 and 1.56 ng/mL and vortexed for
1 min followed by further processing for sample preparation.

Sample preparation

ACN (1 ml) was used to precipitate the plasma proteins to extract out DTX and PTX into the
organic layer. The samples were vortexed for 10 min and then centrifuged at 15,000 rpm for 15
min at 4°C. The organic layer was collected and evaporated at 45° overnight under vacuum
condition. The dried samples were further redispersed in 60 ul of ACN:water in 1:1 ratio and

centrifuged at 15,000 rpm for 15 min at 4°C prior to analysis in LC-MS/MS. The respective

Area of [DTX]

analysis was interpreted as [DTX] vs. Areaof [PTX)

and the calibration curve (n=6) was used for

the quantification of DTX in pharmacokinetic samples.

2.2.2.4 Validation of the bioanalytical method

1. Linearity and Range
Calibration samples i.e., 100, 50, 12.5, 6.25, 3.125 and 1.56 ng/mL were analyzed (n=6).
Calibration curves were generated by correlating the nominal concentrations of the calibration

samples with the peak area ratios from DTX and IS. While X axis represented [DTX], Y axis was

Area of [DTX]

plotted as Areaof [PTXY

Further, the trend line equation, y=mx+c (m-slope and c-intercept) with

correlation coefficient (R?) was calculated.
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2. Accuracy and Precision

For accuracy and precision analysis, the intra-day and inter-day sample analysis was carried out
with HQC, MQC and LQC samples (n=3). As per the ICH guidelines, % bias and %RSD of
analytical samples was calculated, these parameters are recommended to be within +15%35,
Although, % bias and %RSD for LLOQ is considered acceptable with +20% variation from the

true value

2.3. Results

2.3.1 Analytical method of DTX by HPLC
The HPLC based analytical method of DT X was successfully developed wherein the DT X showed
Rt of 4.93 min (Fig. 2.1).

A. mAU B. (OTX (DTX, (DTX,
227nm,4nm (1.00) 4.926/ DTX Analytical) ~ Exo-DTX) ~ paN-DTX)

s U | &g

5.0]

2.5

00 10 20 30 40 50 60 J
Time (min) INEEE N

Figure 2.1 Representative chromatogram of (A) DTX (1000 ng/mL) without excipients and, (B-D) Peak purity
curves of DTX (B) alone, and in the presence of (C) exosomes and (D) PAN particles
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Figure 2.2 Representative calibration curve of DTX in linearity range of 25-1000 ng/mL.
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1.Linearity and Range
All the six calibration curves (CC) showed linearity over the range 25-1000 ng/mL with the
regression equation y = 86.776x + 223.44 (R?=1.00) as indicated in Figure. 2.2.

Table 2.2
Interday and Intraday precision and accuracy of the QC samples of DTX

Nominal Precision (%6RSD) Accuracy (%oBias)
Analyte Level conc.
(ng/ml) Interday Intraday Interday Intraday
LQC 62.5 2.04 2.47 4.97 5.42
Docetaxel
(DTX) MQC 375 2.17 1.67 5.93 6.85
HQC 750 2.67 1.44 4.58 5.78

2. Accuracy and Precision

The interday and intraday precision (%RSD) for QC samples was found to be 2.19-3.69 % and
1.44-2.96 % respectively (Table 2.1) although the recommended limit for precision is within +
2%. This slight variation could be attributed to the lower concentration range selected within 1000-
25 ng/mL for the validation of the method which requires high sensitivity difficult to obtain using
HPLC. Likewise, interday and intraday accuracy of HQC and MQC was found within 4.58-5.9 %
and 5.78-6.85%, which is ~ +5%.

3.LOD and LOQ
According to the signal to noise (S/N) ratio, LOD and LOQ were found to be ~28.85 ng/mL and
~87.43 ng/mL respectively as per equation recommended by ICH Q2 (R1).

4. Specificity

The specificity of the method was verified by analyzing the analytical sample (1000 ng/mL) in the
presence of excipients (exosomes and blank PAN) that are employed to formulate the drug delivery
system of DT X. Interference of any of the excipients was not observed at the retention time of the
analyte which confirmed the specificity of the analytical method. Representative chromatogram of
the drug and peak purity curves are shown in Fig 2.1 A and B-D respectively. Peak purity for

DTX in the presence of the exosomes and PAN particles were found to be>0.999.
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2.3.2 Bioanalytical method of DTX by LC-MS/MS method

1. Linearity and Range
The developed method was found linear within the range 200-1.56 ng/mL with the calibration

curve showing R? value of 0.9984. The representative calibration curve is plotted between [DT X]

Area of DTX

vs. and
Area of PTX

was generated using 3 replicates for each calibration sample.

2. Accuracy and Precision

As Table 2.3 shows the interday and intraday precision (%RSD) for biological QC samples, i.e.,
MQC and HQC samples was found to be 14.95-16.18 % and 12.67-15.28 % respectively, whereas
precision is expected within £ 15%. For LQC only, the interday and intraday precision (%RSD)
was found to be 19.72% and 17.84% which is acceptable for LLOQ (£20%). This slight variation
in precision could be attributed to the very low concentration range selected within 200-1.56
ng/mL for the validation of the bioanalytical method. Likewise, interday and intraday accuracy of
HQC and MQC was found within 7.97-9.51 % and 3.70-9.51%, which is ~ £10%.
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Figure 2.3 Representative chromatograms of DTX (100 ng/mL) and PTX (50 ng/mL.) using LC-
MS/MS (without any excipients) wherein, DTX showed Rt at 0.94 min and PTX at 0.96 min.
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Figure 2.4 Representative CC for detection of DTX in bio-analytical samples using LC-MS/MS

method from DTX concentration vs. % profile wherein, PTX was used as an internal standard

(IS). The CC has been prepared from n=3 sets of the calibration samples and the data is presented here as
mean (n=3) £SD.

Table 2.3
Interday and Intraday precision and accuracy of the bioanalytical QC samples of DTX.

Nominal Precision (%6RSD) Accuracy (%oBias)
Level conc.

(ng/ml) Interday Intraday Interday Intraday
LQC 3.25 19.72 17.84 3.46 4.97
MQC 25 16.18 12.67 7.97 3.70
HQC 100 14.95 15.28 9.51 5.65

2.4 Discussion
A simple and concise analytical method has been developed using RP-HPLC/UV method to detect

DTX using binary solvent system (ACN: water = 7:3) at 1.0 mL/min flow rate. The developed
method will be utilized to analyze the entrapped drug in the formulation and for in vitro release
analysis. The optimized method was found reliable to detect DT X upto 87.43 ng/mL whereas LOD
was 28.85 ng/mL. As the method was well established by our lab previously, a partial validation
was performed for the analytical method of DTX’. LC-MS/MS methods are well reported for the
establishing a highly sensitive method optimized to detect the drug in both in vitro and in vivo
samples. The optimized method was reliable in analyzing the bioanalytical samples containing
DTX in the concentration range of 1.56-200 ng/mL wherein, the interday accuracy and precision
with LQC sample was achieved with less than 20% and 15% respectively®*3. The validated method
was utilized to analyze the PK samples wherein, the study has been performed with DTX dose as

1mg/kg body weight of the healthy Swiss albino mice.
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3.1. Introduction

As discussed in Chapter I, the cargo as well as the yield of exosomes may change depending upon
physiological stress as well as the pathological conditions?. Exosomes, either from bio-fluids
(plasma, saliva, urine, amniotic fluid, umbilical cord Wharton’s jelly, bovine milk etc.) or
conditioned media from cells (grown under in vitro conditions) have recently gained tremendous
attention as a biogenic nanocarrier of therapeutics for the treatment of different pathological
conditions®. Among all, MSCs having inherent immunosuppressive properties, produce
immunosuppressive exosomes that can easily overcome the allogenic rejection and confer easy
acceptance by the target cells*. Currently the field of MSC exosomes is undergoing extensive
research to explore their application in cancer therapeutics, especially the regulatory role of MSCs
derived exosomes. In a recent study, bone marrow (BM) MSC derived exosomes, enriched with
miR-100 showed tumor suppression by down regulating VEGFR-I expression via HIF-I/ mTOR
mediated pathway in BC cells, MCF-7 and MDA MB-231, at the dose of 80 pug/mL; while another
study reported BM MSC exosomes (200 pg/mL) induces angiogenesis by upregulating VEGF in
both in vivo models of gastric carcinoma (SGC-7901) and colon carcinoma (SW-480)%¢. These
observations highlight the conflicting role of MSC exosomes in cancer pathophysiology in spite

of being derived from the same source.

Among the different sources explored for procuring MSCs, in this thesis work, human umbilical
cord blood (hUCB) derived MSCs (hUCBMSC) were chosen as one of the sources of exosomes
(named as hUCBMSC Exo) considering that the procurement of the hUCB is completely non-
invasive, least unethical and safe. Also, the ability to undergo extensive scale-up under in vitro
conditions makes hUCBMSCs one of the most appropriate source to isolate MSC exosomes’.
hUCBMSCs have also been functionally characterized to be anti-inflammatory and anti-
tumorigenic in different cancers. They have already been reported to suppress cancer stemness in
BC, tumorigenesis in Kaposi sarcoma, and also induce cytotoxicity in U87 glioma cells®1°.
Several reports have claimed that human umbilical cord MSC derived exosomes are anti-
tumorigenic due to presence of miR-375, miR-451a and miR-181, which suppresses expression of
enabled homolog (ENAH) in squamous cell carcinoma, downregulates a Disintegrin and
metalloprotease 10 (ADAM 10) mediated EMT in hepatocellular carcinoma and retards lysine-

specific demethylase 5C (KDM5C) in nasopharyngeal carcinoma respectively13. Recently, it
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has been reported that the hUCBMSCs derived exosomes inherently carry miR-503-3p which
significantly down regulates the mesoderm specific transcript (MEST) and suppresses the cellular
growth in endometrial carcinoma 4. Thus, hUCBMSCs derived exosomes were selected as the
biogenic nanocarrier for DTX and their cargo was further enriched with TS miR-125a by prior

transfection of the source cells to obtain DT X and miR-125a co-loaded exosomal formulation.

Among all the biomolecules explored lately, RN A (interfering RNAs) is one of the most intriguing
example as it can regulate physiological functions at transcriptomic level. Among RNAI(S),
miRNA plays a significant role in regulating the gene expression by modulating the target mMRNAs
either as oncomiRs stimulating oncogenesis or TS miRNAs, suppressing the tumor®. miR-125a is
a well-known TS miRNA which specifically targets the HER2/ ErbB2 (EGFR subfamily)
mediated signaling pathway that contributes to the migratory nature of aggressive BC cells 8.
Basal level of the miR-125a transcript has been reported to be under-expressed in human BC
tissues by 1.75-fold in comparison to the normal breast epithelial cells. miR-125a-3p has been
shown to increase the expression of the ErbB2 which eventually reduces the invasiveness of the
cancer cells 7. Also, miR-125a-5p was reported to suppress BC susceptibility gene 1-associated
protein 1 (BAP1) resulting in induction of cancer cell apoptosis 8. Hence, we chose miR-125a as

one of the therapeutic macromolecules to be co-loaded with DT X in hUCBMSC EXxo.

Considering the formulation aspect, the co-loading of anti-cancer small molecule with a TS
miRNA in exosomes is a concept still in its infancy. Although this kind of co-delivery has been
explored with synthetic nano-formulations like core-shell tecto dendrimers, chitosome, PEI-PLGA
nanoparticles and hyaluronic acid/chitosan nanoparticles; the exploration of exosomes as a
nanocarrier for the simultaneous delivery of both the therapeutic molecules is less explored'®22,
We came across just a single study reporting the exosomal co-loaded formulation of DOX and
hydrophobically modified miR-159 wherein, the loading of the therapeutics was carried out by
overnight incubation and produced synergistic effect in terms of cellular apoptosis, uptake and bio

distribution in malignant tumors?.

For this objective, we strategically transfected the source hUCBMSCs with miR-125a using a
plasmid vector of the miRNA which conferred around 2 folds’ and 1.8 folds’ increase in the
expression of miR-125a in hUCBMSC and the exosomes isolated from them respectively. Then,

DTX was loaded by an optimized formulation technique comprising of mild-sonication and
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incubation to develop a miR-125a and DTX co-loaded exosomal formulation (miR-125a Exo-
DTX). Further, the formulations (hUCBMSC Exo-DT X and miR-125a Exo-DT X) were assessed
for in-vitro efficacy in TNBC 4T1 cells by an anti-proliferative assay, cellular uptake and release
study. The anti-migratory effect of the formulations was assessed by wound healing, transwell
invasion and morphological deformation assays. The mechanism underlying morphological

deformation was also confirmed by morphometric microscopy and F-actin degradation assay.

3.2. Materials and Methods

3.2.1. Chemicals and Cell culture

Dulbecco’s modified Eagle’s medium (Gibco™ DMEM, high glucose) and Fetal bovine serum
(FBS) were purchased from GIBCO (Invitrogen Inc. Gibco BRL, USA). Penicillin plus
streptomycin solution, 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
Tween 20 were obtained from Sigma-Aldrich (St. Louis, MO, USA). Pierce™ Bicinchoninic acid
(BCA) protein assay kit, PKH26 red fluorescent cell linker mini kit (MINI 26-1KT), Pierce® Fast
western blot kit and ECL substrate (#35055), StemPro™ Adipogenesis Differentiation Kit
(A1007001), StemPro™ Osteogenesis Differentiation Kit (A1033201) and StemPro™
Chondrogenesis Differentiation Kit (A1007101) were obtained from Thermo™ Scientific
(Waltham, USA). DTX was kindly donated by Fresenius Kabi (New Delhi, India). Other solvents
and reagents were of analytical grade and were obtained from Merck (Darmstadt, Germany). Anti-
CD81 mouse mADb [# ab109201], Anti-TSG101 mouse mAb antibody [#ab125011], anti-CD63
mouse mADb [# ab59479] and Rhodamine Phalloidin (# ab235138) were procured from Abcam
(Waltham, USA). Anti-CD73, CD90, and CD105 (BioLegend, San Diego, CA, USA), and anti-
CD45 and CD34 (BioLegend, San Diego, CA, USA), HLA-DR (BD Biosciences, San Jose, CA,
USA) were also procured. 2-well culture inserts were procured from ibdi GmbH (Martinsried,
Germany) and Falcon® Transwell inserts with 8 um PET membrane (for 24-well plate) from
Corning (Riverfront Plaza, USA). For transfection purpose, human miR-125a expression plasmid
(SC40082) and pPCMVMIR vector for miRNA expression cloned with green fluorescent protein
(GFP) were designed by OriGene, USA. Also, the transfection efficiency was ascertained by using
TagMan MicroRNA Assays (Applied Biosystems), TagMan MicroRNA Reverse Transcription
Kit (Applied Biosystems, Life Technologies, USA) and miRNeasy® Mini Kit (Qiagen, USA). For
isolation and quantification of miRNAs, miRVana™ miRNA isolation kit (Life Technologies) and

Quant-iT™ Ribogreen™ RNA assay kit (Invitrogen, Oregon) were also purchased.
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For cell culture, murine BC cells (4T1) were obtained as a gift from Professor Avinash Bajaj,
Regional Center of Biotechnology, Haryana, India. The hUCBMSC procurement protocol was
approved by Institutional Committee for Stem Cell Research (IC-SCR; Code: 2019-03-IMP-08),
Sanjay Gandhi Postgraduate Institute of Medical Sciences (SGPGI), Lucknow, Uttar Pradesh,
India. This part of the thesis was carried out in collaboration with Prof. Swasti Tiwari, Professor
and Head, Division of Molecular Medicine & Biotechnology Sanjay Gandhi Post Graduate
Institute of Medical Sciences (SGPGIMS), Lucknow, U.P, India.

3.2.2. Biospecimen collection for isolation and characterization of hUCBMSCs

After isolation of hUCBMSCs from human UCB as per the approved protocol (IC-SCR; Code:
2019-03-IMP-08), the hUCBMSCs were propagated to 37-5" passage and were further
characterized using MSC positive markers anti-CD73, CD90, CD105, and negative hematopoietic
markers anti-CD45 and CD34, HLA-DR by confocal microscopy (Fluo-View F10i confocal
microscope, Olympus) and flow cytometry (Becton Dickinson, New Jersey, USA)?4. To evaluate
hUCB-MSCs’ ability to undergo trilineage differentiation, StemPro™ Adipogenesis
Differentiation KIT, StemPro™ Osteogenesis Differentiation Kit, and StemPro™ Chondrogenesis

Differentiation Kit were used.

3.2.3. Transfection and characterization of transfected hUCBMSCs
The hUCBMSCs at the 3 passage were seeded in a 96-well plate at a density of 1.5x10° cells/cm?

for attachment. After 24 h, the sub-confluent monolayers were transfected with 500 ng/ul, pPCMV
— MIR vector/miR-125a carrying the GFP gene using Lipofectamine™ RNAiMAX Transfection
Reagent (Invitrogen, Oregon) and the green fluorescence signals were observed under a

fluorescent microscope 48 h after transfection.

3.2.4. Isolation and Characterization of hUCBMSC and miR-125a transfected hUCBMSCs
derived exosomes

3.2.4.1. Isolation of hUCBMSC and miR-125a transfected hUCBMSCs derived exosomes

The following flow chart represents the optimized process for isolation of the exosomes from
hUCBMSCs-
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hUCBNMSC cells were cultured till 60-70%0 confluence

Cell conditioned media collected
I
Centrifuged at 500 - g. 4°C for 10 minutes
|
Centrifuged at 2,000 g. 4°C for 10 minutes
|
Filter through 0.22um
|
Ultracentrifugation at 1.20.000xg, 4 C for 2h
I
Washed in excess PBS at
1.20.000xg. 4°C for 2h

l

Pellet 1s redispersed in 200ul of
PBS

3.2.4.2. Characterization of hUCBMSC and miR-125a hUCBMSC exosomes

Particle size, PDI, zeta-potential and protein quantification

These isolated exosomes were characterized for particle size and zeta-potential by dynamic light
scattering by Litesizer™ 500 (Anton Paar, Graz, Austria). Morphology was studied using FESEM
by FEI (Apreo-loVac, Hillsboro, USA). The intact exosomes were also quantified by Pierce® BCA
Kit (Pierce, BCA Protein Assay Kit, Thermo Scientific, Pittsburg, PA).

Expression of exosomal proteins

The hUCBMSCs cells and their derived exosomes were lysed in RIPA buffer using a freshly
prepared protease inhibitor cocktail (Roche Diagnostics, Germany) and protein concentration was
determined by the Pierce® BCA Kit. Proteins was denatured and resolved on 15% SDS-PAGE gel
and transferred to PVDF membrane. Membrane was incubated overnight with exosomal markers;
mouse anti-TSG101, anti-CD63, and anti-CD81 antibody followed by HRP-conjugated secondary
antibody. The membrane was visualized by an enhanced chemiluminescence detection system.
Images were acquired on a ChemiDoc imaging system (Universal Hood 111, Bio-Rad, California,
USA).
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Quantification of miR-125a expression in transfected exosomes

After 72 h of transfection, media containing exosomes was collected and exosomes were isolated
from it as described previously (section no. 3.2.4.1). Total RNA including microRNA from
exosomes was extracted by using Qiagen miRNeasy Mini Kit according to the manufacturer’s
instructions. RNA concentrations were measured with NanoDrop (SIMPLINANO™
Spectrophotometer, Biochrom) and subsequently quantified by RT-PCR.

The expression of miR-125a was quantified by the TagMan MicroRNA Assay (Applied
Biosystem) according to the manufacturer’s protocol. Briefly, 10 ng of miRNA was converted to
cDNA by a TagMan MicroRNA Reverse Transcription Kit according to the manufacturer’s
instructions. Then the cDNA products were used to quantify the expression of microRNA. miR -
125a expression fold change was calculated by the 2724CT method. 18S was used as the

normalization control.

3.2.5. Development and characterization of exosomal formulations of DT X (hUCBMSC Exo-
DTX and miR-125a Exo-DTX)

3.2.5.1. Development of DTX loaded hUCBMSC Exosomes (hUCBMSC Exo-DTX and miR-
125a Exo-DTX)

hUCBMSC Exo-DTX was prepared by a combination of mild sonication and incubation technique.
hUCBMSC-Exo (200 pg surface protein equivalent) was probe sonicated (Sonics Vibra-Cell™,
USA) with 50 uL of DTX (1 mg/mL in methanol) and tween 80 (0.02% v/v in 10 mM PBS) at an
amplitude of 15% for 4 cycles; each cycle comprised of 30 sec “on” and 30 sec “off” followed by
an intermediate incubation period (IP) of 2 min (on ice) after each cycle. Post-sonication,
hUCBMSC Exo-DT X were incubated for 2 h at 37°C to allow the exosomal membrane to recover
and reseal. Excess of unloaded DTX was separated from hUCBMSC Exo-DTX by centrifugation
at 10,000 rpm for 10 min at 4°C. To obtain the hUCBMSC Exo-DTX, another cycle of ultra-
centrifugation at 1,20,000x g, 4°C, for 90 min was carried out to pellet down the DTX loaded
exosomes. Once obtained, these were further redispersed into 200 pL of 1X PBS and stored at -
80°C till further use. miR-125a Exo-DT X was also prepared following the similar procedure and
the optimized process parameters and compared for physical properties and loading capacity with
the untransfected hUCBMSC Exo-DTX.
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3.2.5.2. Optimization of process parameters for formulating hUCBMSC-Exo DTX and miR-
125a Exo-DTX

Different process parameters involved in the formulation of hUCBMSC-Exo-DT X were optimized
including (a) exosome: drug (Exo: DTX) ratio, (b) number of sonication cycles (carried out during
formulation development), (c) percentage of tween 80 used and, (d) batch size i.e., total exosome
content (ug protein equivalent). For optimization of exosomal formulations, the above-mentioned
process parameters were varied one at a time keeping other parameters constant, to evaluate their
effect on drug loading (% DL), particle size and capacity of exosomes [DTX (ng)/exosome (1g)]
as depicted in Table 1. Also, the effect of the process parameters was determined on the miRNA
retention capacity of exosomes by quantifying total miRNA content in miRNA 125a exosomes

before and after formulating miR-125a Exo-DT X.

3.2.5.3. Characterization of the formulations

Size, size distribution and morphology: The particle size and polydispersity index (PDI) of
unloaded exosomes and their respective Exo-DT X formulations were determined using Litesizer™
500 (Anton Paar, Graz, Austria) with 173" backscattering, at 25 C, equilibration time (1 min) and
10 runs per sample while zeta-potential (mV) was analysed at 50 runs per sample with maximum
40V beam energy. The samples were used undiluted for the DLS analysis, while for FESEM, DTX
loaded exosomes (50 pg equivalent protein) were fixed with 2% paraformaldehyde on cover-slip
and dehydrated with ethanol in ascending concentrations (from 30%-90%) followed by analysis
by FESEM (FEI, Apreo-loVac, Hillsboro, USA).

DL, capacity and miRNA retention: Analytical method for the quantification of DT X as described
in Chapter 2 (section 2.2.2) was utilized for estimating the % DL and capacity. DL and capacity
were calculated using Equation 3.1 and 3.2.

For estimating the amount of miRNA retained into the exosomes after carrying out the drug
loading process; miR-125a Exo-DTX formulation was prepared using miR-125a transfected
exosomes (100 ug equivalent protein). miRNA was isolated from both naive miR-125a exosomes
and miR-125a Exo-DTX using miRVana™ miRNA isolation kit (Life Technologies). The miRNA
content in the exosomes before and after loading of DTX was evaluated by Quant-iT™
Ribogreen™ RNA assay kit. The quantification of miRNA thus, provided an insight into the
impact of the drug loading process onto the miRNA retention capacity of exosomes (Equation
3.3).
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Amount of drug loaded

Drug Loading (%DL) = %X 100..... Equation 3.1

Total Amount of drug taken and carrier

Capacity (ng drug/pug Exosomes) = Content of drug loaded in the exosomes (ng) Equation 3.2

Content of exosomes (g protein)

mIRNA (ng) in the miR—125a Exo—DTX
MiRNA (ng) in miR—125a Exosome

% miRNA retention capacity: x100........ Equation 3.3

3.2.5.4. Invitro DTX release and stability study

The in-vitro release of DTX from hUCBMSC Exo-DTX was evaluated by the dialysis method
wherein, the formulation was dispersed in PBS (10mM, pH 7.2) containing 0.2% Tween 80 and
transferred to a regenerated cellulose dialysis tube bag (Snakeskin™ dialysis tubing, Thermo
Fisher, MWCO3500 Da). The dialysis bag was immersed in 5 mL of release media and at each
preset time point, release media was withdrawn and replaced with the fresh one to ensure
maintenance of the sink conditions. The amount of DT X released from Exo-DT X was estimated
and release profiles were plotted. Also, a week long stability study at -20°C was performed to
evaluate the effect of the process parameters on the exosomal integrity of the hUCBMSC Exo-
DTX formulations. The response parameters considered here were, particle size (hm), zeta-

potential (mV) and Capacity (ng DTX/1g exosomes).

3.2.6. In-vitro functional assays

Cell culture studies

Murine 4T1 cells were cultured in growth medium (DMEM+10% FBS+100 IU/mL penicillin-
streptomycin) and incubated at 37 °C in a humidified atmosphere with 5% CO.. Prior to treatment,
the cells were seeded and incubated under the above mentioned conditions for 12 h to permit their

adherence to the culture plate or flask.

3.2.6.1. Anti-proliferative study

2.5x 103cells per well were seeded in a 96 well plate and allowed to attach overnight. The anti-
proliferative effect of the both miR-125a Exo-DTX and hUCBMSC Exo-DTX formulations was
evaluated in comparison to the free DT X (10-500 ng/ml) on 4T1 cells after 48h. Blank hUCBMSCs
exosomes (untransfected and miR-125a transfected) having protein content equivalent to Exo-
DTX (containing 250 and 100 ng/mL DTX) were also studied to evaluate the effect of naive

exosomes on cellular viability of 4T1 as well. MTT assay was carried out after 48 h of incubation
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following standard protocol. The ICso of the free DT X and the Exo-DT X formulations was reported

and compared statistically.

Also, the effect of the free DTX (100 ng/mL), blank exosomes (~10 pg/mL protein) and
corresponding Exo-DTX (~100 ng/mL DTX) formulations, i.e. hUCBMSC Exo-DTX and miR-
125a Exo-DT X on the cellular morphology and proliferation of 4T1 after 48h of incubation was
ascertained by FESEM at 500X magnification.

3.2.6.2. Cellular uptake study

4T1 cells (1.0x10* cells/well) were seeded in a 24-well plate on coverslips and allowed to attach
and form a monolayer overnight. A time dependent (1h/3h/6h/12h) cellular uptake study was
performed in the cells with both naive PKH26 dye labelled and Coumarin 6 (COU6) loaded
untransfected exosomes. At predetermined time-points, the cells were washed twice with PBS
followed by fixing the cells with 2.0% paraformaldehyde (PFA). The nuclei of the cells were

stained with DAPI and viewed under a fluorescence microscope (AXIOVERT Al, Zeiss).

3.2.6.3. Wound healing assay

4T1 cells were seeded in a culture-insert at a density of 2.1x10% cells per well. After allowing the
cells to attach overnight, the culture insert was removed and the cells were washed with PBS to
remove non-adherent cells. Fresh media containing free DTX, hUCBMSC Exo-DTX, miR-125a
Exo-DTX (100 ng/mL) and equivalent untransfected and miR-125a exosomes was replaced and
images of different fields (n=3) were captured at 0, 6, 12, 24, 36, 48 h. The area of the wound at
12,24, 36 h were analysed and the wound area was compared by Image J software and the %wound
healing was calculated (Equation 3.4).

%Wound Healing:(A“A;At) x 100 ... Equation 3.4

0

(where, A is the area of the wound at zero time-point andA; is the area of the wound at time point,
t)

3.2.6.4. Transwell invasion assay

For this assay, Corning® Matrigel® Basement Membrane matrix, LDEV free (Product No.

354234), 300 pg/mL in DMEM was cast in the upper chamber of a transwell (8 um pore filter) in

a 24-well plate to mimic the basement membrane. 10x 10* cells were seeded onto it and incubated
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for 12h followed by treatment with blank exosomes and respective Exo-DTX formulations in
DMEM+5% FBS. The lower chamber was filled with DMEM+10% FBS (as chemoattractant).
After 48h of treatment, the cells remaining on the Matrigel bed of the insert were removed with a
cotton swab and the cells which transversed to the lower surface of the transwell were fixed with
methanol for 5 min. The fixed cells were stained with 0.1% crystal violet and visualized by
microscopy. The average number of cells which migrated per field were counted to determine the

comparative %invasion of the cells after different treatments (n=3).

3.2.6.5. Cytoskeletal deformation assay

4T1 cells were grown on the coverslips to form a monolayer of cells for 12 h prior to the treatment.
Cells were treated with 100 ng/mL of free DTX, hUCBMSC Exo-DT X, miR-125a Exo-DT X and
an equivalent concentration of hUCBMSC exosomes for 48 h followed by fixing them with 4%
PFA.

For FESEM, the fixed cells were washed with increasing concentrations of ethanol (30%, 50%,
70% and 90%) to dehydrate them and air dried overnight. The samples were chromium sputtered

and visualized using electron beam at a magnification of 3000X.

3.2.6.6. F-actin degradation assay

For confocal microscopy (Carl Zeiss, model no: LSM 880), the cells were grown on the coverslip
for 24 h after seeding, the cells were then treated with 100 ng/mL of free DT X, hUCBMSC Exo-
DTX, miR-125a Exo-DT X and an equivalent concentration of hUCBMSC exosomes for 48 h. Post
48 h, the cells fixed with 4% PFA followed by staining with Rhodamine phalloidin dye (to stain
F-actin) for 1 h at room temperature. The nuclei of the cells were then counter-stained with DAPI
followed by washing thrice with chilled PBS. Fluorescence images of the cells were captured using

a confocal microscope

3.3. Results

3.3.1. Characterization of hUCBMSC and hUCBMSC derived exosomes

The differentiation of mononuclear cells (MNCs) from the UCB into hUCBMSCs was ascertained
by their inherent adhesiveness to the culture flask surface along with rapid fibroblast-like bipolar
transformation of cells in the culture media (Fig. 3.1.A). Additionally, MSCs were found strongly
positive for MSC marker proteins, CD73 (99.77%), CD90 (99.90%), and CD105 (99.36%), almost
negative for CD34 (0.11%), CD45 (0.15%) and HLA-DR (0.01%) as revealed by flow cytometry
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(Fig. 3.1.B) as well as by immunocytochemistry (Fig. 3.1.C). The ability of the MSCs to
differentiate into osteogenic (215t day from induction), adipogenic (14" day from induction) and
chondrogenic cells (28" day from the induction) was also demonstrated by Alizarin Red S, Oil-o-
Red and Alcian blue assay (Fig. 3.1. D). While, loose clusters of the fibroblast-like shaped cells
indicate their osteogenic nature, presence of lipid droplets (adipocyte differentiation indicator of
cells) within 14 days of induction and Alcian blue mediated proteoglycan complexation after 28
days clearly indicated the adipogenic and chondrogenic differentiation of the MSCs in the
differentiating media.

Further, hUCBMSCs derived exosomes were characterized for the presence of distinct exosomal
transmembrane proteins, CD63, CD81 and cytosolic protein, TSG101 in exosome lysate (EL) in
comparison to the cell lysate (CL). Also, the absence of the housekeeping protein, -actin in EL
in comparison to CL indicated that these vesicles were not merely cellular membrane enclosed
cytosol (Fig. 3.2.A). Table 2 clearly showed that hUCBMSC and miR-125a exosomes exhibited
almost same particle size of 185 nm with high polydispersity index (>0.2) and characteristic
negative surface charge -6 to -10 mV by DLS. Exosomes demonstrated 60-180 nm of size with
spherical morphology and presence of clumps in FESEM images (Fig. 3.2.B). After loading of
DTX, exosomal size was increased without any alteration in their morphology as indicated in

Table 3 and Figure 3.2.C and D respectively.

52



Chapter 111

SSC-A

FSC-A

Figure 3.1. Characterization of hUCBMSCs. A. Morphological transformation of MNCs to hUCBMSCs characterized by fibroblastic shape (in
passage 1) and bipolar fibroblastic morphology (in passage 3) (I1) by light microscopy, scale bar 500 um B. Flow cytometry expression of positive
MSC marker proteins (left panel) CD73, CD90 & CD 105 and lack of expression of negative MSC marker protein (right panel) CD34, CD45 &
HLA-DR, C. immunocytochemistry showed that cells were positive for typical MSC markers CD73 (a), CD90 (b) and CD105 (c) & lacked
expression of hematopoietic markers CD34 (d), CD45 (e) and HLA-DR (f) D. Representative osteogenic, adipogenic and chondrogenic
differentiation of MSCs by Alizarin red S, Oil-0-Red and Alcian blue assay.
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Figure 3.2 Characterization of the hUCBMSCs derived exosomes. A. Comparative expression of the
exosomal proteins, CD63, CD81, and TSG 101 and housekeeping B-actin in the naive hUCBMSCs derived
exo-lysate (EL) in comparison to the cell lysate (CL) by western blot analysis. B. The representative FE-
SEM image of the unloaded MSC exosomes showing the tendency of forming clumps resulting in the high
polydispersity at 1,00,000X magnification, scale bar 500 nm C: Representative FESEM image of the
unloaded hUCBMSC exosomes, scale bar 3um D: Representative FESEM image of the DTX loaded
hUCBMSC exosomes, scale bar 3um.

3.3.2. Characterization of plasmid vector mediated transfection of miR-125a in hUCBMSCs
and derived exosomes

hUCBMSCs cells were transfected with the GFP tagged plasmid vectors for 48 h (Fig. 3.3.A). The
successful transfection (considering at least 70% of the transfection efficiency) of cells, and of the
exosomes isolated from them was ascertained by gRT-PCR (Fig. 3.3.B and C). Transfection

efficiency was found above 80% in all cases, which was ascertained by checking the concentration
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and purity of extracted DNA from transfected hUCBMSCs by NanoDrop. Additionally, the
respective transfection efficiency of miR-125a in hUCBMSCs and derived

A Bright Field GFP
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Figure 3.3. Transfection of hUCBMSCs with miR-125a. A. Transfection efficiency of miR-125a by
pCMV-miRs in hUCBMSCs observed by fluorescence microscopy wherein, panel 1 indicates the cells
transfected with GFP tagged pCMV vector and panel 2 shows the representative images of the cells
transfected with GFP tagged pCMV-miR125a, wherein A, B, and C indicated brightfield image,
fluorescence image and their overlay, B. expression of miR-125a showed a 2-fold increase in transfected
cells than the untransfected cells and, C. expression of miR-125a in exosomes isolated from the transfected

cells exhibited 1.89-fold increase than exosomes from the non-transfected cells.

55



Chapter 111

exosomes was quantified by the gRT-PCR assay wherein, the transfected hUCBMSCs and
hUCBMSCs exosomes exhibited almost 2-folds and 1.89 folds’ increase in expression of miR-
125a in comparison to the untransfected ones (Fig. 3.3.B and C).

3.3.3. Optimization and development of the DTX loaded naive hUCBMSC Exo-DTX and
miR-125a-Exo-DTX

DTX, being a BCS (V) drug with poor solubility and permeability is challenging to load into a
membrane enclosed structure attributed to the primary negative charge of both DTX and the
exosomes in physiological buffer like PBS (10mM PBS, pH 7.2) and relatively high molecular
weight of DTX (807.879 Da). While exosomes bear a negative surface charge due to the presence
of phospholipids in their surface membrane, DT X is also negatively charged under physiological
conditions (pH=7.2). Considering this, mild-sonication in combination with incubation was chosen
to formulate DT X into the exosomes without compromising the exosomal integrity. Optimization
of critical process parameters involved in the formulation development like number of sonication
cycles, sonication pattern, presence of co-solvent and surfactant in the dispersion media (PBS) was
carried out. The centrifugation speed and time for expelling out the unloaded DTX prior to
pelleting down the DT X loaded exosomes were also optimized. As indicated in Fig. 3.4.A, 4 cycles
of sonication with 30s on/off pulse at a stretch was found optimal to give maximum % entrapment
efficiency (% EE) of DTX in the exosomes wherein, increasing the cycles from 4X to 12X (Table
1. B4 vs. B10, capacity) further reduced the capacity considerably. Also, presence of surfactant
Tween 80 (0.02 %v/v) and co-solvent methanol (10% v/v) in the dispersion media increased the
% EE owing to the increased solubility of DTX in the dispersion media (Fig. 3.4.B and 3.4.C).
Table 1 also indicated that increasing content of exosomes from 40 to 200 pg equivalent protein
(B9 vs B10) while keeping the other process parameters constant, drastically increased the DTX
loading capacity of the exosomes. Another interesting observation was made while formulating
batches B3 and B5. While preparing B5, the exosomes were dispersed in the saturated DTX
solution in PBS+0.02% Tween 80 (9.93 pug/mL) and processed in the same way as B3. B3
exhibited almost 2-folds increment in capacity in comparison to the B5; clearly proving the fact
that presence of DT X beyond the saturation level in the dispersion media is required for higher
entrapment of DT X. Lastly, to ensure that the unloaded DT X is completely separated out from the

DTX loaded exosomes, an intermediate centrifugation step was incorporated in the formulation
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process before proceeding to ultracentrifugation to obtain the final pellet containing DT X loaded

exosomes (Fig. 3.4.D).
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Figure 3.4. Optimization of process parameters for the loading of DTX in hUCBMSCs derived
exosomes A: Effect of the number of sonication cycles on the % EE of the formulation, where X denotes
one 30sec on/off sonication cycle, B. Effect of % Tween 80 on the % EE, C: Effect of the percentage of
co-solvent (methanol, MeOH) considering total volume of dispersant media (PBS) as 500 uL for each
batch of formulation. D: Optimization of the centrifugation speed (rpm) and time (min) to expel out the
unloaded and insoluble DTX prior to pelleting down the exosomal formulations. All the data is
represented as mean (n=3) £S.D. with statistical significance being ascertained by one-way ANOVA
followed by Tukey post-test, *p<0.05, **p<0.01, and ***p<0.001.

In order to evaluate the effect of DTX loading by mild sonication/incubation technique on the
miRNA payload of exosomes, total miRNA was isolated from both the naive miR125a Exosomes
and miR125a Exo-DTX (=100ug) and quantified by highly sensitive Quant-iT™ Ribogreen™
assay, using rRNA from E.coli as the standard. While, miR-125a exosomes showed miRNA
payload equivalent to 65.66+3.68 ng RNA before the DT X loading, mild sonication/incubation
retained 12.31+5.73 % of miRNA after loading DT X in them, as shown in Table 4.
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Further, the characterization of Exo-DTX formulations (both hUCBMSC and miR-125a Exo-
DTX) was carried out by DLS. The comparative changes in the particle size and surface charge
are tabulated in Table 2, which clearly indicates a slight increment in the size of exosomes (both
untransfected and transfected) after loading of DTX wherein, both the types of exosomes showed
almost similar initial particle size (~180 nm) and polydispersity before loading DTX. Although
hUCBMSC exosomes differed from miR-125a exosomes in zeta-potential values, but in both the
cases, loading of DTX increased the zeta-potential slightly within acceptable range. Interestingly,
the lowering of PDI after DTX loading clearly indicated that the exosomal clumps might be
dissembled during the processing steps without compromising the exosomal integrity. hUCBMSC
and miR-125a exosomes demonstrated DTX loading capacity of 9.75+1.84 and 8.86+1.97 ng
DTX/ nug exosomes respectively which also proved that transfection of miR-125a in the exosomes

did not bring any change in the DTX loading capacity of the exosomes.

3.3.4. Invitro release of DTX and stability study of hUCBMSC Exo-DTX formulation

A biphasic release pattern was observed wherein, Exo-DTX formulation released 74+0.52 % and
90.83+3.9 % of DTX within 8 and 12 h respectively (Fig. 3.5.A) while free DTX showed
90.14+3.28 % and 98.68+1.56 % release at these time points. A complete release of DTX from
Exo-DTX occurred by passive diffusion in almost 50 h while free DT X was completely released
within 12h. The release pattern exhibited burst release of DTX from Exo-DTX formulation
indicating surface bound drug however, a subsequent decrease in the rate of release proves the
sustainability of release from Exo-DT X formulation up to 50 h. Exosomes are phospholipidic bi-
layered vesicles, amphiphilic in nature and can accommodate both hydrophobic and hydrophilic
drugs. DTX, being highly hydrophobic (BCS class 1V) with a high protein binding affinity is
expected to adhere onto the surface of the exosomes as well as to get entrapped into the exosomes
by mild sonication/incubation method. This surface bound DTX exhibits burst release at initial
time points in the in-vitro release study. The release data exhibited best fit in the Higuchi model
(Fig. 3.5.B) with r?=0.9922 proving that the drug was entrapped into the exosomes and was

released primarily by diffusion.

hUCBMSC Exo-DTX formulations were found stable in a week long stability study at -20°C
which was concluded by negligible variation in particle size and zeta-potential at Day 0 and Day
7 in Table 5.
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Different batches of Exo-DTX (B1-B10) formulated with different process parameters and corresponding response parameters.

Critical process parameters (CPP)

Response Parameters

L Capacity
. 0 [0)
Batch No. Exosomes (pg) Exo: DTX % T 80 Sonication Pattern YoDL (ng DTX/pg Exo)
Bl 30 4:1 0 4X 0.436 5.11
B2 30 4:1 0 4X-4X 0.381 476
B3 40 4:1 0.02 4X-4X 0.654 8.65
B4 200 4:1 0.02 4X-4X-4X 0.532 6.65
*B5 40 4:1 0.02 4X-4X 0.387 4.39
B6 30 8:1 0.02 4X 0.33 3.86
B7 40 4:1 0.04 4X 0.56 7.07
B8 40 2:1 0.02 4X 0.51 6.32
B9 40 4:1 0.02 4X 0.84 8.50
B10 200 4:1 0.02 4X 1.19 14.96
*DTX has been taken in its completely solubilized form in dispersion media (PBS+0.02% Tween 80).
Table 3.2.
Characterization of hUCBMSC and miR-125a exosomes before and after loading DTX.
Particle size (nm) Zeta-Potential (mV) PDI Capacity
Specifications Before After Before After Before After DTX(ng)/exosomes
Loading Loading Loading Loading Loading Loading (ng)
hUCBMSC 187.57+455 217.60 +16.88 -10.62+405 . 0.36+0.18 0284007  9.75+1.84
Exosomes 9.61+1.07
miR-125a Exosomes 183.64 +0.33 232.50 +12.9 -6.65+1.90 -3.6+1.97 0.26+0.03 0.27+0.03 8.86+1.97

*Exosomes ~40ug equivalent protein
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Table 3.3.

Comparative particle size analysis of hUCBMSC exosomes before and after loading with DTX by DLS and
FESEM assay

Particle size (nm)

DLS FESEM
Before Loading 187.57+4.55 101.187+25.68
After Loading 217.6+16.88 182.21+42.14

Table 3.4.
Representative miRNA retention capacity after the loading of DTX in transfected miR-125a exosomes.

miRNA (ng) miRNA (ng)

Specification before DTX loading  after DTX loading

% miRNA retention capacity

miR-125a Exo-DTX 65.66+3.68 7.9+4.85 12.314+5.73

Table 3.5.
Stability study of hUCBMSC Exo-DTX formulation for 7 days at -20°C.

Day 0 Day 7
Particle Size (nm) 245.5+1.13 235.9+29.6
ZP (mV) -11.9+0.1414 -9.1+0.8475
Capacity (ng DTX/ug Exo) 13.503+2.06 10.56+1.02

The capacity was found decreased to 21.7% on Day 7 in comparison to Day 0 (Table 5) which

might be attributed to the gradual release of DTX from Exo-DT X under these storage condition.
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Figure 3.5. In vitro release of DTX from Exo-DTX formulation A: Release profile of DTX from Exo-
DTX formulation in 0.01M PBS (pH 7.2) and 37 C and 100 rpm. % Cumulative drug release is expressed
as mean (n=3) + SD, B: Release kinetics of DTX from Exo-DTX followed Higuchi release kinetics.

Cell culture studies

3.3.5. Cytotoxicity assay: MTT and morphometric assay

Herein, the cytotoxic effect of the DTX loaded untransfected and transfected exosomes was
determined on the 4T1 cells after 48h of treatment. Figure 3.6.A.1 shows the cytotoxic effect of
the DTX loaded untransfected and transfected exosomes, while Figure 3.6.A.2 indicated the
prominent cytoprotective effect (% cell viability) of the naive exosomes of both type. In Figure
3.6.A.2, both hUCBMSC and miR-125a exosomes (~10 pg/mL equivalent protein, calculated as
per the drug loading capacity of exosomes for 200 pg batch) showed almost similar cell viability
as the media control. hUCBMSC derived exosomes demonstrated cell proliferative effect owing
to the multipotent feature of the source hUCBMSC cells (as indicated in Figure 3.1.D). Also, miR-
125a exosomes demonstrated lesser cell proliferation (% cell viability= 143+25.03) at increasing
concentration (25 pg/mL equivalent protein) in comparison to the hUCBMSC exosomes (% cell
viability= 183+24.1) owing to the presence of transfected TS miR-125a in them. In Figure
3.6.A.1, free DTX (50-500 ng/mL) showed cytotoxicity in ascending order with increasing
concentration and reached I1Csp at 472.8 ng/mL. As indicated, hUCBMSC Exo-DTX and miR125a
Exo-DTX showed 43.09+0.46% and 56.5+1.76% of cell death at 250 ng/mL in comparison to
33.57+5.46% cell death induced by free DTX in 4T1 cells. Interestingly, miR-125a Exo-DTX
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exhibited superior cytotoxic activity than hUCBMSC Exo-DTX at both 100 ng/mL and 250
ng/mL, which could be attributed to the presence of transfected miRNA as payload and synergism
between the miR-125a and DTX. As indicated, miR-125a Exo-DTX demonstrated significantly
superior cytotoxicity in comparison to free DTX as well as hUCBMSC Exo-DTX, especially at
100 ng/mL and 250 ng/mL, which could be correlated with the additional anti-proliferative activity
of miRNA-125a as shown in Figure 3.6.A.2 at 25 pg/mL miR-125a exosomes treated group.
Additionally, it was also found that free DTX showed ICso nearly at 472.8 ng/mL, hUCBMSC
Exo-DTX and miR-125a Exo-DTX exhibited ICsp at 306 ng/mL and 192.8 ng/mL respectively,
which is almost 1.5 folds’ and 2.36 folds’ lower than the free DTX ICso.

Interestingly, the cellular morphology after treatment with the free DTX, and both the exosomal
formulations was found to be distorted and cells appeared rounded with increased nucleus size and
degraded appendages under the bright field microscopy (Fig. 3.6.B) in comparison to the control
groups, which clearly indicated the impact of DT X free/ loaded into the exosomes. Also, the effect
of the hUCBMSC and miR-125a exosomes on cell viability could be visually ascertained here.
Hence, it could concluded that the entrapment into exosomes facilitated the cellular uptake and
sustained the effect of DT X prominently in Exo-DT X formulations as well the effect of miR-125a

exosomes is also prominent in comparison to the hUCBMSC exosomes treated group.

3.3.6. Cellular internalization assay

Initially, the cellular internalization of PKH-26 stained hUCBMSC exosomes was assessed in a
time dependent manner without any forced fusion at 1h/3h/6h/12h post treatment which indicated
increased intensity of the PKH26 fluorescence beginning with 3h, and maximum at 6h which was
further sustained till 12h. Figure 3.7.A clearly revealed that the cellular internalization increased
with increasing time of incubation. In order to rule out the possibility of transfer of lipophilic dye
PKH26 from exosomes to the cellular membrane, the hUCBMSC exosomes were also loaded with
hydrophobic model drug COU6 (MW: 350.4 Da) as a fluorescent substitute of DT X with the same
optimized protocol to produce exosomal formulation of COU6 (Exo-COUG6, capacity: 21ng
COU6/ug exosomes). Subsequently, the time-dependent uptake of Exo-COUG6 by 4T1 cells was
evaluated, and expectedly with increasing time, the intensity of green fluorescence of COU6 was
seen distributed in the cytoplasm of 4T1 cells (Fig. 3.7.B). A significant enhancement in the

fluorescence was observed 6 h post treatment of the cells with Exo-COU6 (~200 ng/mL loaded
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COUG6). This study also depicted that the exosomes are internalized by the cells even within 1h
and this further continues with time and also, ability of exosomes to release the cargo drug
molecule in a controlled way within the cells as indicated by an increase in green fluorescence

intensity as a function of time.

3.3.7. In-vitro wound healing assay

The time-dependent wound healing assay after different treatments depicted the anti-proliferative
and anti-migratory feature of hUCBMSC Exo-DTX and miR-125a Exo-DTX in comparison to the
media control, hUCBMSC exosomes and miR-125a exosomes. Figure 3.8.A shows initiation of
cellular migration and wound closure beginning from 12h post-treatment followed by extensive
migration within 24h in the media control and DTX unloaded exosomes (both transfected and non-
transfected) followed by complete wound closure by 48h. In comparison to that, free DTX itself
showed 17.09+0.52% wound closure after 36 h which clearly indicates its anti-migratory effect.
In comparison to that, both hUCBMSC Ex0-DTX and miR-125a Exo-DTX exhibited more
prominent anti-migratory and apoptotic function (5.52+0.345% and -6.14+0.38% wound closure
respectively). The negative % wound healing in case of miR-125a Exo-DTX clearly stated the
synergistic efficiency of the loaded DTX and miR-125a contributing towards broadening of the

wound attributed to the induced apoptotic responses in the cells (Fig. 3.8.B).
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Figure 3.6 Anti-proliferative assay in 4T-1 cells by MTT and microscopy (A.1). In-vitro cytotoxicity
assay of free DTX, hUCBMSC Exo-DTX and miR-125a Exo-DTX after 48h, inset shows the corresponding
% cell viability of hUCBMSC Exo and miR125a Exo (A.2) with DTX loading capacity of ~10 ng DTX/ug
exosomes. Herein, the data are represented as mean (n=5)+SD. Two-way ANOVA followed by Bonferroni
post-test was applied for statistical significance (***p<0.001, **p<0.01) B. Morphological distortment and
effect on the cell density after treatment with different Exo-DTX (100 ng/mL) formulations in comparison
to the media control and blank exosome control groups by FESEM. Scale bar: 200 um
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Figure 3.7 Time-dependent in vitro cellular internalization assay. A. Time dependent cellular uptake of
PKH26-stained unloaded hUCBMSC exosomes (10 pug/mL equivalent protein), by 4T1 cells, wherein
nuclei are counterstained with DAPI (n=3), scale bar 20 um. B: Time dependent cellular uptake of
Coumarin 6 loaded hUCBMSC exosomes (Exo-COUG6, capacity 21.8 ng COU6 /ug exosomes) at a
concentration of 250 ng/mL COU6. n=3, Scale Bar 20 pm.

3.3.8. In-vitro invasion assay

Cellular migration is a three dimensional process wherein, cells need to invade the physiological
barriers. Tumor cell invasion is also a multi-step process which is initiated by attachment of cells
to the basement membrane, matrix degradation and migration. In order to access the effect of both
the non-transfected and transfected Exo-DTX formulation and their respective naive exosomes on
invasiveness of 4T1 cells, transwell invasion assay was performed wherein, the Matrigel bed was
cast to act as a reconstituted basement membrane. As indicated in Figures 3.9.A and B, the
invasiveness of the 4T 1 was found to be reduced significantly after 48h of treatment; cells treated
with miR-125a exosomes exhibited 77.36+5.5% invasion in comparison to the media control
(considered as 100% invasion) and hUCBMSC exosomes (116.2+1.6%), proving higher anti-
migratory effect of miR-125a exosomes as compared to hUCBMSC exosomes. After loading with
DTX, both hUCBMSC Exo-DTX and miR-125a Exo-DTX demonstrated significant lowering of

invasion upto 5.5+£0.6 % and 3.5+1.8% respectively which is far more
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Figure 3.8 In vitro wound healing assay. A. Time-dependent wound healing assay in 4T1 cells at 0/6/12/24/36/48h after being treated with free
DTX, hUCBMSC exosomes, miR-125a exosomes, Free DTX, hUCBMSC Exo-DTX and miR-125a Exo-DTX, (n=3), scale bar 100 um. B.
Comparable effect of each treatment on the closure or broadening of the wound (***p<0.001).

66



Chapter 111

B 120 T i l
L wEw
: w” W
100 + ‘
0 ¢
T .
=60 T
2 i
w
Media Control I'I‘:UCBMSC g
- > i OSCIES E40 s
oYY A $ r ]
[=)

[
(=]
1
T

0 f , ' - _ mm |
Media hUCBMSC miR-125 Free DTX hUCBMSC miR-125a
Control Exosome Exosome Exo-DTX Exo-DTX
Free DTX hUCBMSC Exo- miR-1252 Exo-DTX
DTX

Figure 3.9. In vitro transwell invasion assay A: Microscopic evaluation of invasion efficiency of 4T1 cells through Matrigel bed (300 pg/mL)
after 48h of treatment of naive hUCBMSC exosomes, miR-125a exosomes and respective Exo-DTX (100 ng/mL) formulations. B. The graphical
representation of the invasion efficiency of 4T1 cells in terms of number of migrated cells/field. (***p<0.001)
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than that of free DTX treated group (18.7£2.4 %). This clearly showed exosomes enabled an easy

uptake of DT X resulting in diminished invasion.

3.3.9. Cytoskeletal deformation assay by FESEM

Migration of aggressively metastatic cancer cells is governed by the cytoskeletal dynamics
contributed by both F-actin (filopodia, lamellipodial and invadopodia) and microtubules and their
mutual interaction conferring the motility, shape change, cellular adhesion and extracellular matrix
degradation. The two active components of the formulation are DT X and miR-125a wherein, DTX
as a microtubule hyper polymerizing moiety causes “dynamic instability” and miR-125aasa TS
MIRNA is expected to produce anti-metastatic effect synergistically with DTX when co-loaded in
the hUCBMSC exosomes. hUCBMSC exosomes resulted in the formation of excessive
appendages in 4T-1 cells (as indicated with white arrow in Fig. 3.10.) in comparison to the media
control and miR-125a exosomes (as indicated by black arrow in Fig. 3.10.). A massive
degradation of filopodial and lamellipodial appendages as well the change in cellular morphology
from elongated to rounded was distinctly visible in the presence of hUCBMSC Exo-DTX and
miR-125a Exo-DTX attributed to the efficient uptake of exosomal formulations in comparison to
the free DT X (100 ng/mL), as indicated by red arrow in Fig. 3.10. In comparison to the free DTX
treated group, hUCBMSC Exo-DTX and miR-125a Exo-DTX treatment demonstrated a more
prominent cytoskeletal degradation with massive nuclear damage, particularly the miR-125a Exo-

DTX produced a more pronounced apoptotic effect among both the formulations.

3.3.10. F-actin degradation assay by Phalloidin/DAPI counterstaining

The micro-environmental complexity directly acts on the cytoskeletal organization which involves
actin polymerization at the leading edge, acto-myosin contraction, producing traction force to form
blebs eventually resulting in the morphological change, essential for the motility of the cells. At
the same time, the microtubule (MT) formation and its dynamic plasticity at different stages of the
cell cycle also contribute towards the cellular survival, motility and proliferation. Hence, to assess
the reason behind the morphological changes along with the degradation of appendages, the cells
treated with different treatments were further stained with Phalloidin (specific F-actin conjugating
molecule) which clearly exhibited F-actin degradation in the free DT X, hUCBMSC Exo-DTX and
miR-125a Exo-DTX group in comparison to the media control, hUCBMSC exosomes control and
miR-125a exosome control group. Also the decreased intensity of DAPI in free DTX, hUCBMSC
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Exo-DTX and miR-125a Exo-DTX indicated the DNA degradation. Additionally, multi-
nucleation and cellular degradation is evident in Figure. 9.B (as indicated by white and red arrow
in DAPI panel respectively) attributed to the presence of DT X at 100 ng/mL in both the transfected
and non-transfected exosomes treated groups. Evidently, miR-125a Exo-DT X showed superior F-
actin degradation and oligo-nucleosomal fragmentation in comparison to the free DT X as well as
hUCBMSC Exo-DTX (Fig. 3.11).

- =

miR 1253 exosome

Free DTX WUCBMSC Exe- DTX miR-125a Exo-DTX

Figure 3.10. In-vitro anti-migratory and apoptotic effect of hUCBMSC-Exo and miR-125a Exo-DTX
on 4T1 cells by FESEM. FESEM imaging of the treatment groups clearly indicated the cytoskeletal
degradation effect of hUCBMSC Exo-DTX and miR-125a Exo-DTX (at 100 ng/mL) in comparison to the
media and blank exosome control groups at a magnification of 5000 X (n=3), Red arrow indicated the F-
actin degradation severity in free DTX, hUCBMSC Exo-DTX and miR-125a Exo-DTX treated groups.
Scale bar 30 um.
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Figure 3.11. In-vitro F-actin and nuclear degradation in 4T1 cells in the presence of hUCBMSC Exo-DTX and miR-125a Exo-DTX by
confocal microscopy. The anti-metastatic F-actin degradation by different treatment groups was confirmed by F-actin staining with Rhodamine
Phalloidin (red) and counterstaining nuclei with DAPI (blue), which clearly showed the anti-metastatic effect of the formulations in comparison to
the free DTX and control groups (630X). Both the studies were performed after 48h treatment of cells with different treatments. White arrows
indicated multi-nucleation, red arrow indicated nucleosomal degradation in DAPI in the order BIII>BI1>BI panel while, comparing Al, All and Alll
in Phalloidin panel clearly indicated the F-actin degradation in AllI>AIlI>AL. Scale bar 20 um.
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3.4. Discussion
Herein, we report for the first time hUCBMSC exosomes as a nanocarrier for two therapeutic

molecules i.e. anti-tubulin molecule, DTX and TS miRNA-125a. Two exosomal formulations,
hUCBMSC Exo-DTX and miR-125a Exo-DTX were formulated using three components,
hUCBMSC exosomes, DT X and miRNA 125a, each of these components bear distinctive activity

on cancer survival and metastasis.

As per literature, human umbilical cord MSC exosomes (with miR-224-5p) were reported to
enhance survival and promote EMT in both MDA-MB 231 and MCF-7 cells, the same study also
reported that the MSCs transfected with miR-224-5p inhibitor were able to produce the miR-224-
5p inhibitor loaded exosomes which further supressed miR-224-5p expression in BC cells 26,
Several reports also emphasized on direct loading of miRNA mimic or inhibitors in exosomes to
suppress the cancer progression and metastasis. A recent study has reported that MDA-MB 231,
treated with adipose derived MSC exosomes with electroporated miR-381-3p mimic was able to
increase MiIRNA expression in the cancer cells by several folds that enhanced the apoptotic index
as well as suppressed the migration of the cells 2. Most of the studies in literature have reported
exosomes as a nanocarrier for either miRNA or a small molecule, only a few studies have also
explored the co-delivery of the anticancer molecule and miRNA. Electroporation mediated loading
of miR-21 inhibitor and 5-fluorouracil (5-FU) in the exosomes exhibited enhanced cytotoxicity
and reversed the resistance in 5-FU resistant colorectal HCT cells 28. However, we did not come
across any study wherein, the miRNA has been loaded by plasmid mediated transfection and the
small molecule by mild sonication/incubation technique with methodologically optimized key
process parameters. Henceforth, we designed a miR-125a and DTX co-loaded exosomal
formulation and optimized the process parameters for formulation development to obtain highest
capacity of the payload per unit weight of the exosomes. The formulation revealed superior anti-

migratory and apoptotic effect in BC cells in comparison to the free DTX.

After initial characterization of hUCBMSCs cells for MSC marker proteins and confirming their
differentiation into different reported lineages (Fig. 3.1), the naive hUCBMSC exosomes were
isolated and characterized for particle size, polydispersity, spherical morphology and negative
surface charge and exosomal protein expression (Fig. 3.2 and Table 2). The particle size of
hUCBMSCs derived exosomes was found -180 nm through DLS and ~ 150 nm by FESEM with
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surface charge of -10 mV in 10mM PBS (pH 7.2), which is in agreement with the available
literature 2°. Mild sonication/ incubation method was optimized and used (Table 1) to reduce the
rigidity of the exosomal membrane and facilitate loading of DTX could not be possibly loaded
efficiently, despite its high hydrophobicity because of three reasons, (1) the high molecular weight
of DT X providing hindrance for the passive diffusion, (2) its tendency of carrying anionic charge
at physiological pH and, (3) poor solubility in physiological buffers in which exosomes are
dispersed and stored 2. Post sonication, the exosomal integrity was restored although an increase
in exosomal size and surface potential was observed with same polydispersity (Table 2); thisisin
agreement with the other reports wherein, sustenance of surface charge of the exosomes after
loading by mild sonication followed by resealing period at 37°C for 2h is a marker of restored
exosomal membrane sealing.!. As indicated in the Table 5, the capacity (ng DT X/pg exosomes)
was found ~20% reduced within seven days of storage at -20°C comparatively no change in the
particle size of the exosomes. This data clearly indicated that, exosomes were able to retain 80%
DTX even after 7 days. As per reported literature the microviscosity of the exosomal membrane
was found reduced by sonication which was proved to be regained after one-hour incubation at 37
°C by fluorescence polarization assay 2. Henceforth, it can be said that the post-sonication two
hours’ incubation at 37 °C would be sufficient to regain the exosomal integrity to an extent that it
could retain the 80% DTX payload till seven days. Although, DTX loading capacity is not
hampered by the transfected miRNA (as indicated by Table 2), but the mild sonication/incubation
indeed reduced the miRNA payload of the transfected exosomes substantially (Table 4)3. Along
with, DTX loaded exosomes showed size>150nm, which makes them prone to RES mediated
removal from the circulation. However, exosomes with efficient cellular uptake with surface
negative potential, are found efficient enough even the formulation size >150nm. Despite of all
drawbacks, we found miR-125a Exo-DT X profoundly efficient in inducing cytotoxicity and anti-

metastatic behaviour in comparison to the hUCBMSC Exo-DTX.

Once the DTX loading protocol was optimized and validated (Table 1 and Fig. 3.4) with
hUCBMSC exosomes, our main focus shifted towards the transfection of miR-125a into
hUCBMSCs to ensure the long term, cost-effective utilization of resources for isolating the
transfected exosomes (miR-125a exosomes) (Fig. 3.3 and 3.4) which was found beneficial over
well reported techniques like electroporation of miRNA mimic or inhibitors directly into the

exosomes 2627, Our experimental findings indicated that, plasmid mediated transfection of
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hUCBMSC cells can increase the miR-125a payload in the exosomes isolated from them by 1.89
folds than the exosomes isolated from the hUCBMSCs (Fig. 3.3.C) without significant change in
physiological characteristics i.e. particle size (nm), zeta-potential (mV) and PDI of the exosomes
(Table 2). After confirming efficient transfection efficiency (~80%), the miR-125a Exo-DTX
formulations were prepared and compared with the hUCBMSC Exo-DTX for DLS

characterization and subsequent in vitro functional assays.

The second component of the formulation is DT X, a well-known anti-neoplastic agent responsible
for excessive polymerization of microtubule, eventually resulting in dynamic instability and
consequently inducing apoptosis. It is well reported that DTX has a biphasic effect especially on
TNBC; at considerably lower concentration (~4 nM) it induces aberrant mitosis followed by
hypodiploidy while at higher concentration (100 nM) it induces mitotic arrest at G2/M phase of
cell cycle and mitotic slippage, resulting in multi-nucleation and nuclear degradation 343, Apart
from inducing apoptosis in aggressive breast cancer cells, DTX is also known to distort the
cytoskeletal organization which is otherwise maintained by close co-ordination between
microtubule and F-actin 3637, Till now, we came across only two reports, wherein tumor derived
exosomes (HELA cells and A549 cells) were utilized to load DT X by electroporation with % EE
of 12.2+5.5 % and 65.85+12.43% respectively to enhance apoptosis and exhibit selective
cytotoxicity towards cancer cells 383, Our findings of the %DL and DTX loading capacity of
exosomes clearly differed from these studies however, no unified loading capacity of exosomes
has been reported till date. Here, we are reporting the capacity of miR-125a Exo-DTX, as
8.86+1.97ng DTX/ug exosomes with 12.31+5.730 miRNA retention capacity 4042,

The third component of the formulation reported here is miR-125a, a well-known tumor suppressor
miRNA that induces apoptosis, mitochondrial fission and suppresses EMT and aerobic glycolysis
in cancer cells. In general, miR-125a expression is downregulated in Her2 overexpressed BC,
wherein miR-125a is responsible for downregulating BAP1 and BRCA1 mediated cancer
progression, survival and PI3BK/AKT mediated migration*344. Apart from this, miR-125a has also
been reported to restrict EMT by downregulating the expression levels of TAFAZZIN,
transglutaminase 2-phosphorylated-AKT, N-cadherin, vimentin and upregulating the apoptotic
E-cadherin, cleaved caspase-3 and Bax in Adriamycin resistant MCF7, notably Her2 positive

breast cancer cells 4. As indicated by Fig. 3.6.A and 3.6.B, naive miR-125a transfected exosomes

73



Chapter 111

exhibited less proliferative and more anti-migratory characteristics in 4T1 cells (Fig. 3.8 and 3.9)
in comparison to the naive hUCBMSC exosomes, which could be further attributed for the superior
anti-cancer effect of the miR-125a Exo-DTX. The morphometric deformation and cytoskeletal
degradation observed after treatment with miR-125a Exo-DT X formulations could be correlated
with the % wound healed and % invasion in Figure 3.8.B and 3.9.B. These findings emphasized
the efficiency of miR-125a to sustain the wound by suppressing the 2D-cellular migration as well
as invasion through the basement membrane, even at 100 ng/mL DT X payload. Further, F-actin
degradation assay (Fig. 3.10 and 3.11) emphasized that hUCBMSC exosomes could prove lethal
to cancer cells by inducing oligo-nucleosomal degradation and cytoskeletal deformations, only
after being loaded with DT X and miR-125a, while naive hUCBMSC exosomes might aid cancer

survival.

In conclusion, our data indicated that despite of all odds of hUCBMSC exosomes, it could be
utilized as a nanocarrier for anti-cancer therapeutic small molecules by means of optimized
sonication/incubation method and transfecting a TS miRNA in their parent cells using a plasmid
vector. It was also observed that the transfected formulation was superior in cytotoxicity in
comparison to free DTX with almost twice the potency. Eventually the drastic change in cellular
and nuclear structure observed upon incubation with the miR-125a Exo-DT X proved that the use
of exosomes as nanocarrier facilitated the cellular uptake of the formulation along with eliciting
superior nucleosomal and F-actin degradation, and evidently, apoptosis induction and appearance
of apoptotic bodies by miR-125a Exo-DT X was also in tandem with the broadening of the wound.
Clearly, this study also indicated that of the inherent physiological attributes of the exosomes

should be taken into consideration while developing the exosomal formulations.

3.5 Conclusion

This is the first time, we co-delivered a biological molecule (miR-125a) with an anticancer small
molecule (DT X) as the payload of MSC exosomes, which further proved to synergistically target
the aggressiveness of highly metastatic 4T1 cells. We successfully isolated the exosomes from
miR-125a transfected hUCBMSC cells and explored them as nanocarrier for the delivery of small
anticancer agent, i.e. DTX. We further screened and optimized the process parameters for
developing hUCBMSC Exo-DT X and miR-125a Exo-DTX formulations to ensure the maximum
DTX loading capacity without altering the exosomal integrity. The co-delivery of the miR-125a
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and DT X eventually resulted in the synergistic anti-metastatic and anti-proliferative effect on the
TNBC 4T1 cells. The DTX loading in both the non-transfected and transfected exosomes were
able to produce enhanced cytotoxicity by the 1.5 folds’ and 2.36 folds’ more than the free DTX.
The prominent anti-metastatic effect could be confirmed by the broadening of the wound, and
reduced invasion through Matrigel layer on the transwell. The F-actin deformation and massive

nuclear degradation in TNBC 4T1 cells could be attributed to the synergistic effect of the dual
payload of miR-125a Exo-DTX.
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Chapter IV

4.1 Introduction
The advent of exosomes for the delivery of cancer therapeutics, fulfilled the need of a cell-free

biogenic nano-carrier system that can bypass the drawbacks of both polymers/lipid-based nano-
formulations and cell-based therapy!. Among all the immune cell derived exosomes, only
macrophage derived exosomes have been widely explored as a nanocarrier for anti-cancer
molecules so far however, their functional duality and significance of this dual nature has been
quite less explored. Murine macrophage RAW 264.7 cell-derived exosomes were reported to
exhibit variable loading efficiency of small anticancer molecules (PTX and DOX) by either active
or passive loading techniques. While Exo-PTX showed 25 pg/10*! particles loading capacity (LC)
by mild sonication technique, Exo-DOX showed LC of only 14 ng/10!particles in a pH-
dependent manner. DOX loading was observed to be pH dependent; an improved LC was reported
at an alkaline pH (pH=8) in the same study. The priming of source cells with DOX also exhibited
variable LC depending upon the source of cells used. For example, DOX pre-treated RAW 264.7
cells derived exosomes reported a LC of 7.27 ng DOX per pg exosomes which was lower than the
tumor derived exosomes (TEX); despite the lower LC, DOX loaded RAW 264.7 cell-derived
exosomes, Exo-DOX showed a greater apoptotic index of 80.1% in comparison to 65.3% exhibited
by TEX indicating that the immunological status of the source cell creates a significant impact in
the therapeutic output as well. 22 Although this loading efficiency is numerically lower than the
loading capacity of PTX and DOX in liposomal formulations (88.1+5.8 % and 96.8+1.3 %), the
exosomal formulations exhibited 10 times higher uptake efficiency than the lipid/polymer-based
formulations of the same.* Additionally, we came across just a single study wherein, RAW 264.7
cells were primed with IFN-y to obtain M1 type macrophages from which exosomes were derived
and loaded with PTX to obtain PTX-M1-Exo with 19.55+2.48% drug loading. PTX-M1-Exo
exhibited greater cytotoxicity in 4T1 cells within 24h in comparison to the free PTX group (ICso
4.30 ug/mL vs. 17.49 ng/mL). Further, PTX-M1-Exo exhibited greater tumor volume reduction in
27 days attributed to the higher expression of IL-12/6, TNF-a and caspase 3 activity by M1
exosomes. This study demonstrated the synergistic antitumor effect of a chemotherapeutic agent

loaded into M1 exosomes possessing intrinsic immune-stimulant action.®

Interesting outcomes have been demonstrated by the macrophage derived exosomes as a

nanocarrier of chemotherapeutics as well as immunomodulatory vesicles per se in their naive and
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polarized forms without any additional chemo or immunotherapeutic payload. The possible
synergy that could result due to their immunomodulatory nature and their efficiency as a
nanocarrier together still remains unexplored.

Autologous ascitic fluid (a rich source of monocytes and macrophages) from the colorectal
carcinoma (CRC) patients was used to isolate exosomes, Aex dose > 200 pg was found to induce
superior tumor-specific cytotoxicity in the presence of GM-CSF (50 pg per immunization) than
Acx alone.’ This observation led to the investigation of strategies for converting the monocyte cells
into macrophages, particularly M1 specific macrophages which could be further utilized to isolate
exosomes of M1 type with expected immunogenicity. In general, macrophages are heterogeneous,
both the subtypes, M1 and M2 indistinctly co-exist under the physiological conditions, which can
polarize and proliferate into either of two types depending on their exposure to different
immunological conditions. When exposed to a specific antigen, LPS or cytokines, or a specific
experimental condition, these follow the classical activation pathway to polarize into the M1 type
while the M2 type predominantly proliferates upon exposure to glucocorticoid or IL-10 mediated
immune-suppressant conditions. A comparative study between M1 vs M2 derived exosomes in a
murine melanoma model concluded that both M1 and M2 exosomes can increase immune cell
expansion. A lipid calcium phosphate (LCP) based vaccine was designed to deliver the melanoma
antigen, Trp2 to trigger the Toll-like receptor 9 (TLR9). Herein, M1 exosomes were explored as
an immune-potentiator adjuvant. The M1 exosomes exhibited greater cytolysis (65.4%) of antigen-
specific splenocytes which was almost double the response observed with LCP alone i.e. 32.6%,
clearly indicating that M1 exosomes served as an effective adjuvant in the LCP-based cancer
vaccine.” In fact, the usage of exosome depleted FBS in the culture media of macrophages also has
shown prominent effect on the immunological aspects of the macrophages. The presence of fetal
bovine exosomes was reported to suppress inflammatory cytokines, TNF-o, IL-1pB, and IL-6
release by macrophages in the presence and absence of LPS, although, the mechanism behind this
observation remains unknown®. Additionally, it was also observed that EV-depleted FBS showed
a reduced growth rate of different cells i.e., HEK-293T, HeLa, SY5Y human neuroblastoma cells
but did not exhibit an increased sensitivity to the DNA-damaging agent etoposide and the
endoplasmic reticulum stress inducing agent tunicamycin significantly®. The culture conditions
also have a paramount role in determining the immunological and physiological alteration in the

cells used for exosome procurement. Also, the nature of cells is expected to determine the
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physiological alteration in the exosomes isolated from them'°, Taking lead from the existing
literature, we decided to explore RAW264.7 derived exosomes functionally along with testing its
physical capability to maintain its integrity under different experimental conditions.

This chapter specifically deals with the isolation, characterization and biological implications of
the RAW 264.7 cell derived exosomes on the 4T1 cells which will put some insight regarding the
rationality of choosing the macrophage cells as the source of exosomes. In context of the studies
mentioned here, the formulation development, validation and evaluation of the DT X loaded RAW
264.7 cell derived exosomes would be discussed in detail in Chapter 5. This chapter would also
discuss the preparation, characterization and evaluation of the exosomal fragments from RAW
exosomes. The exosomal fragments so prepared were utilized for developing a core/shell type of

delivery system to co-load DTX and miR-34a (discussed in Chapter 6).

4.2 Materials and Methods

4.2.1 Materials

Cells and cell culture reagents

Murine TNBC 4T1 cells and RAW 264.7 cells were procured from Regional Centre of
Biotechnology (Haryana, India) and NCCS (Maharashtra, India) respectively. We are grateful to
Professor Avinash Bajaj for providing the 4T1 cells. Exosome depleted FBS was prepared in-
house by ultracentrifugation of a mixture of FBS and PBS (FBS:PBS=3:7) at 1,20,000xg and 4°C
for 18h. Dulbecco’s modified Eagle’s medium (Gibco™ DMEM, high glucose) and Fetal bovine
serum (FBS) were purchased from GIBCO (Invitrogen Inc. Gibco BRL, USA) while, Penicillin
plus streptomycin solution, 4’,6-diamidino-2-phenylindole (DAPI), and Protease inhibitor cocktail
powder (#SRE 0055-1BO) were bought from Sigma-Aldrich (St. Louis, MO, USA). For the
characterization purpose, Pierce™ Bicinchoninic acid (BCA) protein assay kit and PKH26 red
fluorescent cell linker mini kit (MINI 26-1KT) were procured from Thermo™ Scientific
(Waltham, USA).

For Western blot analysis primary antibodies used were Alix mAb (#92880), HSP 70 mAb
(#4872T) and TSG101 mAb (#72312S). Secondary antibodies anti-rabbit 1gG HRP linked
antibody (#7074P2), anti-mouse 1gG HRP linked antibody (#7076s), Caspase-3 (#9662), Cleaved
caspase 3 (#9664) and B-actin (#3700) were procured from Cell Signalling Technology (Danvers,
USA) and mouse CD63 (sc-365604) mAb was obtained from Santa Cruz Biotechnologies (Texas,
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USA). Clarity Western ECL Substrate (#1705060), and Precision Plus Protein™ standards (#161-
0394), and Immuno-Blot® PVDF membrane were procured from Bio-Rad (California, USA).
Protease inhibitor cocktail powder (#SRE 0055-1BO) was bought from Sigma-Aldrich (St. Louis,
MO, USA). RIPA lysis buffer (TCL 131), calcium chloride dehydrates (GRM 399) and Tris base
(MB311) were procured from Himedia (Maharashtra, INDIA). Rat IFN-y (900-M109), TNF-a
(900-M73) and Mini ABTS ELISA Development kit for the ELISA assay were procured from
PeproTech® (NJ, USA). For qRT-PCR, GAPDH and BCL-2 primers (sequences are mentioned
below) were procured from Integrated DNA Technologies (Lowa, USA), GeneSure first strand
cDNA synthesis kit was purchased from Puregene (New Delhi, INDIA), and iTag™ Universal
SYBR green Supermix was from Bio-Rad (California, USA).

Gene Forward sequence Reverse sequence
BCL-2 5’-CCTGTGGATGACTGAGTACC-3’ 5’-GAGACAGCCAGGAGAAATCA-3’
GAPDH 5-TGCATCCTGCACCACCAACT-3' 5-AGCCTGCTTCACCACCTTC-3'

4.2.2 Methods

4.2.2.1 Maintenance of RAW 264.7 cells

RAW 264.7 macrophages were procured from NCCS (cell repository, Pune, India) and were
cultured in DMEM, supplemented with 10% v/v exosome depleted FBS and 1% penicillin and
streptomycin at 37°C and 5% CO.. Cells were maintained in T-175 culture flasks in the complete
media till 80%-90% confluent could be achieved and the conditioned media (CM) was collected
twice weekly which was further processed to collect the RAW264.7 cell derived exosomes.
Exosome depleted FBS was prepared in-house by ultracentrifugation of a mixture of FBS and
PBS (FBS:PBS=3:7) at 1,20,000xg and 4°C for 18h.

4.2.2.2 Isolation of the RAW 264.7 cell derived Exosomes

The RAW 264.7 CM was collected twice weekly from 6x T-175 culture flasks and processed by
modified sequential centrifugation and ultracentrifugation technique to pellet down the exosomes.
In order to deplete the CM of cells, dead cells, and cellular debris, 200 mL of the collected media
was processed step-wise at 500xg, 2000xg and 13,000xg for 10 min, 15 min and 30 min
respectively at 4°C. At each step, the supernatant was collected and finally subjected to
ultracentrifugation at 1,20,000xg at 4°C for 2h. Once the exosomes were pelleted down,

supernatant was discarded and the exosomes were washed with an excess of PBS (10 mM) at
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1,20,000xg and 4°C for 2 h. The final pellet was redispersed in 400 pl of PBS. The uniformly

redispersed exosomes were then stored at -20°C till further use.

4.2.2.3 Preparation of RAW 264.7 derived exosome fragment (EF)

For the preparation of the EF, RAW 264.7 cell derived exosomes were resuspended in ice-cold
hypotonic solution, Tris-calcium buffer (TC buffer; 0.01 M Tris and 0.001 M calcium chloride,
pH 7.4), supplemented with EDTA free protease inhibitor cocktail and stored at 4°C overnight.
This treatment would yield the ghost exosomal membrane (Exorc) only. The Exorc were further
setteled down by ultracentrifugation at 1,80,000xg, 4°C for 3h and redispersed in the modified
PBS before proceeding for the EF preparation. For screening purpose, two techniques were used
for further preparation of EF (a) Probe sonication wherein, the Exorc were further probe sonicated
(Sonics Vibra-Cell™, USA) under low temperature at 30% amplitude, 10s on/off cycle twice, (b)
Extrusion through Avanti Lipid extruder (Avanti Polar Lipids, USA) in which Exorc was further

passed through a 200 nm and 100 nm pore diameter membrane (10 times).

4.2.2.4 Characterization of RAW exosomes and EF

The characterization of both RAW Exosomes and EF was carried out for particle size (nm),
absolute intensity (Kcounts/s) and polydispersity index (PDI) by dynamic light scattering (DLS);
surface charge (mV) and morphology were studied by Zeta-potential (ZP) and field emission
scanning electron microscopy (FESEM) respectively. The surface protein content of naive
exosomes and EF were quantified in terms of =ug protein by Pierce® BCA Kit and were
characterized for exosomal positive marker proteins (Alix, TSG101, CD63) and house-keeping
protein B-actin in comparison with the cell lysate (CLn and CLg) from RAW264.7 cells maintained
in DMEM, supplemented with 10%v/v FBS and 10 %v/v exosome depleted FBS respectively. The
% purity of the naive exosomes was evaluated by establishing the correlation between the absolute
intensity of different concentrations of exosomes and their respective particle size and zeta-

potential.

Particle size, distribution and zeta-potential

Both naive exosomes as well as EF were characterized by dynamic light scattering (DLS) using
Anton Paar Litesizer 500 in backscattering mode (173° scattering angle), with 15s equilibration
time, 10 runs for each analysis with 10 s for each run at 25°C. Further, {-potential measurement

was performed in total 50 runs, with 10s for each run, at 25°C.
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Morphology (FESEM)

The morphology of the naive exosomes, Exorc, and EF has been ascertained by FESEM analysis.
For the naive exosomes and Exorc, 50pg equivalent protein was redispersed in 2%
paraformaldehyde (PFA) solution (20ul) and spread onto the coverslip. For EF, 50 pug equivalent
protein was smeared on the coverslip as soon as Exorc was probe sonicated at 30% amplitude for
2X sonication cycle with 10s on/off frequency. The coverslips for naive exosomes, Etc, and EF
were dried overnight at room temperature and sputtered with Gold-palladium coating (2-5 nm) and
the analysis was carried out in 5-20 kV beam in FESEM. The comparative size, absolute intensity,

zeta-potential and morphology would reflect the effect of the processes carried out on them.

Quantitative protein estimation

The quantification of exosomes is done by the equivalent protein concentration analysis using
Pierce™ BCA kit wherein, BSA was used to prepare the calibration curve between 5-1000 pg/mL
with R? value of 0.9967. The estimation of the equivalent exosomal protein content has been
performed as per manufacturer’s protocol. The correlation between the absolute intensity (Kcounts
/s), particle size (nm) and zeta-potential (mV) of the exosomes with different equivalent protein
concentration demonstrated the purity of exosomes isolated by the process. Also, it enabled

characterization of the Etc and EF prepared from naive exosomes.

Exosomal protein expression using Western blot technique

Exosomes (~100 pg protein) were redispersed in 50l of RIPA buffer supplemented with protease
inhibitor cocktail after being settled down by UC and probe-sonicated to release the exosomal
proteins as exosome lysate (EL). Simultaneously, RAW 264.7 cells, maintained in DMEM
supplemented with both normal FBS and exo-free FBS were washed thrice in PBS and then lysed
to prepare the cell lysates, i.e., CLny and CLr by sonication (10s on/off, 2 cycles, 30% amplitude)
at 15°C. CLn, CLr, EL and EF (~30 pg protein) were resolved in 12.5% and 15% SDS PAGE, and
transferred in polyvinylidene fluoride membrane. After blocking the blots in 3% BSA in TBST
solution, the presence of exosomal marker proteins, i.e.,, CD63, Alix and TSG 101 and
housekeeping protein B-actin was ascertained by probing the blots in CD63 (1:500) mice
monoclonal antibody, rabbit- Alix (1:2000), TSG 101 (1: 2000), and B-actin (1:1000) mice
monoclonal antibody overnight and then 3h incubation with secondary HRP linked anti-
mouse/rabbit 1gG antibody (1:1000). Thereafter, the blots were developed using Clarity Western
ECL substrate in ChemiDoc™XRS+ (Bio-Rad, California, USA).
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4.2.2.5 Effect of formulation process parameters on the exosomal integrity

Before optimizing the process parameters to encapsulate DT X into RAW 264.7 derived exosomes,
a thorough screening of the sonication parameters, including the sonication pattern, frequency and
amplitude of sonication, was carried to determine the precise impact of these parameters on the
exosomal integrity by determination of particle size (nm), absolute intensity (Kcounts/s),

polydispersity index (PDI), and zeta-potential (mV).

Effect of Amplitude and number of Sonication cycles

Exosomes (~100 pg protein) were dispersed in a previously optimized dispersion media (10 mM
PBS + 10% v/v methanol); methanol was added in the dispersion media to mimic the same
dispersion media as would be required for the formulation preparation considering the low
solubility of DTX in PBS alone (12.9£0.28 pg/ml) which increases to 27.3£0.79 pg/ml in the

presence of methanol and then processed as shown below in Table 4.1.

(1) Three identical batches, B1, B2 and B3 were prepared, wherein, B1 was incubated at 37°C for
2 h (without sonication). B2 and B3 were prepared by sonicating at 20% amplitude for 4 cycles
(4X) and 12 cycles (3*4X), 30s on/off pulses, and 2 min of intermediate cooling in ice bath after

every 4 cycles) respectively. Following that, all of the batches were incubated for 2 h at 37°C.

(2) Two more batches, B4 and B5, were prepared utilizing 40% sonication amplitude with one 30s
on/off sonication cycle (1X) and 4X sonication cycles, respectively, to assess the impact of the
sonication amplitude on the formulation. The batches were then incubated for 2 h at 37°C. Later
on, all the batches were processed through ultracentrifugation to pellet down the exosomes and
redispersed in 10 mM PBS.

Table 4.1
Formulations prepared for evaluating the effect of process parameters on the exosomal integrity.

: Exosomes Sonication _
Formulation (ng)* %Amplitude  Sonication cycle Incubation
Bl 100 - _
B3 100 20 (3*4X) 37°C, 2h
B4 100 40 1X

# Only exosomes (g equivalent protein) without DTX are listed here.
*1X refers to one sonication cycle comprising of 30s on/off pulse.
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Effect of Sonication and Extrusion processes on Exorc

After pelleting down the Exortc by ultracentrifugation at 180,000xg, 4°C for 3h, these were
redispersed in modified PBS, and quantified by Pierce™ BCA assay (as per manufacturer’s
protocol). The impact of the sequential processes involved in the preparation of EF by sonication
and extrusion was further ascertained by comparing particle size, absolute intensity, zeta-potential

and protein content.

4.2.2.6 Efficient cellular uptake of PKH 26 stained exosomes

For initial confirmation, 4T1 cells (1.0x10* cells/well) were seeded in a 24-well plate overnight
before being treated with PKH-26 stained naive exosomes for 12h. At predetermined time-points,
the cells were washed twice with PBS followed by fixing the cells with 2.0% paraformaldehyde
(PFA). The nuclei of the cells were stained with DAPI and viewed under a fluorescence

microscope.

4.2.2.7 Western Blot analysis

1x10° cells were seeded in a 6-well plate and kept overnight to allow the cells to adhere to the well
before starting the experiment. Cells were treated with two different concentrations of naive
exosomes, i.e., 2.5ug/mL and 5.0 ug/mL for 48h. At predetermined time-points, the cells were
trypsinized and then washed with complete media and PBS twice before proceeding ahead with

the cell lysate preparation.

Analysis of differential protein expression (by Western Blot assay) revealed the mode of action of
different exosomal formulations on the 4T1 cells. Herein, cells from media control and exosome
treated groups were lysed with Triton-X-100 lysis buffer containing a 1X protease inhibitor
cocktail solution and sonicated at 30% amplitude for 10s on/off cycle twice in ice bath. The cell
lysate was then centrifuged at 13,000 rpm for 10 min at 4°C to pellet down the cellular debris. The

supernatant containing the proteins was collected and stored at -20 °C till the next usage.

50 pg equivalent protein from each cell lysate group was resolved on a 15% gel in SDS-PAGE
and transferred to a PVDF membrane by a wet transfer method. The membrane was incubated
with primary antibody overnight at 4°C and secondary antibody for 1h at room temperature.
Protein bands were detected using Clarity Western ECL substrate (Bio-Rad, Hercules, CA, USA).

The following primary antibodies were used: Rabbit- f1-integrin, Caspase 3 and cleaved caspase-
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3, and anti-rabbit HRP linked secondary antibody for probing the blots. All experiments were

performed in duplicate.

4.2.2.8 Impact of EF on the inflammatory cytokine released by 4T1

1x10° cells were seeded in a 6-well plate and kept overnight to allow the cells to adhere before
starting the treatment. Cells were treated with two different concentrations of exosomal fragments,
i.e., EF1 (6 ng/mL) and EF 2 (12 pg/mL) for 48h. At predetermined time-points, the cell CM was
collected and centrifuged at 5000 rpm, room temperature for 5 min to expel out the cellular debris

and dead cells.

Further the cell conditioned media of media control and the EF treated groups was diluted 10 folds’
and was utilized to quantify the pro-inflammatory cytokines, i.e., TNF-a and IFN-y levels using

the respective ELISA assay Kits.

4.2.2.9 Impact of EF on the BCL-2 gene expression in 4T1

Following the same experimental protocol as mentioned in section 4.2.2.8, the cells were
trypsinized and washed thrice with sterile PBS and dispersed in ImL of RNA-XPress™ Reahent
(Himedia) and stored at -20°C overnight. After isolating the total RNA, concentration of RNA in
each sample was quantified by Nanodrop. The cDNA synthesis was carried out using GeneSure™
First Strand cDNA Synthesis Kit following manufacturer’s protocol and quantified with
Nanodrop. 200 ng equivalent cDNA was utilized to determine the cycle threshold (Ct) values
using Real-time PCR for target gene BCL-2 and housekeeping gene GAPDH. The C+ value of the
BCL-2 for each sample was normalized with respect to the Ct value of the GAPDH. Gene
quantification was performed using Universal SYBR green Supermix. The folds’ change of the

BCL-2 expression was expressed by calculating 2247 values.

4.2.2.10. Statistical Data Analysis

The data has been represented as mean + standard deviation as processed in GraphPad Prism
(Version 5.0, USA). The difference between two groups was compared using Student’s t-test,
comparison between multiple groups was carried out using one-way ANOVA followed by a

Tukey’s test. Value of p <0.05 was considered as statistically significant.
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4.3 Results

4.3.1. Isolation, characterization and % yield of RAW 264.7 cell derived exosomes

RAW 264.7 derived exosomes were isolated from the collected CM with exosomal yield of~
172.03+28.9 ug protein per 200 mL CM. Figure. 4.1.A reveals hydrodynamic diameter (Zavc) of
182.40 nm with polydispersity index (PDI) of 0.256+0.03 by DLS while, the comparative size data
obtained from FESEM indicated comparatively low particle size due to single particle analysis in
Table 4.2. Lesser exosomal size measured by FESEM in comparison to that observed in DLS is
possibly owing to the presence of aggregates in the DLS samples that shifted the particle size
distribution towards higher end. Naive exosomes exhibited negative surface potential equivalent
to -10.27+£3.66 mV as indicated in Figure 4.1.B, attributed to the presence of phospholipids and
surface proteins in the exosomal bilayer. As indicated by FESEM (Figure 4.1.C) naive exosomes
were found to be spherical and non-uniform in size with characteristic clumping tendency. The
inherent clumping nature was more prominent in case of exosomes isolated by single UC cycle in
comparison to the exosomes being washed with excess PBS and processed through additional UC
cycles. Additionally, we ascertained the purity of exosomes (equivalent protein content) by
plotting the absolute intensity (Kcounts/s) against the serially diluted exosomal samples (between
28-448 ug/ml equivalent protein) using particle size analyzer and observed that as the equivalent
protein concentration of exosomes was increased, the absolute intensity also increased linearly
(Figure 4.1.D) with negligible change in the particle size (% number) and zeta-potential (mV) as
indicated in Table 4.3. This linear correlation between concentration vs. absolute intensity of

exosomes proved that the samples were devoid of any contaminants.
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Figure 4.1. Characterization of naive RAW 264.7 cell derived exosomes isolated from cell conditioned media (CM) (A) Representative particle size
distribution (B) zeta-potential graph of exosomes. (C) Characteristic change in morphology and clumping tendency of exosomes isolated from CM
upon additional washing process. (D) Correlation between the absolute intensity (Kcounts/s) and different exosome concentration (ug equivalent
protein/ml), data are presented as mean (n=3) + SD. (E) Characterization of naive exosomes by western blot of the exosomal proteins, ALIX, TSG
101, HSP 70 and CD63 and housekeeping protein B-actin in exosome lysate (EL) in comparison to RAW264.7 cell lysates from RAW cells
maintained in complete media (CLn) and exo-depleted FBS supplemented media (CLF).
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Table 4.2
Comparative particle size (nm), PDI and zeta-potential (mV) of exosomes by DLS and FESEM.

Particle size (nm) PDI ZP (V)
DLS 208.7+36.19 0.256+0.03 -10.268+3.66
FESEM 112.5+21.48 NA NA

Table 4.3
Effect of dilution on the physical characteristics of exosomes in a concentration dependent
manner.

[Exosomes] Equivalent protein content Particle Size” ZP
(ug/mL) (Lg) (nm) (mV)
448 26.88 113.26%2.20 -9.2+0.680
224 13.44 116.2742.31 -10.63+1.27
112 6.72 95.34+8.08 -12.13+0.23
56 3.36 84.7549.03 -12.76+0.95
28 1.68 113.27+13.59 -12.6+0.86

“Represents number distribution

Table 4.4

Comparative particle size (hm), absolute intensity (Kcps/s), PDI and zeta-potential (mV) of exosomes by
DLS.

Particle Size Absolute intensity Zeta-potential

(nm) (Kcpsls) PDI (mV)

Batch Specification

Exosomes+ hypotonic
environment

B7  Ghost Exosome (Exorc) 189.92+8.47 352927+11772.5 0.23+0.01 -11.7+0.57

B6 257.83+51.06 354769.6+82618  0.24+0.023  -20.6+0.87

B8  Exorc— Sonication 156.2040.07  339743+2853.02  020+0.02  -11.3+0.29

gg  =XOrc— Extrusion 201.26+1.00€  144673.2+43422653 0.26+0.06  -12.9+1.30
(200nm)

plg CXOre — Extrusion 207.3+44.05°  204523+371355  0.29+01  -13.27+0.47
(200nm—100nm)

@particle size with 79.7% peak intensity
¥ particle size with 53.5% peak intensity
Size measurements are carried under intensity distribution
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The exosomes were further characterized for the expression of exosomal proteins Alix, TSG 101,
CD63, and housekeeping protein f-actin and compared with RAW 264.7 cell lysates (CLn and
CLg), as shown in Figure 4.1.E. We compared the exo-lysate (EL) with equivalent protein
concentrations of CLy and CLr which clearly indicated that EL demonstrated a prominent ALIX,
TSG101 and CD63 expression but absence of f-actin and HSP 70, whereas, both the CL samples
showed presence of B-actin and absence of CD 63. In fact, the CLn and CLr showed different

levels of target protein expression, while the 3-actin expression was similar visually.

4.4.2 Preparation and characterization of the exosomal fragments (EF) from Exotc

Naive exosomes were kept in hypotonic Tris/CaCl, buffer (TC) overnight to produce B6, which
was further ultracentrifuged to pellet down the exosomal vesicles, denoted as Exorc (B7). Later,
B7 was processed by two well-known techniques of size reduction, i.e., sonication (at 30%
amplitude) and extrusion (sequentially through 200 nm and 100 nm pore diameter extruder for 10
times) to prepare B8 and B9-B10 respectively. The overall impact of the processes could be
assessed from Table 4.4 and Figure 4.2 (A-F).

Comparing Table 4.2 and 4.4, it could be concluded that naive exosomes swelled resulting in size
increased from 208.7+36.19 nm to 257.83+51.06 nm in B6 upon being treated with hypotonic TC
buffer. The osmosis of the solvent into the exosomes might be responsible for the size increment.
Figure 4.2.A also emphasizes the fact that, sonication mediated EF preparation could not
completely destroy the phospholipidic bi-layer, instead disrupted the exosomal membrane
integrity and the intactness of the exosomal boundary. Also, the increased surface negativity with
-20.6+0.87 mV zeta potential might have resulted due to the release of exosomal proteins upon
built up of osmotic pressure causing occasional exosomal membrane rupture as seen in Figure.
4.2.B. The presence of ~50% of exosomal protein in the supernatant, collected after
ultracentrifugation of B6 in the process of pelleting down the B7 (Figure 4.2.B) proved the
osmotic pressure mediated release of proteins from exosomes under hypotonic conditions.
Sonication definitely reduced the particle size in B8 but did not alter the absolute intensity or zeta-
potential, which proves exosomal ability to withstand the harsh experimental condition. In Figure
4.2.C, extrusion was able to rupture the B7 to the extent that two distinct size populations could
be clearly observed, and further confirmed by the increased PDI and enhanced surface negativity

(attributed to the presence of the exosomal proteins). In comparison to sonication, extrusion
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resulted in excessive protein release from the exosomes as indicated by Figure 4.2.D. This
observation was further supported by the presence of multiple particle size peaks, increased PDI
and enhanced surface potential negativity. The morphology determination by FESEM also
revealed the enhanced particle size of individual exosomes with 257.83+51.06 nm (Figure 4.2.E).
Post-sonication, B8 detected ruptured exosomal boundary with uneven individual structure of
exosomes, which is visibly different in shape than the Exorc (Figure 4.2.F).

Further, EF were characterized by the presence of exosomal membrane proteins, i.e., TSG101,
ALIX and CD63 and absence of B-actin and HSP70 in comparison to CLg (Figure 4.2.E).
Interestingly, EL and EF expressed identical proteins but the EF showed a greater expression of
the target proteins than the EL, and the absence of HSP 70 and B-actin in EF clearly indicated that
the EF originated from the exosomes and not from the cells. Also, the identical pattern of protein
expression in EF and EL proved that the process parameters employed did not destroy the

physiological features of the exosomes.
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Figure 4.2: Characterization of the exosomal fragments (EF) (A) Comparative particle size distribution curve emphasizing the effect of two
methods, i.e., sonication and sequential extrusion for EF preparation (B) Quantification of equivalent protein (pg) in different batches while
preparing EF (B7-B8) using sonication method, data are represented (n=4) £SD, (C) Quantification of equivalent protein (ug) in preparation of EF
(B9-B10), sequential extrusion through 200nm and (200nm—100nm) pore diameter, data are represented (n=4) £SD. (D) Characterization of
exosomal protein expression in EF with respect to EL and CLr. (E) Characteristic morphology of exosomes in hypotonic Tris/CaCl2 buffer (pH
7.4), and (F) morphology of exosome fragments prepared by sonication.

Statistical significance was ascertained by one-way ANOVA with Tukey’s comparison test, *p<0.05, **p<0.01, ***p<0.001.
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4.4.3 Effect of sonication on the exosomal integrity

The impact of the sonication pattern and amplitude was assessed in batches, B1-B5 in comparison
to the naive exosomes as indicated in Table 4.1. For batches B1-B3, exosomes were subjected to
different sonication patterns at low amplitude (20%), while for batches B4 and B5 exosomes were
subjected to two different sonication patterns at higher amplitude (30%). As seen in Figure 4.3.A,
the particle size, zeta-potential, and PDI of naive exosomes and the B1 (incubation alone)
formulation batch were not significantly different. But compared to B1 and naive exosomes, B2
(4X sonication cycle at 20% amplitude) and B3 (3*4X) sonication cycle at 20% amplitude)
exhibited a significantly reduced surface charge and particle size as the number of sonication
cycles was increased. In Figure 4.3.B, we compared B2 with B4 (prepared 1X sonication cycle at
30% amplitude) and B5 (prepared at 4X sonication cycle at 30% amplitude), B4 demonstrated no
difference in peak (% intensity) compared to B2, but the higher sonication force resulted in
drastically lowered particle size. In contrast, B5 underwent sonication at 30%

amplitude with a 4X sonication cycle resulting in two separate peaks corresponding to two
different particle sizes shown as B5.1 (42%) and B5.2 (18.7%) as compared to B4 (66%).

Additionally, the absolute intensity increased almost 2 folds in case of B5 indicating rupture of
exosomes upon being subjected to intense force of sonication but post-sonication incubation period

assisted their resealing, resulting in two different populations of particles.

4.4.4 Efficient cellular uptake by 4T1cells

This initial cellular internalization assay was planned to confirm the efficient PKH 26 staining of
the exosomes and cellular uptake efficiency of PKH 26 labelled exosomes by 4T1 cells. As
indicated in Fig. 4.4, there was no significant negative impact on the cellular morphology upon
the internalization of the exosomes. Both cytoplasm and nucleus was found intact and healthy, but
non-uniform cellular uptake was observed prominently even 12h post-treatment. Evidently, the
exosomes accumulated in the cytoplasm of cells indicating that, exosomes can easily be explored

as a promising delivery system.
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Figure 4.3: Effect of formulation process parameters on the exosomal integrity. A: Comparative
characterization of naive exosomes, exosomes processed with incubation process only (B1), 4X sonication
cycles (B2) and 3(4X) sonication cycles (B3) 20% amplitude. B: Effect of % amplitude of sonication on
the exosomal integrity, where B2 is compared to B4 and B5. B4 represents exosomes processed at 40%
amplitude with 1X cycle, and B5 represents exosomes processed at 40% amplitude with 4X cycle. B2 was
prepared at 20% amplitude with 4X sonication cycles. All experiments were performed in triplicate (n=3,
three independent experiments), statistical significance was ascertained by one-way ANOVA with Tukey’s
comparison test, *p<0.05, **p<0.01, ***p<0.001.

#[nX means ‘n’ number of sonication cycles comprising of 30s on/off pulse; %intensity denotes the % of
light scattered by the particles under a single peak in intensity distribution graph while analyzing the particle
size]
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Figure 4.4: Qualitative cellular uptake of PKH 26 stained naive exosomes by 4T1 cells after 12 h of
treatment.
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4.4.5 Dose-dependent effect of exosomes on 4T1 cells

Figure 4.5.A and B, distinctly indicated decreased expression of p1-integrin (by almost 2.5 folds)
but an increase in the ratio of CC3/C3 by 1.5 fold upon treatment with Exosome (2.5 pg/mL) in
comparison to Exosome (5 pug/mL) in the 4T1 cells. This concentration dependent differential
expression of apoptotic CC3/C3 ratio and metastatic marker B1-integrin, clearly indicated the
inherent nature of exosomes is important to be considered. Functionally active biological
nanocarrier system, exosomes originating from macrophages, exhibited a prominent anti-

migratory and pro-apoptotic activity against TNBC 4T1 cells.

Media  Exosomel  Exosome 2 500
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Figure 4.5: Mechanistic exploration of the naive exosomesin 4T1 cells in a dose dependent manner (A)
Representative immunoblots of -1 integrin, cleaved caspase 3/caspase 3 and housekeeping protein [3-
actin in 4T1 cells after being treated with different concentrations of exosomes.,(B) differential
expression of mentioned proteins to evaluate the effect of exosomes in 4T1, all data are represented as
mean=SD (n=3), where one way ANOVA with Tukey’s test was used for the determination of the
statistical significance, where *p<0.05, **p<0.01 and ***p<0.001.

4.4.6 Dose dependent effect of EF on 4T1 by ELISA of pro-inflammatory cytokines

Figure 4.6 highlights the dose dependent effect of EF on the inflammatory cytokine release in 4T1
cells. As indicated in Figure 4.6.A, TNF-a release by 4T1 was observed to be EF concentration
dependent, but the level of IFN-y was significantly increased in the presence of EF2 (12 ug/mL)
in comparison to EF1 treated cells and the media control group. The EF1 and EF2 showed 1.89

folds and 1.58 folds increased IFN-y release by 4T1 in comparison to the MC group.
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Figure 4.6. Dose dependent effect of exosomal fragments on the inflammatory cytokine (TNF-o, and IFN-
v) released by 4T1 cells, Graphical representation of the impact of EF1 (6 pg/mL) and EF2 (12 pg/mL) on
the (A) TNF-a and (B) IFN-y release by 4T1 cells. all data are represented as mean (n=3) +SD, where one-
way ANOVA with Tukey’s test was used for the determination of the statistical significance, where
*p<0.05, **p<0.01 and ***p<0.001.

4.4.6 Dose dependent effect on BCL-2 gene expression of EF on 4T1
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Figure 4.7. Concentration dependent effect of EF in BCL-2 gene expression. EF1 indicated ~6pg/mL
protein, and EF2 indicated ~12pg/mL protein. All data are represented as mean (n=3) £SD and statistical
comparison was performed by applying one-way ANOVA with Tukey multiple comparison test. *** p-
value < 0.001, **p<0.01, *p<0.05.

In Figure 4.7, EF1 and EF2 were observed to suppress the BCL-2 expression by 5.8 and 6.5 folds
in comparison to the 4T1 cells in media control group. Although, the EF treatment has resulted
significant reduction in BCL-2 expression but the impact was found to be concentration

independent.
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4.5. Discussion

After initial characterization of RAW264.7 cell derived exosomes for particle size (nm), absolute
intensity (Kcounts/s), surface morphology, and exosomal protein expression, it was concluded that
naive exosomes are nanosized, heterogeneous and pleomorphic subpopulation of EVs with an
inherent tendency of forming loose aggregates (Figure 4.1)!!. The comparative analysis of
exosomes by DLS and FESEM supports this inference. While, DLS based characterization of naive
exosomes estimated Zave of 182.40 nm with high PDI of 0.24 and negative surface-potential, -9.3
mV; FESEM revealed a particle size 112.5+21.48 nm. This difference between the DLS and
FESEM data was attributed to the presence of the exosomal aggregates responsible for the higher
particle size as detected by DLS (Figure. 4.1.C). Additionally, these exosomes have been utilized
to prepare exosomal fragments by sonication and extrusion methods. Comparing Table 4.2 and
4.4, differences between the naive exosomes, Exorc and EF could be emphasized for example,
Exorc showed increased particle size and PDI with higher surface negativity which is in agreement
with the reported literature >2-15. On the contrary, extrusion method of EF preparation resulted in
invariable loss of exosomes, as indicated by the decreased absolute intensity and increased PDI in
B9-B10 resulting in two non-uniform peaks as seen in the particle size distribution curve (Figure.
4.2.1). The naive exosomes and EF were also characterized for the expression of exosomal
proteins (ALIX, TSG 101, CD63 and HSP 70) as seen in Figure 4.1.D and 4.2.D. It was observed
that RAW 264.7 cells maintained in DMEM+ 10% v/v exosome depleted FBS exhibited reduced
expression of target proteins, i.e., ALIX, HSP70 and TSG101 in comparison to the cells maintained
in complete media containing normal FBS (Figure. 4.1.D). Interestingly, EF showed greater
expression of target exosomal proteins than the exosomes isolated from the cells kept in DMEM+
10% v/v exo-free FBS (Figure 4.2.D). Both CLn and CLr showed the expression of house-
keeping protein -actin, which was absent in EL and EF, clearly indicating that exosomes were
devoid of cytoskeletal proteins. The presence of positive marker ALIX, a protein identified for
selective recruitment of endosomal sorting complexes required for transport 111 (ESCRT I1I) to
late endosomes 817, The expression of exosomal hallmark CD 63 and truncated TSG 101 in EL
and EF in comparison of the CLr confirmed the purity of the exosome samples and also indicated
that the EF preparation did not alter the biological attributes of exosomes even after
fragmentation!®-22. The purity of exosomes was further confirmed by observing a linear increase

in absolute intensity with increasing exosomal concentration (equivalent protein concentration)
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without any significant deviation in particle size and zeta-potential (Figure 4.1.E and Table 4.3)
23,24

Post-characterization of exosomes, the effect of process parameters on exosomal integrity was
evaluated wherein, it was observed to be dependent upon the sonication pattern, sonication-
amplitude and the post-sonication incubation cycle. Evidently, higher sonication amplitude and
more number of sonication cycles reduced the particle size significantly when compared to naive
exosomes, but post-sonication incubation at 37°C enabled the exosomes to reseal and regain their
integrity even after exposure to harsh conditions (Figure 4.2). Although, the main aim of preparing
EF was to prepare the core/shell formulation, (discussed in detail in Chapter 6) the optimization
of the method of preparation of EF resolved several doubts regarding the exosomal integrity. This
also provided valuable insights regarding effect of incubation and mild sonication on exosomal
physical characteristics and to achieve the optimum therapeutic loading capacity in the exosomes.
The exosomal integrity was restored or not under different experimental conditions has been
shown in Figure 4.2 and 4.4. Application of a 30% amplitude and a 4X sonication cycle resulted
in the generation of two distinct populations of particles with different size ranges, suggesting that
the 30% sonication amplitude might have caused formation of fragments. Whereas, presence of
hypotonic environment along with 30% sonication amplitude and 2X sonication cycle made the
exosomes swell and expel out the proteins, and distort the intactness of the exosomal membrane
without completely destroying it. After thorough characterization, the physiological role of naive
exosomes and EF on 4T1 cells was confirmed by mechanistic functional assay (Fig. 4.5 and 4.6).
In Figure 4.5, a dose-dependent effect of naive exosomes at the concentration of 2.5 pg/ml and
5.0 ng/ml was evaluated and found to result in anti-proliferative and anti-migratory effect on 4T1
cells as demonstrated by the down-regulation of B1-integrin and reduced the CC3/C3 ratio. On the
other hand, the dose-dependent effect of EF was prominent in the TNF-a and IFN-y releasing
ability of 4T1 cells (Fig. 4.6). Herein, enhanced inflammatory cytokine release in the presence of
higher concentration of EF indicated the immune triggering response of EF in 4T1 cells. This
observation could be indicative of the anti-proliferative activity of the RAW 264.7 cell derived
exosomes as well. In addition to their role in release of TNF-a and IFN-y (Fig. 4.6), the prominent
apoptotic effect of the EF was confirmed by BCL-2 downregulation in Figure 4.7. It was also
evident that the EF was able to retain its biological role intact even after being processed through

the harsh experimental condition which would act as an add-on with the designed formulation.
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Chapter V

5.1. Introduction

As emphasized in the thesis earlier exosomes, are versatile biogenic signaling vesicles with
enormous potential to be used as a nanocarrier system for both small molecules and biologicals.
Among all the immune cells derived exosomes, macrophage-derived exosomes have been
extensively studied as a nanocarrier for external payloads such as small anti-cancer molecules and
RNAI, and they have also been functionalized for targeted cancer therapy #’. The preference for
macrophage derived exosomes originates from their inherent functional plasticity under different
immunological conditions 8. Also, some reports indicated that macrophages are capable of
suppressing cellular migration by inducing degradation of B1-integrin and transferring miR-let 7a-
5p to cancer cells, which regulates the anti-apoptotic Bcl2-like 1 protein expression %1, So, it is
expected that exosomes isolated from these could inherit some properties of the source cells.
Recently, the translational potential of exosomes has attracted a lot of scientific interest, as
evidenced by several clinical trials being conducted worldwide wherein, exosomes are either
projected as therapeutic molecules or adjuvants. Till date, there is no FDA approved exosomal
formulation, but tumor antigen loaded dendritic cell derived exosomes (DEX) have completed the
Phase-2 vaccination trial [NCT01159288] in non-small cell lung cancer (NSCLC), and allogenic
adipose MSC derived exosomes are presently in Phase-2 trial for combating Alzheimer’s disease
[NCT04388982] %12, The current research trends indicate a rapid progress in the field of exosomes
from being mere biomarkers of pathological conditions to therapeutic aid for both regenerative
purposes and cancer treatment 11314, As per the European Medicine Agency (EMA), exosomes
are expected to be categorized either as “biological medicine” if they act as an active ingredient,
or as “class III medical devices” if they exert an ancillary effect with some other biological
molecule 1115,

Considering the clinical applicability and commercialization potential of exosomal formulations,
development and validation of the exosomal formulation is an irreplaceable step in addition to the
maintenance of source cells, cell priming, exosome isolation and purification, which would be
further followed by scale-up, filling, and storage. Thus, process variables and their impact on
exosomal integrity must be optimized meticulously. In this context, we are reporting the
application of the quality by design (QbD) approach to optimize the small anti-cancer molecule

loading in murine macrophage derived exosomes for the first time. Encapsulating a small anti-
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cancer molecule into exosomes is not a novel concept, but the methodological optimization and
validation of anti-cancer exosomal formulation is novel and crucial in the current scenario. 6.
The QbD approach is a statistically sound method for optimizing and validating formulations in a
cost-effective and efficient manner. In contrast to the "one factor at a time" approach, QbD
provides a minimum number of trials with all possible combinations of process variables included
as factors to evaluate the effect of the process on the formulation. For example, a “23- full factorial
design” can investigate the effect of three factors at two levels (+1 indicates high, and -1 indicates
low level) and their 2 or 3 factor interactions (2-FI or 3-FI) on the responses in a statistically
relevant way from only 8 (i.e., 2%) experiments. It also helps to achieve the target product profile
(TPP) with maximal loading of the small molecule in the carrier systems. Recently, a 2-level full
factorial design (DoE) has been utilized to assess the effect of the process parameters and their
interactions in the development of the graphene oxide/ super para-magnetic iron oxide
(GO/SPION) hybrid nanoparticles for biomedical purpose 7. Additionally, anti-fungal
ketoconazole cubosomes have also been optimized and reported utilizing the 3-level fractional
factorial design by another group '8 Despite the fact that DoE-driven nanoformulation
optimization and validation is a widely explored, its application in biological origin nanocarrier
like exosomes is uncommon due to the potential risk of process variability and complexity
associated with the physical nature of biologicals.

The formulation reported in this work comprises of RAW264.7 derived exosomes, a biological
nanocarrier with intrinsic biological activity, and the anti-cancer small molecule, DT X, known for
its high hydrophobicity and low solubility (log P 2.4, BCS IV category). The incorporation of DT X
in a preformed biogenic vesicular structure is indeed challenging but feasible. The initial
optimization of the process parameters for development of exosomal formulation has already been
reported by our group *°. We came across several reports on passive loading techniques in
exosomes, e.g., incubation, sonication, freeze-thaw, microfluidics, and electroporation as well as
the active loading technique to incorporate small molecules in the exosomes wherein, the source
cells were primed with the active pharmaceutical ingredient (API) prior to isolation of the
exosomes 29, We also observed a gap in the research regarding the lack of unified loading capacity
of these exosomes, which clearly indicated that the optimization and validation of the loading

method needs to be carried out %7122, However, we did not come across even a single report
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exploring the application of this powerful tool to optimize and validate the exosomal formulation

or any other biological formulation.

Considering the available data and the gaps in the study of exosomal formulations, we set out to
systematically and statistically investigate the impact of different process parameters on
modulating exosomal integrity in the final formulation and the exosomes' ability to encapsulate
DTX. Herein, we utilized murine macrophage derived exosomes, as the nanocarrier for the DTX.
For better understanding of the Exo-DTX formulation, we applied a 2-level full factorial design
twice. Initially, we applied 23- full factorial design to confirm the suitability of the mild sonication
and incubation method over only incubation technique to encapsulate DT X in exosomes. Once the
method’s suitability was confirmed, the process parameters were optimized to finalize the
formulation and validate the same by applying 24- full factorial design. Furthermore, the in-vitro
efficacy of the Exo-DTX was assessed in terms of cytotoxicity, cell internalization, cytoskeletal
deformation and differential protein expression in murine TNBC 4T1 cells. Further we proved the
translational value and relevance of Exo-DTX in comparison to the marketed formulation of DT X,

Taxotere®, by investigating its pharmacokinetic profile in healthy Swiss albino mice.

5.2. Materials and Methods

5.2.1. Material

We used QSONICA sonicator (#Q125 with probe specification as- Model CL-18, Serial no.
2022030106) for the purpose of loading DTX into exosomes, and also used Ultracentrifuge
(Sorvall MX 150+ micro-ultracentrifuge) from Thermo™ Scientific (Waltham, USA) with fixed
angle rotor (S50-A 2185) for preparation of exo-free FBS and exosome isolation. Pierce™
Bicinchoninic acid (BCA) protein assay kit, PKH67 green fluorescent cell linker mini kit (MINI
67-1KT), 4% paraformaldehyde (#ALF-J61899-AK) and polycarbonate tubes for
ultracentrifugation (75000610) were procured from Thermo™ Scientific (Waltham, USA). The
study utilised 2-well culture inserts obtained from ibdi GmbH (Martinsried, Germany) and Falcon®
Transwell inserts with an 8um PET membrane designed for 24-well plate, obtained from Corning
(Riverfront Plaza, USA).

Primary antibodies rabbit- B1-integrin (#4706), EGF receptor (#2232), Caspase-3 (#9662),
Cleaved caspase 3 (#9664), BAX (#2722), BCI2 (#3498), B-actin (#3700), GAPDH (#2118) and
secondary antibodies anti-rabbit 1gG HRP linked antibody (#7074P2), anti-mouse 1gG HRP linked
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antibody (#7076s) were bought from Cell Signalling Technology (Danvers, USA). For SDS-
PAGE and Western blot purpose, we procured N,N,N’ N’-Tetramethylethylenediamine (TEMED)
from Thermo™ Scientific (Waltham, USA), Tween 20 (#TC287) from Himedia laboratories
(Maharashtra, India) and rest of the reagents and crystal violet (#28376) were purchased from SRL
(Maharashtra, India). Ammonium Persulphate (#1610700EDU), Clarity Western ECL Substrate
(#1705060) and Precision Plus Protein™ standards (#161-0394), and Immuno-Blot® PVDF
membrane were procured from Bio-Rad (California, USA). All solvents of analytical grade were

purchased from Merck (Darmstadt, Germany).

Cells and cell culture reagents

Murine TNBC 4T1 cells and RAW 264.7 cells were procured from Regional Centre of
Biotechnology (Haryana, India) and NCCS (Maharashtra, India) respectively. We are grateful to
Professor Avinash Bajaj for providing the 4T1 cells. Exosome depleted FBS was prepared in-
house by ultracentrifugation of a mixture of FBS and PBS (FBS:PBS=3:7) at 1,20,000xg and 4°C
for 18h. Dulbecco’s modified Eagle’s medium (Gibco™ DMEM, high glucose) and Fetal bovine
serum (FBS) were purchased from GIBCO (Invitrogen Inc. Gibco BRL, USA) while, Penicillin
plus streptomycin solution and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), 4',6-diamidino-2-phenylindole (DAPI), and Protease inhibitor cocktail powder (#SRE
0055-1B0O) were bought from Sigma-Aldrich (St. Louis, MO, USA). Rhodamine Phalloidin (#
ab235138) was procured from Abcam (Waltham, USA).

5.2.2. Methods
5.2.2.1. RAW264.7 cell maintenance and exosome isolation
The cells were cultured and maintained as mentioned previously in Chapter 4 (section 4.2.2).

5.2.2.2. Animals

Female Swiss albino mice, 18-20 g were procured from the central animal facility (CPCSEA No.
417/PO/be/2001/CPCSEA), BITS Pilani, Pilani campus (India), and were used as per the approved
animal protocol (IAEC/RES/31/03) for pharmacokinetic studies of Taxotere® and Exo-DTX.
Animals were housed in ambient condition at a temperature of 25 + 2 °C and relative humidity of
50—60% under 12 h light/dark cycles with sufficient supply of food and water, ad libitum. All the

experimental conditions were maintained in accordance with guidelines of CPCSEA, India.
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5.2.2.3. Methodological DoE approach for optimization and development of Exo-DTX
Herein, we optimized the Exo-DTX formulation by applying DoE twice- (a) to select an
appropriate technique to formulate DTX into exosomes (by 23- full factorial design) and (b) to

prepare Exo-DT X formulations with a high loading (by 24- full factorial design).

Preference of mild sonication over Incubation: 23-full factorial design approach

In order to find out the best technique for DTX encapsulation into exosomes, DoE with 23-full
factorial design was adopted with three factors (parameters) wherein each factor was varied at two
different levelsi.e. high (+1) and low (-1). As detailed in Table 5.1, the three factors chosen were,
(A) Exosome content in each batch (equivalent pg protein), (B) Exo: DTX ratio (w/w) and, (C)
Number of sonication cycles. The response parameters considered here was Capacity (ng DTX/ug

exosomes).

The effect of three factors (A, B, and C) were designated as Ea Es, and Ec respectively. Their 2-
factors interactions (2-FI; Eas, Esc, Eac) were calculated using Equation 1 and 2. The statistical
significance of the model in choosing mild sonication over incubation and fit statistics of the model
are tabulated in Table 5.3. Design Expert®v11 (State-Ease, Inc. USA) was used to generate the
design layout, data analysis, application of statistics, and for interpretation of data through

graphical plots.

Three factors with two different levels resulted in the eight experimental runs which were carried
out in a random order, the results were computed and analysed by the above-mentioned software,

wherein, a p-value of 0.05 was considered statistically significant.

R i ow .
Effect = ZREPMSenign _ LResponsepy Equation 5.1

Mhigh Niow

(n means number of experiments at each level Responsenigh' 2-FI indicating (+1) level Responsey,,,: 2-FI
indicating (-1) level)

Equation 5.2

Optimizing maximal DTX loading capacity of Exosomes: 24-full factorial design approach
Following the optimization of the DTX loading method in exosomes, DoE was applied once more
to refine the process parameters of mild sonication technique for loading DTX. Four critical

process parameters (CPPs) or independent variables were selected, including (A) the amount of
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exosomes in each batch (equivalent to pg protein), (B) Exo: DT X ratio (ug: 1g), (C) %Tween 80

as surfactant, and (D) the number of sonication cycles.

QbD approach was followed to investigate the impact of the aforementioned variables and their
interactions on the responses or dependent variables i.e., %EE, Capacity, particle size, and PDI,
Thus, we chose a 2*-factorial design to obtain the statistically significant outcome using Design
Expert® v11, (State-Ease, Inc., USA). Herein, 16 different batches were prepared by varying each
factor at two levels i.e. high (+1) and low (-1) as detailed Table 5.1 and Figure 5. Total 16
experiments were performed in a randomized order and p-value<0.05 was accepted as statistically
significant. As particle size and PDI were discovered to be unaffected by any of these factors, we
narrowed down the response parameters to only 2 factors, namely Capacity and %EE, for the
optimization of the process parameters. Herein, capacity was power transformed with a A at 0.5
(square root) to obtain a normally distributed data with minimal residual sum of squares in the
transformed model. The effect of the individual factorsi.e., (Ea, Eg, Ec, Ep) and the most prominent
effect of interaction between A and B (Eas) was also calculated as shown in Table 5.4 using
Equation 1 and 2. Also, the final fit model for VCapacity and %EE and with the coded factors is
shown.

Table 5.1

DoE approach to optimize the mild sonication method to achieve maximal capacity of Exo-DTX by 24-full
factorial design.

Factors Factors Name z‘g\)N Level '{f%h Level
A Exosomes (ug) 40 200
B Exo:DTX (ug: Q) 10:1 4:1
C % Tween 80 (V/v) 0.02% 0.04%
D Sonication pattern m(nX)  4X 3(4X)

Validation of Exo-DTX by Point prediction method

The software's point prediction approach was used to correlate the percentage prediction error
between the experimental results and the predicted values for randomly chosen values of the
factors. The randomly chosen factors would help to establish the reliability of the optimized
protocol to encapsulate DTX and the batches thus prepared were applicable for the validation

purpose only. The criteria were set as 200 pg of exosomes content, Exo: DTX as 7:1, 0.02 %v/v
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of Tween 80, and 4X sonication cycles. The software predicted capacity was 13.07 ng DTX/ug
exosomes and hence the expected limit for capacity was set at 10 to 16 ng DTX/ug exosomes.

Three runs were made in a row, and the results were compared to the predicted value..

5.2.2.4. Characterization of the DTX loaded exosomes (Exo-DTX) by Capacity and %EE

A validated analytical method was developed for the quantification of DTX as already mentioned
in Chapter 2. To evaluate the entrapment efficiency (%EE) and capacity (ng DTX/ug exosomes)
of the exosomal formulation, a 20 uL sample was disrupted in 180 pL of the mobile phase. The
resulting mixture was then subjected to centrifugation at 15,000 rpm for 15 min, after which the
supernatant was analysed using HPLC. %EE and capacity were calculated using Equation 3 and
4

Entrapment efficiency (%EE) =2mountofdrugloaded .y, Equation 5.3

Amount (drug taken)

Capacity (ng DTX/ug Exosomes) = Content ofdrug loaded in the exosomes (ng) Equation 5.4

Content of exosomes (ug equivalent protein)

5.2.2.5. In-vitro cellular efficacy

The murine TNBC 4T1 cells were cultured in complete culture media consisting of DMEM (high
glucose) supplemented with 10% FBS and 100 1U/mL penicillin-streptomycin. The cells were
maintained in a humidified atmosphere with 5% CO; at 37 °C in an incubator. In each study, 8-12

hours were provided for cell adhesion subsequent to seeding, prior to conducting the assay.

In-vitro cytotoxicity study

The evaluation of the cytotoxicity was performed by (1) MTT assay and, (2) morphometric
analysis of the 4T1 cells 48h post-treatment. Initially, 2.5x10% 4T1 cells/well were seeded in a 96-
well plate and then time (24/48/72 h) and concentration dependent effect of free DTX (25-500
ng/ml) was screened on 4T1 cells by MTT assay.

Based upon the result of the initial experiment, incubation period and target DTX concentration
range were established. In the subsequent trial, 4T1 cells underwent treatment with a narrower
concentration range of free DTX, Exo-DTX (ranging from 10-250 ng/mL), and free exosomes
(quantified based on optimal capacity) for a duration of 48 h. Subsequently, MTT assay was
performed to assess the cytotoxicity profiles of free DTX (100 ng/ml), free exosomes (~ 5 pg/ml),
and Exo-DTX (~100 ng/ml DTX). To observe the impact of DTX treatment, on the cellular
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morphology cells were again treated with DT X (100 and 250 ng/ml) for 48 h and the morphology

of the cells was examined using a bright field microscope at a magnification of 200X.

In-vitro cellular uptake study

Our group has already reported that exosome internalization begins within 3 h of treatment, reaches
a peak in 6 h, and continues for upto 12 h 1°. In the present study, the uptake of fluorescently
stained exosomes and Exo-DTX was studied for 6h. In a six-well plate, 1.0x10% 4T1 cells were
grown over a coverslip and allowed to attach and form a monolayer. PKH-67, a lipophilic dye
well-known for the membrane labelling was used to prestain the exosomes (~5 pg/mL protein)
and Exo-DTX formulations, the manufacturer’s protocol was slightly modified for staining the
unloaded and loaded exosomes. The cells were treated with free DTX, PKH67 stained exosomes
and PKH-67 stained Exo-DTX (~100 ng/mL DTX) for 6h. After 6h, the cells on the coverslips
were fixed with 2% PFA and cellular cytoskeleton and nuclei were stained with Rhodamine

Phalloidin and DAPI respectively and analysed by confocal microscopy in a Z-stack mode.

Suppression of pro-metastatic aggression in 4T1
The pro-metastatic suppression by Exo-DT X was investigated by studying the migration capacity

of cells in 2-D wound healing assay and invasion capability in 3-D by transwell assay.

In wound healing assay, 4T1 cells (at a density of 2.1x10* cells) were seeded in a culture-insert
(2-well culture inserts, ibdi, Germany) per well and allowed to adhere for 12 h. After that, the
culture insert was taken out and the cells were washed to eliminate non-adherent cells.
Subsequently, the cells were subjected to treatment for 48h with free DTX and Exo-DTX at a
concentration of 100 ng/ml and exosomes at a concentration of 5 pg/ml in DMEM
supplemented with 1% FBS. The wound area at 12, 24, and 36 h was analysed and quantified
using Image J (Fiji, NIH) for comparison between the various treatment groups. Using

Equation 5, % wound healing was calculated.

(4o—4¢)

%Wound Healing= "
0

x 100 .... Equation5.5

(Where Ao represents the initial wound area at the onset of observation, while At denotes the wound area

at a subsequent time point, t)

In Transwell invasion assay, a simulated basement membrane was constructed with Corning®

Matrigel® basement membrane matrix, LDEV free substance, was placed onto the uppermost
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chamber of transwell (8 um pore filter) at a concentration of 300 pg/mL, that was further placed
in a 24-well plate containing DMEM. 1.0x10° cells were seeded onto it and allowed to condition
for 12h before adding the test samples. Further, the cells were treated with free DTX (100 ng/ml),
exosomes (5pg/ml) and Exo-DT X (100 ng/ml) in DMEM+1% FBS for the next 48 h. The endpoint
of the experiment involved the assessment of cell invasion through the basement membrane into
the lower chamber, which was filled with DMEM+10% FBS. FBS was used as a chemoattractant.
The evaluation was conducted after 48 h of treatment. At the end point, the cells remaining on the
Matrigel bed of the insert were removed with a cotton swab, and the cells which had traversed the
membrane to the lower surface of the transwell were fixed with methanol for 5 min. The cells were
stained with 0.1% crystal violet and observed under a microscope. The average number of migrated

cells per field (n=3) were counted to ascertain the percentage of cell invasion.

5.2.2.6. Mechanistic exploration of underlying crosstalk

To explain the observed cytoskeletal deformation associated with triggered apoptosis, the
underlying mechanism of action of Exo-DTX formulations was explored (discussed later in
section 3.5.4). F-actin degradation assay was conducted using FESEM and confocal microscopy
to investigate the cytoskeletal deformation which was further supported by the differential

expression of anti-metastatic and apoptotic proteins in 4T1 upon different treatments for 48h.

For Cytoskeletal deformation assay, on each coverslip placed in a 6-well plate, 1x10°% 4T1 cells
were seeded and incubated for 12 h to form a cellular monolayer prior to the treatment with 100

ng/mL of both free DTX, Exo-DTX and Exosomes (equivalent to 5 pg/mL protein) for 48 h.

(a) Disruption of F-actin by FESEM, post-treatment the cells were washed and fixed with the help
of 2% PFA and subsequently washed thrice in PBS and dehydrated by different concentrations of
ethanol in ascending order (30-90% v/v). The cover-slips were air-dried overnight and gold

sputtered before visualization in the electron microscopy at 3000X and 5000X magnification.

(b) F-actin degradation by confocal microscopy where, post- fixation of the cells, the coverslips
were washed with PBS thrice. The cells were subjected to staining with Rhodamine Phalloidin dye
(targeting F-actin) for a duration of 1 hat ambient temperature. Subsequently, the cellular nuclei
were counterstained with DAPI and further were subjected to washing with chilled PBS thrice.

The fluorescence images of the processed samples were visualized by confocal microscopy.
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(c) Differential protein expression was studied to elucidate the mode of action of different
treatment groups on the 4T1 cells. Herein, cells from different treatment groups and media control
were lysed with Triton-x-100 lysis buffer containing a 1X protease inhibitor cocktail solution. 50
Hg equivalent protein from each cell lysate group was resolved on a 15% gel in SDS-PAGE and
transferred to a PVDF membrane by a wet transfer method. The primary antibody was incubated
on the membrane overnight at a temperature of 4°C, followed by the secondary antibody for a
duration of 1 h at room temperature. Protein bands were detected using Clarity Western ECL
substrate (Bio-Rad, Hercules, CA, USA). The following primary antibodies were used- Rabbit-
EGFR, B1-integrin, BAX, BCL2, Caspase 3 and cleaved caspase-3, GAPDH and B-actin, anti-
rabbit HRP linked secondary antibody for probing the blots. All experiments were performed in

duplicate.

5.2.2.7. In vivo pharmacokinetic Study

The animals were randomly distributed into two groups each containing 3 animals. The first group
of animals received in-house formulated Taxotere® while the second group received Exo-DTX,
administered via intravenous injection at a DTX dose of 1mg/kg and blood samples were
withdrawn at predetermined time points. After collecting the blood samples, plasma was separated
and stored at -80°C till further processed for the bioanalytical analysis of DTX using developed
LC/MS-MS method. The pharmacokinetic data of plasma concentration—time profile was
analyzed by non-compartmental analysis (NCA) using Pheonix Winolin® (Version 8.0, Certara,
NJ, USA). The plasma samples were analyzed utilizing the developed and validated bioanalytical
method (Chapter 2).

5.2.2.8. Statistical Data Analysis

The statistical data has been presented as mean values accompanied by their respective standard
deviations, as analysed using the GraphPad Prism software (Version 5.0, USA). The statistical
analysis involved the utilisation of Student's t-test to compare the differences between two
groups, while the comparison between multiple groups was conducted through one-way
ANOVA, followed by a Tukey's test. Also, two-way ANOVA with Bonferroni post-test has
been applied to evaluate the significant difference of multiple parameters on the treatment

groups. A statistical significance level of p <0.05 was deemed appropriate.
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5.3. Results

5.3.1 Application of DoE for optimization of the method and process parameters for
preparation of Exo-DTX

Incubation vs. mild sonication: Application of 23- full factorial design

Table 5.2
DoE approach to compare incubation with mild sonication technique to load DTX in exosomes: A 23-full
factorial design with representative experimental data showing effect of different factors on capacity.

Factors Response
STD A:Exosome content ) , C:Sonication Capacit
(L9) B: (Bx0:DTX) cycle (ng DTX/L?g ex)c/)somes)

1 40 10:1 0X 4.79

2 200 10:1 0X 4.819

3 40 4:1 0X 5.66

4 200 4:1 0X 6.621

5 40 10:1 4X 5.16

6 200 10:1 4X 9.13

7 40 4:1 4X 13,55

8 200 4:1 4X 18.62

DTX can be loaded into exosomes using both incubation and sonication techniques because it is
hydrophobic in nature. After understanding the impact of the process parameters on exosomal
integrity, we applied 22 full factorial design approach to identify the suitability of incubation vs.
sonication at varying combinations of the three factors, i.e., A: Exosome content per batch (ug),
B: Exo: DTX ratio and, C: number of sonication cycles wherein, 0X indicated incubation and 4X
indicated sonication (4 cycles with each cycle comprising of 30 sec on and 30 sec off). In Table
5.2, STD 1-4 indicated the batches prepared by incubation, STD 5-8 represent batches prepared
by sonication using 4 cycles (4X) followed by 2 h incubation period post-sonication).

Table 5.3

DoE based statistical analysis of the model for response capacity (ng DTX/ug exosomes) to confirm the
3
best fit of the model while choosing between sonication and incubation in 2 - full factorial design.

p 5 ) ’ Predicted Adequate
Response value R Adjusted R R? Precision
Capacity 0.0083  1.000 0.99986 0.99873 248.39

(ng DTX/ug Exosomes)
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Figure 5.1: Representative plots indicating the suitability of mild sonication in combination with incubation
over incubation (alone) process in encapsulating DTX into exosomes. A: Pareto chart indicating
significance of factors crossing Bonferroni limit and t-limit to confirm the effect on the capacity of
exosomes. B. 3D-surface plot indicating the effect of the most significant interaction term (BC) on the
capacity of the exosomes in achieving the optimal capacity, while exosomes content is kept at (+1) level.
Both A and B are determined by Design Expert®v11 (State-Ease, Inc. USA).

As per the observations drawn from Table 5.1, among the Exo-DTX prepared by incubation
technique, STD 4, exhibited maximum capacity of 6.62 ng DTX/ug Exosomes, whereas with 4X
sonication cycles and Exo: DTX ratio equivalent to 4:1, the capacity of exosomes to load DT X
was increased to 18.62 ng DTX/ pg Exosomes (STD 8). If we compare the batches prepared by
incubation i.e. STD 1-4, no significant increase in capacity could be seen even after increasing the
exosome content or the Exo: DTX ratio, but application of sonication evidently enhanced the
capacity in each case, for eg., STD 3 vs. STD 7 or STD 4 vs. STD 8. The detailed statistical
significance of this design is provided in Table 5.3. In the applied design, factors B, C, and their
2FI1 (BC) were found highly significant since these were able to cross both the Bonferroni limit
and the t-limit, as shown in Figure 5.A. The surface response graph in Figure 5.B indicated that,

increasing sonication and Exo: DTX ratio enables exosomes to achieve the highest DTX payload.
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Optimization of process parameters of mild sonication technique: 2* full factorial design
approach
Further, a 2% -full factorial design was employed to optimize the maximum capacity of the

exosomes without compromising the integrity of the same once the suitability of sonication method

was established. As indicated in the Table 5.2A, with two levels for each factor, we prepared

Table 5.4
Representative experimental data showing effect of different factors on responses.

Factors Responses

STD %EE (n(éag'?'gl(%g Particle Size

@ ® © O (MeanSD) Exosomes) (nm) PDI

(Mean£SD)

1 -1 -1 -1 -1 4.08+0.75 4.08+0.75 187.60 0.22
2 1 -1 -1 -1 3.95+0.68 4.18+0.78 129.10 0.26
3 -1 1 -1 -1 3.46+£0.41 8.64+1.06 181.09 0.25
4 1 1 -1 -1 9.44+0.62 23.60+1.54 182.40 0.24
5 -1 -1 1 -1 2.27+£0.42 2.14+0.65 182.17 0.25
6 1 -1 1 -1 3.86+0.44 4.18+0.78 174.79 0.23
7 -1 1 1 -1 2.52+0.24 5.83+£0.47 176.55 0.26
8 1 1 1 -1 5.38+2.85 18.5+1.85 182.88 0.25
9 -1 -1 -1 1 1.33£0.23 1.33£0.16 170.90 0.26
10 1 -1 -1 1 4.85+0.31 4.87+0.34 140.09 0.27
11 -1 1 -1 1 3.35+0.64 8.24+0.51 190.00 0.27
12 1 1 -1 1 6.45%£2.93 17.16+1.59 215.55 0.26
13 1011 1 3.87+0.38 3.86+0.37 143.57 0.22
14 1 -1 1 1 4.30+0.70 4.31+0.70 178.37 0.24
15 -1 1 1 1 3.14+0.52 7.89+1.63 187.71 0.23
16 1 1 1 1 6.51+0.13 17.1242.06 189.40 0.26

sixteen batches (STD 1-16) in triplicate which provided different %EE and Capacity as tabulated
in Table 5.4. Since there was no appreciable change in either particle size (nm) or PDI among
the Exo-DTX formulations, these two responses were disregarded.

Capacity: When comparing STD 4, 8, and 12, it was concluded that the maximal capacity of the

Exo-DTX formulation depended on four factors, i.e., (A) Exosome content, (B) Exo: DTX ratio,
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(C) % T80 and, (D) number of sonication cycles. The maximal capacity could only be achieved
when the exosome content and Exo: DT X ratio reached their highest levels with the lowest % T80
and number of sonication cycles. The corresponding Pareto chart in Figure 5.2A also provided
the same inference for exosome capacity wherein, the effects of factors Ea, Eg, and their interaction
Eas were found highly significant by crossing both the t-limit and Bonferroni limit, while %Tween
80 and number of sonication cycles showed a negative impact on exosome capacity (Table 5.4).
Additionally, it was clear from the surface response 3-D graph (Figures 5.2.B and C) that,
increasing from 4 X to 12X sonication cycle reduced exosomes' capacity. We found the model best
fitted as good correlation was statistically found between R?, adjusted R? and predicted R? value,
as tabulated in Table 5.5. This conclusion was further supported by the ANOVA wherein, model
F-value was found 31.07 implying that only 0.01% chance is possible that this F-value could have
been caused by noise and p<0.0001 indicated that the selected model terms (A, B, AB) are highly

significant.

%EE: Comparing STD 3 and 4 wherein, only the exosomes content (A) was increased from level
(-1) to (+1) keeping rest of the parameters constant, it was observed that %EE increased by ~ 3
folds. Also, STD 9 and 10 clearly supported the above observation. As STD 9 and 10 both were
processed through 3(4X) sonication cycle, only half-maximal DTX loading capacity could be
achieved. In case of STD 10, exosome content was at +1 level which produced %EE of 4.87 ng
DTX/ug exosomes, whereas %EE decreased to 1.33 ng DTX/ pug exosomes when the exosome
content was reduced to -1 level. Henceforth, only factor A was found statistically significant for
%EE. Factor A was determined to be significant as seen in the half-normal plot in Figure 5.3A,
however, the addition of the AB interaction to this model increased the F-value to 10.79 and
improved the projected R? value, as shown in Figure 5.3B and Table 5.5. Therefore, DoE revealed
that exosome capacity depends upon exosome content and Exo: DTX ratio, while %EE would

depend primarily on exosome content.
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Mathematical interpretation of the effect of factors (A, B, C, and D) and the significant interaction (Eas)

on VCapacity and %EE involved in DTX loading by mild sonication method.

_ ,2.02+4.85+1.46+4.30+1.15+4.14+1.96+4.13 2.04+2.944+2.044+2.41+2.20+2.87+2.07+2.81
Eae= ( : )-( : )
Factors 5'9“'f'°"?‘”t Responses
STD interaction
(A) (B) (C) (D) E s \Capacity %EE
1 -1 -1 -1 -1 1 2.02 0.75
2 1 -1 -1 -1 -1 2.04 0.68
3 -1 1 -1 -1 -1 2.94 0.41
4 1 1 -1 -1 1 4.85 0.62
5 -1 -1 1 -1 1 1.46 0.42
6 1 -1 1 -1 -1 2.04 0.44
7 -1 1 1 -1 -1 2.41 0.24
8 1 1 1 -1 1 4.30 2.85
9 -1 -1 -1 1 1 1.15 0.23
10 1 -1 -1 1 -1 2.20 0.31
11 -1 1 -1 1 -1 2.87 0.64
12 1 1 -1 1 1 414 2.93
13 -1 -1 1 1 1 1.96 0.38
14 1 -1 1 1 -1 2.07 0.70
15 -1 1 1 1 -1 2.81 0.52
16 1 1 1 1 1 413 0.13
sﬁecm.” 1091088 1.75 -0.0581 -0.1605 0.648
Capacity
Effect on %EE 0.63 0.52 -0.11 -0.071 0.54

An example for calculating the effect of E,» on VCapacity is shown below wherein, positive Eag is coming from STD
1(-1x-1=1), 4 (1x1=1), 5 (-1x-1=1), 8 (1x1=1), 9 (-1x-1=1), 12(1x1=1), 13(-1x-1=1), 16 (1x1=1) considering

Equation 4.
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Figure 5.2: Representative plots indicating the effect of four factors and their interactions on the response ‘Capacity’ while optimizing the Exo-
DTX by sonication method, A: Pareto chart indicating the significance of the factors crossing Bonferroni limit and t-limit to confirm the effect
on the capacity and %EE of exosomes. B: 3D-surface plot indicating the effect of the most significant interaction term (AB) on the capacity of
the exosomes when sonication pattern is kept at (-1) level. C: 3D-surface plot indicating the effect of the most significant interaction term (AB)
on the capacity when sonication pattern is kept at (+1) level. Both 3-D plot and the Pareto chart were generated by Design Expert®v11 (State-
Ease, Inc. USA).
#Herein, factors A, B, C, and D indicate Exosome content, Exo: DTX ratio, % T80 and number of sonication cycles respectively.
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Figure 5.3: Representative plots indicating the effect of the four factors and their interactions on the
response ‘%EE’ while optimizing the Exo-DTX by sonication method. A: Half-normal plot, factors that
reside away from the error line are considered as significant factors (herein, A, B, AB) using
Design.Expert®v11). However, factors CD, C, and D were included in the model to improve the prediction.
B. Pareto chart indicating the significance of the factors considered, where A and B showed positive effect
and C and D showed negative effect.

*Herein, factors A, B, C, and D indicate exosome content, Exo: DTX ratio, % T80 and number of sonication
cycles respectively.
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Table 5.6
Representative statistical analysis of the responses VCapacity (ng DTX/ug Exosomes) and %EE to confirm

DTX loading efficiency by optimized mild sonication method applying 24- full factorial design.

Model Adjusted  Predicted  Adequate

2
Response p value R R? R? Precision
\Capacity
(ng DTX/ug Exosomes) <0.0001 0.9415 0.9269 0.8960 18.304
%EE 0.0010 0.7296 0.6620 0.5193 7.1622

Validation of the optimized method of DTX loading in RAW Exosomes

Considering the inferences from all the optimization studies, STD 4 (Table 5.2B) formulated using
exosomes (200 pg equivalent protein) with 50 pg DTX (Exo: DTX =4:1) in presence of 0.02%
Tween 80 was found to provide Exo-DTX formulation with a capacity of 23.6 ng DTX/ug.
Exosomes were sonicated at 20% amplitude with 4X cycles followed by 2h post-sonication

incubation at 37°C. This batch was further utilized for the in-vitro efficacy study.

As mentioned previously, to confirm the reliability of the method optimized for DTX
encapsulation in exosomes, point prediction technique was followed wherein, a random Exo: DTX
ratio of 7:1 was chosen as a factor keeping other factors intact. Here, the software predicted an
Exo-DTX formulation with a capacity of 13.07 ng DT X/ug exosomes when 30 pug DTX was taken
with exosomes (200 pg equivalent protein) to achieve Exo: DT X ratio as 7:1. Experimentally these
batches were formulated in 3 replicates wherein, a capacity of 14.5+£1.67 ng DT X/ug exosomes
was observed with a 9.8% prediction error. These results stated the fact that the optimized protocol
was reliable with slightly modified parameters as well.

Table 5.7
Validation of the parameters selected for the optimum DTX loading capacity of Exosomes by point
prediction technique.

Exosome Exo:DTX %Tween 80 Sonication pattern Capacity
(1g) ) (V/v) M (nX) (ng DT X/g exosomes)
13.07 (predicted)
200 7:1 0.02% 4X 14.5+1.67 (actual)

9.86% (% prediction error)
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5.3.2 Characterization of the Exo-DTX

As mentioned in previous chapter, murine macrophage cell, RAW 264.7 cells wer used to isolate
macrophage derived exosomes from the collected CM with exosomal yield of 172.03£28.9 ug
equivalent protein per 200 mL CM. Using DLS and FESEM, unloaded and loaded exosomes were
characterized for particle size (nm), zeta-potential (mV), absolute intensity (Kcounts/s), and
morphology. The comparative size data obtained from DLS and FESEM indicated a higher particle
size (208.7+36.19 nm) with high polydispersity index (PDI) of 0.256+0.03 by DLS as compared
to that of FESEM, possibly owing to the inherent clumping nature of the exosomes (Table 5.7).
Naive and DTX loaded exosomes exhibited negative surface potential equivalent to -10.27+3.66
and -11.03£3.09 mV, respectively, attributed to the presence of phospholipids and surface proteins
embedded in the exosomal bilayer, confirming the retention of exosomal integrity after loading.
As indicated by FESEM data in Figure 5.4, both loaded and unloaded exosomes were found
spherical but non-uniform in the size visibly. Additionally, an increase in the exosomal size upto
189.2+35.93 nm by FESEM, was observed after being loaded with DTX by sonication, similar
size of Exo-DT X was also demonstrated by the DLS (Table 5.7). The decrease in the size of Exo-
DTX in comparison to that of unloaded exosomes as exhibited by DLS is possibly owing to

disassembly of exosomal clumps after sonication (during formulation of Exo-DTX).

5.3.3 In-vitro efficacy of Exo-DTX formulations

Cytotoxicity Assay

Initially, the cytotoxic effect of free DTX was assessed over three time points (24/48/72 h)— at
concentrations between 25-500 ng/mL. It was observed that cells treated for 48 h with DTX
exhibited significantly varying cytotoxicity based on the concentration of DTX and the ICso for
free DTX and Exo-DTX was found to be 480.04 ng/ml and 89.77 ng/ml respectively (Figure
5.5A). Based upon the ICso value of free DT X, cytotoxicity assay was performed for different
treatment groups, i.e., free DTX, naive exosomes and Exo-DT X within the range of 10-250 ng/mi
for 48 h by MTT assay. Greater cytotoxicity of the Exo-DT X group over the free DTX group at
each of the concentrations used is clearly seen in Figure 5.5.B. Exo-DTX exhibited an I1Cso (89.77
ng/ml) which is approximately 5-folds lesser than that of free DTX.

Interestingly, the cytotoxicity of naive exosomes increased with increase in their concentration
(exosomal concentration increased with increase in the amount of DTX depending upon the DT X

loading capacity of the exosomes). At the ICso dose of Exo-DTX, the cytotoxicity of naive
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exosomes was 12.36+1.62% (within acceptable range) but increased to 19.45+3.10 % at a dose of
250 ng/mL loaded DT X. The bright field microscopy of the cells shows the comparative cellular
deformation upon various treatments for 48 h (Figure 5.5C) wherein, the Exo-DTX at 100 ng/mL
and 250 ng/mL were compared with free DT X of 250 ng/mL. Evidently, Exo-DT X formulations
were found to have significantly higher cytotoxicity and morphological deterioration than free
DTX.

Table 5.8

Particle size (nm), PDI and zeta-potential (mV) of exosomes by dynamic light scattering (DLS) and
FESEM.

Exosomes Exo-DTX
Particle size Particle size
(nm) PDI ZP (mV) (nm) PDI ZP(mV)
DLS 208.7+36.19 0.256+0.03 -10.268+3.66 183.11+33.93 0.25+0.0416 -11.0294+3.09
FESEM 112.5+21.48 NA NA 189.2+35.93 NA NA

Free Exosomes Exo-DTX

Figure 5.4 Characterization of unloaded and DTX loaded exosomes, representative surface morphology of
both unloaded and DTX loaded exosomes by FESEM (Scale=3um).
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Figure 5.5: Anti-proliferative assay in 4T-1 cells by MTT and microscopy. A: Time and concentration
dependent in-vitro cytotoxicity assay of free DTX. Data are represented as mean (n=5) + SD. B:
Comparative cytotoxic effect of the free DTX, naive exosomes and Exo-DTX mean (n=6) £ SD. Two-way
ANOVA with Bonferroni post-test determined statistical significance. (***p<0.001, **p<0.01) C: Impact
of various Exo-DTX treatments (100 and 250 ng/ml) on cellular morphology and cell density, as compared
to both media control and blank exosome control groups, using brightfield microscopy (Scale=100 pm).
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Cellular uptake and efficacy

The cytoskeletal structure (specifically F-actin) of the cells was stained by Rhodamine Phalloidin
and the nuclei of the cells were counterstained with DAPI. As indicated in Figure 7, different
treatment groups showed a distinct change in the cellular appearance, including cellular shrinkage
and degraded appendages that resulted in loosely connected cells in case of free DTX and Exo-
DTX in comparison to the control group (only media). The PKH-67 labelled naive exosomes and
Exo-DTX inside the cells demonstrated that both were effectively internalized by 4T1 cells within
6h, seen as green fluorescent dots (Figure 5.6). In comparison to the control group (only media),
F-actin degradation was evident in free DTX treated group (indicated by the white arrows) also
revealed by the diminished intensity of Rhodamine with almost same number of cells in the
selected field. Prominent F-actin degradation was also marked by the severed ends of F-actin at
the cellular boundary. Likewise, in case of the Exo-DT X treated groups, cells showed similar kind
of structural change with additional nuclear condensation (indicated by red arrow) and
cytoskeletal degradation (indicated by white arrow), green arrows mark the PKH-67 stained Exo-
DTX. This clearly proved that Exo-DTX was successfully internalized by cells wherein, they

produced superior effect than free DTX group treated group even within 6h of treatment.

Pro-metastasis suppression assay

The efficacy of the Exo-DTX formulation in inhibiting pro-metastasis has been confirmed through
in vitro wound healing assay and transwell invasion assay. Since the Exo-DTX formulations
demonstrated some promising cytotoxic effect by producing cytoskeletal and nuclear degradation

in 4T1 cells, their effect on the metastatic aggressiveness of the TNBC was also studied.

Wound healing assay

In a time-dependent manner, Exo-DT X demonstrated its superior anti-migratory effect on 4T1
cells preventing the wound closure till the end time-point of the study (36 h). As seen in Figure
5.7.A, wound closure or cellular migration is initiated quite early but it became prominent only
after 12h of wound creation. The media control group and the free exosomes treated group
displayed notable wound closure within a timeframe of 12-36 h. However, the groups treated with
free DTX and Exo-DTX exhibited resistance to wound closure till 36 h, as illustrated in Figure
5.7B. In comparison to the free DTX treated group (50.73+10.55% wound closure within 36 h),
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Figure 5.6. Cellular uptake in 4T-1 by confocal microscopy. Cells after 6h of treatment with PBS, free DTX (100 ng/mL), naive exosomes (5
pHg/mL) and Exo-DTX (100 ng/mL). White arrow: F-actin structure degradation, Green arrow: PKH-67 stained exosomes or Exo-DTX, Red arrow:

nuclear degradation.
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Exo-DTX showed invariably superior anti-migratory effect (2.6+6.33% closure within 36 h of
treatment). Naive exosomes exhibited similar wound closure as that of media control
(83.95+0.79% and 88.85+1.2% respectively) in 36 h.

Invasion assay

Pro-metastasis involves both migration and invasion across the biological barriers hence, transwell
migration assay was performed. It was expected that the cells which invade the Matrigel bed,
driven by chemoattractant condition provided in the lower well, would be found adhering on the
outer side of the transwell membrane (facing the bottom of the well of 24 well plate).

The group treated with Exo-DTX revealed least invasion of the 4T1 cells (Figure 5.7 C&D). The
anti-metastatic impact of Exo-DTX in 4T1 cells may also be partly contributed by the naive
exosomes. In comparison to the media control group, showing 99.79+ 20.02% invasion, naive
exosomes and Exo-DTX treatment restricted cells to 87.96+9.58% and 4.56+1.38% invasion after
48h of treatment. Free DT X alone was able to restrict the invasion to 31.74+8.6%; significantly

reduced invasion by Exo-DTX might be attributed to the incorporation of DTX in the exosomes.

5.3.4 Mechanistic exploration of the underlying crosstalk

In comparison to free DTX, Exo-DTX displayed superior cytotoxicity, substantial cytoskeletal
deformation followed by nuclear fragmentation, and lowered 4T1 migratory aggressiveness. Naive
exosomes also affected 4T1 cells in a distinctive way. The mechanistic exploration of naive
exosomes and Exo-DTX activity in 4T1 cells was corroborated through confocal microscopy

analysis of F-actin degradation and morphological analysis via FESEM. Later, the findings were
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Figure 5.7 In-vitro anti-migratory wound healing (A and B) and invasion assay (C and D) in 4T-1 after being incubated with Exo-DTX. A: Time-
dependent (0-36 h) migratory ability of 4T-1 cells following incubation with PBS, free DT X, naive exosomes, and Exo-DTX (n=3) scale bar=100um
B) Graphical representation of % wound healing. The data represents mean (n=3) £ SD, two-way ANOVA with Bonferroni post-test is applied for
statistical significance, where, *p<0.05, **p<0.01 and ***p<0.001. C) The invasion of metastatic cells through Matrigel® on the outer surface of the
Transwell membrane (n=3) stained with crystal violet, scale bar- 20 um D: Graphical representation of the % invasion after treatment with PBS,
free DTX, naive exosomes and Exo-DTX. The dataset is presented as mean (n=3) + SD. To determine statistical significance, a one-way ANOVA
with Tukey's post-test was utilized, with significance levels denoted as *p<0.05, **p<0.01, and ***p<0.001.
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A Free Exosomes B . Free Exosomes
Media Control (5ug/mL) Media Control (5pg/mL)

Exo-DTX
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Free DTX Exo-DTX
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Figure 5.8 Mechanistic exploration of the effect of DTX formulation on 4T-1 cells. Effect of the DTX (free and formulation) on the cellular
morphology, especially on the cytoskeletal cage and nuclei after 48 h (n=3) by, A) FESEM (magnification 2500X) and B: confocal microscopy wherein,
F-actin is stained with Rhodamine phalloidin (red) and nuclei with DAPI (blue) (n=3), scale bar=10 pm.
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Figure 5.8.B Cytoskeletal disorganization and nuclear degradation in 4T-1 cells after incubation with Exo-DTX for 48 h visualised using confocal
microscopy (split diagram of Figure 5.8B). B1: Cytoskeleton of the cells stained with Rhodamine Phalloidin (red) and, B2: Nuclei stained with

DAPI (blue) (n=3), scale bar=10um.
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also linked to the differential protein expression in 4T1 cells (both apoptotic and anti-metastatic)
following treatment with different formulations.

Both Figure 5.8A and 5.9 indicated close intercellular connection among the 4T1 cells in the
media control group via their healthy appendages (as indicated by the black arrow). When
compared with media control, it was observed that naive exosomes exhibited a minor distortion of
invadopodia, specifically filopodia and lamellipodia. Evidently, free DT X regressed the cellular
morphology by distorted filopodia, lamellipodia, an enlarged nucleus, and the presence of cellular
debris and apoptotic bodies. Exo-DTX caused more pronounced cytoskeletal deformation and
nuclear degradation compared to free DTX. The enlargement of nucleus indicates the cell-cycle
arrest in Go/M phase while multinucleation indicated incomplete cell division. The same
observations were resonated by F-actin degradation assay by confocal microscopy (Figure 5.8B).
Herein, the reduced intensity of the Rhodamine clearly indicated the degradation of F-actin
filaments in Free DT X and Exo-DT X treated groups. Also, in both Free DTX and Exo-DTX group,
presence of the F-actin foci on the periphery of the cells clearly indicated that the cell is being
restricted in the mitotic phase. Exo-DTX showed significantly higher distortion of intercellular
connection, nuclear degradation, and multi-nucleation than free DTX.

While correlating both Figure 5.8 A and B, a clear indication of apoptotic and anti-migratory effect
of Exo-DTX in 4T1 cells was observed wherein, Exo-DTX degraded the cytoskeletal network
more efficiently and induced significant apoptosis in comparison to the free DTX. The results were
in line with FESEM data of treatment group. At a higher magnification level in confocal
microscopy (Figure 5.8 B1& B2), massive F-actin degradation, nuclear condensation and

fragmentation could be clearly seen.

Mechanistic exploration by Western blot for apoptotic and anti-metastatic protein expression

In this final study of mechanistic exploration, we tried to explore the mechanisms behind the
observations made so far. Figure 5.10 illustrates the impact of free DTX (100 ng/mL), naive
exosomes (5 pg/mL), and Exo-DT X (100 ng/mL) on the distinct protein expression of 4T1 cells.
Considering the differential expression of the apoptotic markers in Figure 10A & C, Exo-DTX
resulted in increased ratio of cleaved caspase 3 and caspase 3 (CC3/C3) and BAX/BCL-2 by 2.9
and 2.05 folds in comparison to the free DTX in comparison to the media control. Also, EGFR
expression was found downregulated in the order, free DT X <naive exosomes < Exo-DTX, while

B1-integrin was found decreased in free DT X and Exo-DTX group only. Free DT X decreased the
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EGFR and B1-integrin expression in 4T1 cells by 1.32 and 1.99 folds respectively. In comparison
to free DTX, naive exosomes and Exo-DTX exhibited 2.2 and 2.9 folds’ decrease in the expression
of EGFR respectively (Figure 10.D).

Free Exosomes
Media Control (Sug/mL)

Exo-DTX
(100ng/mL) (100ng/mL)

Figure 5.9: Cytoskeletal disorganization in 4T-1 cells after incubation with Exo-DTX by FESEM
assay. The damage of the invadopodia (filopodia and lamellipodia) is more prominent in A than B,
whereas the damaged invadopodia with enlarged nucleus is evident in C and D. Cellular debris and
cytoskeletal deformation are more prominent in D.

Figure 10.B and E, distinctly indicated decreased expression of B1-integrin (by almost 2.5 folds)
but an increase in the ratio of CC3/C3 by 1.5 fold upon treatment with Exosomes (2.5 pg/mL) in
comparison to Exosomes (5 pg/mL) in the 4T1 cells. This concentration dependent differential
expression of apoptotic CC3/C3 ratio and metastatic marker B1-integrin, clearly indicate that the

inherent nature of exosomes is undoubtedly important to be considered. In our case, we considered
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exosomes at 5 pg/mL as the blank formulation keeping in mind the optimum capacity of Exo-DT X
formulation. All the studies provided a clear evidence that Exo-DTX exhibited enhanced anti-
cancer effect in comparison to free DTX in terms of both apoptosis induction as well as anti-
metastatic function, attributed to the loading of DTX in the functionally active biological origin
nanocarrier system, exosomes originating from macrophages, known to possess prominent anti-

cancer activity against TNBC 4T1 cells.

5.3.6. In vivo pharmacokinetic study

The time dependent plasma concentration profiles of DT X from Taxotere® and the Exo-DTX have
been shown in Figure 5.11 and the comparative pharmacokinetic parameters have been tabulated
in Table 5.8.
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Figure 5.11. Representative plasma concentration-time profile of Taxotere® and Exo-
DTX in in vivo pharmacokinetic study. The dataset is presented as mean (n=3) = SEM.

Table 5.9
Comparative pharmacokinetic parameters for Taxotere and Exo-DTX.
Parameter Unit Taxotere (1mg/kg, i.v bolus) Exo-DTX® (1mg/kg, i.v bolus)
Coax ng/mL 213.19+17.77 244.90+2.54
T oo h 0.083 0.083
t, h 1.045+0.169 6.328+0.04
AUC hx(ng/mL) 339.43+27.04 675.52+11.55
MRT h 2.83+0.465 8.23+0.198
\' mL/kg 4434.00£587.47 13516.42+143.90
Cl mL/h/kg 2958.37+£230.7 1480.6+25.07

@all values are mentioned as mean (n=3) + SD.
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Figure 5.10: Mechanistic exploration of the anti-apoptotic and anti-metastatic protein expression in 4T-1 cells upon incubation with different
samples. A: Representative immunoblots of the different anti-metastatic proteins (EGFR and p1-Integrin) and anti-apoptotic proteins (BAX, BCL-
2, Caspase-3; C3, cleaved caspase-3; CC3) and housekeeping protein GAPDH. B: Representative immunoblots of -1 integrin, CC3, C3 and
housekeeping protein 3-actin in4T1 cells after being treated with different concentration of exosomes. C. Graphical representation of ratio of cleaved
caspase-3 and caspase-3 (CC3/C3) and BAX and BCL-2 (BAX/BCL-2). In both the cases, the individual protein expression was first normalized
and quantified with respect to the housekeeping protein GAPDH followed by calculating respective ratios. D: Differential expression of EGFR upon
different treatments. E: Differential expression of mentioned proteins to evaluate the effect of exosomes in cells, all data are represented as mean
(n=3) + SD, where one-way ANOVA with Tukey’s test was used for the determination of the statistical significance, where *p<0.05, **p<0.01 and

***n<0.001.
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Exo-DTX exhibited significant decline in the plasma DTX concentration within 1h of
administration, it maintained almost steady state concentration 56.8-39.8 ng/ml till 6h however,
Taxotere® showed gradual elimination, reaching upto 13.07+3.45 ng/ml within 4h of the treatment
(Fig. 5.11). The initial rapid decline in the concentration of DT X after administering Exo-DTX in
vivo has also been reported earlier wherein, half-life of RAW 264.7 derived exosomes was found
to be to5= 2.77£0.28 min with MRT of 0.261+0.024 h after a dosing of 5 nug gluc /LA labelled
exosomes in BALB/c mice 224, In the present study, 6-folds’ and 3.04-folds’ improvement in tos
and Vg of the Exo-DTX in comparison to the Taxotere® in a statistically significant manner
(p<0.001 and <0.01 respectively) was observed; clearly indicating its rapid tissue distribution
owing to the easy uptake of the Exo-DTX. Exo-DTX also showed significantly improved MRT
and AUC with decreased Cl when compared with the Taxotere.

All the studies provided a clear evidence that Exo-DTX exhibited enhanced anti-cancer effect in
comparison to free DTX in terms of both apoptosis induction as well as pro-metastasis suppression
in in vitro assays, attributed to the loading of DT X in the functionally active biological nanocarrier
system that is exosomes of macrophages origin, known to possess prominent anti-cancer activity
against TNBC 4T1 cells. Additionally, the improved PK profile of Exo-DTX in comparison to the
marketed formulation of DT X, Taxotere®, highlights the translational value of the exosomes for
the anti-cancer formulation development in near future wherein, exosomes could be projected as

a promising biogenic replacement of synthetic nanocarriers.

5.4 Discussion

Cell derived exosomes as efficient nanocarrier of anti-cancer small molecules have been well
explored both in-vitro and in-vivo %27, However, there is a lack of unified report on the
methodological optimization and validation of exosomal formulations and this is unquestionably
agap in exosomal research 28, Literature reports, RAW 264.7 cell-derived exosomes with a loading
capacity (% LC) of 28.29%, 5.30%, and 1.44% for PTX when prepared using sonication,
electroporation, and incubation techniques respectively 2°. Further, polarization of RAW 264.7
cells (Mo) to My, mediated by interferon-y (IFN-y), resulted in %LC of PTX of 19.55% and 4.88%

with sonication and incubation respectively in M1 cells derived exosomes ’. PC-3 cell-derived
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exosomes revealed 9.20% loading of PTX, whereas milk-derived exosomes demonstrated only
7.90% practical loading capability 212°, The drug loading (% DL) of gemcitabine in PANC-1
exosomes was found to be 11.68% by sonication and 2.79% by incubation 3!. It was also evident
that sonication was more effective for encapsulating small molecules into exosomes than
incubation, however, as evident from the above examples, % LC differed from one research group
to another. Since the % LC varied, so did the estimated number/ amount (equivalent protein) of
exosomes required to achieve a given dose equivalent, which influenced their inherent biological
effect on the cells or in animal model. As exosomes are not merely preformed vesicles, but rather
biogenic with certain intrinsic biological functions, the choice of source cells for exosomes and
their encapsulating capacity must also be evaluated %2132-34 |n this context, our research is
relevant as we have not only optimised the formulation development methodology of Exo-DTX
but also evaluated the contribution of the naive RAW264.7 derived exosomes in Exo-DTX

formulation development and anti-cancer attributes in TNBC cells.

The overall formulation optimization was achieved utilizing the QbD-based approach. Figure 5.1
shows that exosomes can only efficiently encapsulate DT X through diffusion with an efficiency
range of 4.79-6.62 ng DT X/ug of exosomes without sonication, even when the exosome content
and Exo: DTX ratio are increased. However, mild sonication increased DTX encapsulating
capacity of exosomes by threefold, clearly demonstrating that re-organization of the exosomal
membrane during mild sonication loosens the tightly packed bilayer and certainly facilitates the
maximum encapsulation of DT X (Table 5.2) %. QbD based approach was again applied to ensure
the maximal DTX loading capacity of exosomes using mild sonication/incubation technique.
Table 5.4 indicates that exosome content and Exo: DTX were two positive factors, whereas
%Tween 80 and sonication cycles were the two negative factors. With increasing exosome content
and Exo: DT X ratio, maximal %EE was obtained with batches that contained minimal %Tween
80 and were subjected to only 4 cycles of sonication. The most effective batch was STD 4 (Table
5.4) with DT X encapsulating capacity of 23.60+1.54 ng DT X/ pg exosomes, which also indicated
that reducing the exosome content by 5 folds would decrease the capacity by nearly 3 foldsin STD
3 (with 8.64£1.06 ng DTX/ pug exosomes), considering all other factors remain constant. The
negative impact of % Tween 80 and sonication cycle could be also seen upon comparing STD 4
vs. STD 8 vs. STD 12. Also, Exo-DTX with a capacity ranging from 17.16-23.60 ng DTX/ug
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exosomes was obtained from these three formulations employing 200 pg of exosomes and an Exo:

DTX ratio of 4:1 while adjusting all other parameters.

DTX is a well-known anti-cancer small molecule from Taxane family which results in distinct
cytoskeletal deformation by inducing “dynamic instability” and “mitotic slippage” in a
concentration dependent manner 3637, It is well reported that DT X at 100nM concentration arrests,
most of the TNBC cells get arrested in G2/M phase within 24h of treatment 38. Also it is evident
that, DTX, activates some mitotic checkpoints that delay the separation of chromosomes and
results in the formation of daughter cells with replicated pair of sister chromatids. This mitotic
arrest would result in the cellular death or abnormal exit from the mitosis itself giving rise to
tetraploids, well known as the mitotic slippage, followed by some cellular anomalies 3°. DTX has
also been reported to alter the mechanical properties of the ovarian cancer cells, SKOV 3 wherein,
at 100 ng/ml, the cellular roughness, and rigidity increased but area decreased significantly. This
was correlated to the reduced migratory and invasive potential of the cancer cells #°. As indicated
by MTT assay in Figure 5.5B, Exo-DT X showed an ICso value of 89.77 ng/ml, which is around
5.3 folds’ lesser than the ICso of free DT X along with prominent cytoskeletal deformation (Figure
5.5C). The cytoskeletal deformation of Exo-DTX treated 4T-1 cells was more prominent than free
DTX even within 6h of treatment (Figure 5.6) indicating the superior uptake of DTX upon
encapsulation into the exosomes. This is further supported by the inherent antifouling effect of
exosomal membranes owing to the presence of zwitter-ionic phospholipids, i.e.,
phosphatidylcholine (PC) and sphingomyelin (SP) in the lipid bilayer structure, which provide
zwitterion neutralization, resulting in super hydration by forming dipole-ion interaction between
the membrane and the water molecule. This resulted in an efficient uptake and significantly higher
biocompatibility of exosomes 4143, Cytoskeletal deformation and metastatic potential are inversely
correlated and the same was also confirmed in case of Exo-DTX. Figure 5.7B shows only
2.6+6.33% wound closure in 36h, indicating the efficient anti-metastatic effect of Exo-DTX.
Further, Figure 5.7D exhibits only 4.56+1.38% invasion of 4T1 cells treated with Exo-DTX for
48 h. This significant anti-metastatic effect confirms an efficient cellular uptake and resultant

apoptosis 4.

After confirming the anti-migratory potential, a mechanistic exploration was carried out to ensure

the efficacy of Exo-DTX in 4T1 cells. Herein, we evaluated the in-vitro pro-metastatic suppression
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and apoptotic efficacy of Exo-DTX in cells, particularly its impact on the F-actin; a polymeric G-
actin structure degradation, a cytoskeletal component essential for microfilament organization,
maintenance of cell morphology, proliferative attributes and regulation of the cellular motility 4>
47 Invasion of cancer cells from the primary tumor site to the distant organs required epithelial -
mesenchymal transition (EMT), a closely co-ordinated mechanism wherein, the role of the
phenotypic and subcellular structure invadopodia (filopodia and lamellipodia) is important 4849, F-
actin-mediated membrane protrusions called “invadopodia” transport receptors and proteolytic
proteins that contribute to metastasis. Cytoskeletal remodelling during the invadopodia formation
involves some proteins, i.e., epidermal growth factor receptor (EGFR) and B1-integrin 5952, The
process of pro-metastasis is characterised by the upregulation of EGFR expression, which leads to
increased phosphorylation of cortactin and consequent facilitation of invadopodia formation.
Moreover, invadopodia are characterised by the presence of B1-integrin, which facilitates ECM
remodelling. “°. DTX, on the contrary is responsible for the ‘dynamic instability’ by excessive
polymerization of the microtubule which results in anti-apoptotic BCL-2 phosphorylation and thus
increased Caspase-3 related apoptotic activity 3. Incorporation of DTX in macrophage derived
exosomes is thus expected to produce synergistic effect attributed to the immune-regulatory
feature of the exosomes and anti-cancer activity of DT X together. This synergistic effect is further
enhanced by the more efficient uptake of DTX as Exo-DTX. As per our observation from
morphometric assay by FESEM and CSLM, induction of apoptosis and superior cytoskeletal
deformation in 4T1 cells upon being treated with Exo-DTX formulations was clear (Figure 5.8.
and 9). Further, the western blot analysis in Figure 5.10 confirmed that the Exo-DTX showed
prominent anti-metastatic effect with significantly decreased EGFR expression and significantly
high apoptotic effect with increased expression ratio of BAX/BCL-2 and CC3/C3 in comparison
to the free DTX. The underlying cause of this observation was explained by the distinct cytotoxic
effect of naive exosomes, which included a 2.5 folds’ decrease in Bl-integrin and a 1.5 folds’

increase in CC3/C3 ratio.

Understanding the pharmacokinetics of the Exo-DTX is essential to elucidate the behaviour of the
formulation in the biological milieu especially considering that the exosomes are themselves
biogenic and well reported to possess paracrine signalling property. Irrespective of the source cells,
exosomes tend to distribute more to the highly perfused organs (especially liver, spleen, lungs,

tumor etc.) almost instantaneously (within 1h) upon i.v bolus injection as observed in case of
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gLuc/Lac labelled B16-BL6 or RAW264.7 or NIH3T3 cells derived exosomes?3. In the present
study also, similar observation was made wherein, a drastic decline in DTX concentration was
observed in case of Exo-DT X treated group within initial 1h, followed by sustained DTX level in
plasma till 12h post administration (Fig. 5.11). In another study, the radiolabelled (Indium 111)
PC-3 derived exosomes exhibited rapid plasma clearance within 1 h however, 24-h post-injection
bio-distribution study revealed accumulation of the same in liver>spleen>kidney>tumor in
descending order®. In fact, RAW 264.7 derived exosomes loaded with PTX (exoPT X) have been
compared with Taxol, 18 days post-treatment of Luc/mCherry-3LL-M27 lung metastases in
C57BL/6 mice, clearly indicated better suppression of metastasis in the lung slides of exoPTX
treated animals in comparison to the Taxol treated animals >*. Based upon these reported studies,
it was concluded that the massive tissue distribution and long duration tissue sustenance of
exosomes would benefit the formulation of Exo-DTX which would eventually help to reduce the
dose, dosing frequency and thus increase the efficacy of chemotherapeutic agents and would help
to overcome the organ toxicities attributed to the high dosing regimen as compared to the

conventional therapy.
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Chapter VI

6.1. Introduction

Conventional cancer monotherapies elicit non-selective cytotoxicity accompanied by their
immunosuppressive and myelosuppressive activity which leads to adverse effects, secondary
cancer induction, metastasis, chemo resistance and cancer recurrence . These inevitable
drawbacks could be managed by combination therapy wherein, different pathways could be
targeted simultaneously at a significantly lesser dose than recommended for monotherapy regimen
of individual drug 2. Currently, combination therapy with chemotherapeutics and RNA
interference (RNAI) has been widely projected as a potential alternative to monotherapy and
combination therapy of the chemotherapeutics. Among the RNAI, microRNAs (mIRNAs) are
classified as the non-coding RNAs responsible for regulation of gene expression by
posttranscriptional modifications. The primary miRNA duplex (pri-miRNA) is transcribed from
DNA sequences in the nucleus and converted to the pre-miRNA which is exported to cytoplasm
to regulate the respective mRNA translation®. As, miRNAs regulate multiple pathways in cancer
development and progression, these prove beneficial in maintaining the sensitivity of tumor
towards chemotherapeutics either by restoring tumor suppressor activity (by TS miRNA mimic)
or suppression of oncogenic dominance (by miRNA inhibitor) 3°. MRX 34a, the first miRNA
mimic to reach phase I clinical trial in 2013, clearly proved that, even at a suboptimal dose, miRNA
can turn on the cellular threshold of tumor suppression®. Interestingly, miR-34a is a well reported
TS miRNA, which is found suppressed in various types of cancer including both solid tumors and
blood cancers. miR-34a is reported to induce apoptosis, cell cycle arrest and growth inhibition by
downregulating the target genes including CDK4/6, silent information regulator 1 (SIRT1), BCL -
2, MYC and MET, and is considered as the transcriptional target of p53728. Recently, miR-34a has
also proven to sensitize the resistant breast cancer cells towards DTX giving impetus to the field
of combination delivery of miRNA and chemotherapeutic®.

Exogenous miRNA delivery faces critical hurdles, including poor cellular uptake (due to negative
charge), off target effects, short half-life and limited stability in blood stream®-13, Encapsulation
of miRNAs in nanoparticles by nanoprecipitation or emulsion techniques results in low
encapsulation efficiency, attributed to the quick diffusion of miRNA into the water phase because
of its high affinity towards water , although nanoparticles improve the tissue distribution and site-
specific localization of miRNA. The importance of efficient delivery of DTX and miR-34a in

breast cancer is exemplified by same literature reports. A folate conjugated cationic lipo-polymer
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has been reported to form NC with miRNA at N/P ratio of 8:1 with 94.8% DTX payload. This
system showed improved cytotoxicity (~5 folds), and apoptosis (~2.0 folds) when compared to the
free DTX in breast cancer cells!®. Another novel core-shell nanoformulation was reported for the
co delivery of miR-34a and DTX in breast cancer wherein, 83.46+2.36% DT X was encapsulated
in the lipidic core and 13.91+0.39% miR-34a was electrostatically complexed in the cationic BSA
shell of the nanoformulation. The resultant system delivered the payload in the cytoplasm as
indicated by appearance of a yellow fluorescence emerging from the overlay of Cy5-RNA (red
fluorescence) and Coumarin 6 (C6, green fluorescence) as the model replacements of the miRNA
and DTX in 4T1 cells. Further, the in vivo efficacy study confirmed ~1.74 fold higher tumor
volume reduction by combination therapy in comparison to the free DTX in 4T1 tumor bearing
animals®®. In an interesting study carried out to explore the application of exosomes for the RNAI
delivery, cationic BSA (cBSA) was synthesized to prepare the cBSA/SiRNA nanoplexes which
were further serially extruded with exosomes (redispersed in hypotonic buffer) 100 times to entrap
the cBSA/siRNA nanoplexes within the exosomal layer. In a time-dependent biodistribution study,
cBSA/SIRNA@EXxo showed 2.9 times improved uptake in lung tumor in comparison to the
cBSA/siRNA@Iliposomes?’.

In this context, “Tandem self-assembly” is considered as one of the relatively less explored core-
shell delivery systems in which cationic polyamines form a nanosized core structure (polyamine-
salt aggregates or PSA) in the presence of the multivalent anionic salts, and the shell material
(either nanoparticles, polymer, or biomolecules) of reverse ionic charge form the capsule
surrounding the core by means of electrostatic interaction'®. Apart from electrostatic interaction,
hydrophobic interaction and hydrogen bonding are also observed playing important role in PSA
formation®®. Interestingly, a wide variety of cargo molecules have already been delivered using
PSA including, small dye molecules, small drugs, contrast agents, siRNA, enzymes and proteins
20-23 |n 2010, Wong et al. reported a PSA system to encapsulate the imaging molecule indocyanin
green (ICG) in the Polyallylamine (PAH)-phosphate spherical aggregate, which was further coated
with anti-EGFR antibodies to selectively target the EGFR overexpressing malignant tumor in three
carcinoma cell lines, 1483 (human head and neck squamous cell), SiHa (human cervical squamous
cell), and 435 (cancerous human breast cell) depicting variable expression of EGFR 2. Almost a
decade later, Andreozzi P et al. reported application of PSA for siRNA delivery wherein, they

developed a pH responsive polyamine phosphate nanocarrier (PAN) by leveraging the electrostatic
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interaction between amine groups of PAH (pKa: 8.8) and the phosphate group of the optimized
phosphate buffer (PB) to complex the negatively charged siRNA. They also proved that PAN
remained stable at physiological pH but dissembled only when pH of dispersant media attained a
value below pH 6 or above pH 9. Although they successfully delivered the GFP siRNA through
PAN in the GFP-A549 cells; the cellular viability was found compromised within 16-72 h, when
6.6x10°°mM monomers were used for PAN formation, possibly, due to high positive charge of the
nanoparticles 2324, This system has never been explored for delivery of DTX. DTX possesses one
hydroxyl group at C-10 and forms hydrogen bond with tertiary amine group of
Dipalmitoylphosphatidylcholine (DPPC)? and thus offers a high possibility of hydrophobic
interaction between the primary amine of Polyallyamine and DTX but it has not been explored so
far.

Considering these facts, we aimed to explore the phosphate driven PSA to co-load DT X and miR-
34a in the core designated as PANazsa+pTx. Phosphate buffer saline (PBS) acts as a source of
phosphate ions required to crosslink Poly(allylamine) hydrochloride (PAH, pKa=8.8); its
composition was optimized for co-loading DTX by hydrophobic interaction and miR-34a by
electrostatic interaction in the noncomplex. RAW 264.7 cell derived exosomes were utilized to
prepare exosomal fragments to form the shell of the core, PANsspTx and yield the final
formulation Exo(PANz4a+pTX). It Was hypothesized that the presence of exosomal layer would
improve the cellular uptake of the PANazsa+pTx along with protecting the cells from the toxicity
resulting from the cationic noncomplex. Additionally, the “proton sponge” effect of the
polyamines (due to their characteristic cationic nature) in the acidic environment of endosomes
would help the formulation to burst open and release the payload in cytoplasm?®. The main aim of
this work was to explore and optimize this novel strategy to co-deliver DTX and miR-34a,

characterize the formulation and evaluate its efficacy in TNBC 4T1 cells.

6.2. Materials & Methods

6.2.1 Materials

Polyallylamine hydrochloride (PAH, MW: 1.75 x10* g/mol), sodium phosphate dibasic
(NazHPOg4), potassium phosphate monobasic (KH2PO4), hydrochloric acid (HCI), sodium
hydroxide (NaOH), sodium chloride (NaCl), and DEPC (diethylpyrocarbonate, molecular grade)
were obtained from CDH (New Delhi, INDIA). Polyelectrolyte stock solutions and all the

subsequent diluted precursor solutions were prepared in Milli-Q deionized water (dI).
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Formulations were prepared in the DEPC containing dl water. FAM-siRNA was obtained from
GeneCust, Europe, while, hsa-miRNA-34a-5p mimic, mirVana miRNA mimic negative control,
Lipofectamine-2000® and CellTracker™ CM-Dil, Pierce™ Bicinchoninic acid (BCA) protein
assay kit and 4% paraformaldehyde (#ALF-J61899-AK) were purchased from ThermoFisher
Scientific (USA). For, agarose gel electrophoresis, Agarose (RM6249), RNA loading dye (R1386-
5VL), TBE buffer 10X (T4415) were purchased from Sigma Aldrich (USA). Ethidium bromide
(RM 813) and Heparin sodium salt (TC138) were procured from Himedia (INDIA) and
Ribonuclear low range RNA ladder (SM1831) was procured from Thermo Fischer (USA). For
gRT-PCR, GAPDH and BCL-2 primers (sequences are mentioned below) were procured from
Integrated DNA Technologies (Lowa, USA), GeneSure first strand cDNA synthesis kit was
purchased from Puregene (New Delhi, INDIA), and iTaq™ Universal SYBR green Supermix was
from Bio-Rad (California, USA). Additionally, Rat IFNy (900-M109) and TNFa (900-M73) Mini
ABTS ELISA Development kit for the ELISA assay were procured from Pepro Tech® (NJ, USA).

Gene Forward sequence Reverse sequence
BCL-2 5’-CCTGTGGATGACTGAGTACC-3’ 5’-GAGACAGCCAGGAGAAATCA-3’
GAPDH 5-TGCATCCTGCACCACCAACT-3 5-AGCCTGCTTCACCACCTTC-3

6.2.2 Cell culture
Murine TNBC 4T1 cells and RAW 264.7 cells were procured from Regional Centre of

Biotechnology (Haryana, India) and NCCS (Maharashtra, India) respectively. We are grateful to
Professor Avinash Bajaj for providing the 4T1 cells. Exosome depleted FBS was prepared in-
house by ultracentrifugation of a mixture of FBS and PBS (FBS:PBS=3:7) at 1,20,000xg and 4°C
for 18h. Dulbecco’s modified Eagle’s medium (Gibco™ DMEM, high glucose) and Fetal bovine
serum (FBS) were purchased from GIBCO (Invitrogen Inc. Gibco BRL, USA). Both DMEM and
MEM incomplete media, Penicillin plus streptomycin solution, 4',6-diamidino-2-phenylindole
(DAPI), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were bought
from Sigma-Aldrich (St. Louis, MO, USA).

6.2.3 Methods
6.2.3.1. Optimization and development of formulations

Fabrication of Exo(PAN34a+pTx) Was carried out in three major steps, involving the preparation of
() PAN3zsa+pTx (1) exosomal fragments (EF) followed by, (111) Exo(PAN3sa+pTx) (Figure 6.1).
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6.2.3.1.1 Development and optimization of PAN34a+pTx

PANazs+pTx Was prepared by adding miR-34a (~ 0.5 pg) and DTX (400 ng from 12 pg/mL aqueous
solution) together into PBS (containing 5 mM NaHPO4, 3 mM KH2PO,4 and 10 mM NacCl). Next,
3ul of PAH (from 10 mg/mL solution) was added to the reaction mixture to achieve an effective
concentration of 1 mg/mL PAH. Appearance of spontaneous cloudiness indicated the formation
of PANazs-+pTx Wherein, it was hypothesized that miR-34a would be encapsulated within the
particles by electrostatic interaction and DTX would be loaded by hydrophaobic interaction with
the polymeric backbone containing primary amines. The reaction mixture was allowed to stand at
room temperature for 10 min for aging and then centrifuged at 5000 rpm for 5 min to remove the
particles with higher particle size. The supernatant with small sized particles was further processed

for exosomal layering.

In this process, the composition of PBS (molar ratio of Na;HPO4: KH2PO4 and amount of NaCl),
PAH concentration (1-0.01mg/ml) and effect of dilution on the properties of PAN were optimized
to achieve an appropriate R value (ratio of total negative charges from the multivalent salt to the
total positive charge of the polyamine) as indicated in Equation 6.1. Two important factors i.e,
the composition of PBS and PAH concentration were screened as detailed in Table 6.1, which was
further followed by understanding the pH dependency of PANpTx formation. For the optimization
of PANRrna formulation, total RNA isolated from RAW 264.7 cells was quantified and utilized as
a replacement of miR-34a. Further, the complexation of miR-34a in PAN3z4a Was confirmed by
agarose gel electrophoresis. PANss+ptx used for all further experiments was prepared with the

optimized process parameters and material attributes.

_[Phosphate Jxn ...Equation 6.1
[PAH]xnt
Table 6.1
Representative batches of the blank PAN to optimize the R ratio.
. Phosphate ion (cross-linker) Ratio of
I\?c') PAH(fnsgefr:{‘;mme [Na:HPO]  [KHPOJ  NaHPO:.and R ratio
' (mM) (mM) KH2PO4
B1 1.0 5 1 51 0.93
B2 1.0 5 2 5:2 1.12
| B3 1.0 5 3 5:3 1.214 |
B4 0.1 5 3 53 12.14
B5 0.01 5 3 5:3 121.4
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6.2.3.1.2 Isolation and preparation of RAW 264.7 cell derived Exosomal Fragments (EF)
2.3.1.2.1 Isolation of the RAW 264.7 cell derived exosomes

RAW 264.7 cell derived exosomes were isolated by differential centrifugation of 200 mL of RAW
264.7 conditioned media (CM) collected from the 175 cm? flask. The CM was processed step-wise
500xg, 2000xg and 13,000xg for 10 min, 15 min and 30 min respectively at 4°C. At each step,
the supernatant was collected and finally subjected to ultracentrifugation at 120,000xg at 4°C for
2h. Once the exosomes were pelleted down, supernatant was discarded and the exosomes were
washed with an excess of PBS (10 mM) at 120,000xg and 4°C for 2 h. The final pellet was
redispersed in 400 ul of PBS. The uniformly redispersed exosomes were then processed for EF

preparation.

2.3.1.2.2 Preparation of EF
This part of the formulation has already been discussed in detail in Chapter 4, (section 4.2.2.3).

6.2.3.1.3 Preparation of EXo(PAN3z4a+pTx) and EXO(PANFam+DTX)

Exo(PAN34a+pTXx) Was prepared by vortexing freshly prepared EF from ~12 pg equivalent Exotc
with PAN3ssa+pTX (containing 0.5pg miR-34a and 400 ng of DT X; as mentioned in Section 6.2.3.1.1
for 5 min at RT and the volume of the formulation was made upto 100 pL with RN Ase free water.
The exosomal layering was confirmed by reduced haziness of the final formulation and was
allowed to stand at 4°C for 1h to allow efficient layering of the particles by EF. The protocol as
discussed for the preparation of Exo(PANss+ptx) was followed for the preparation of

Exo(PANram+pTx) formulation only by replacing miR-34a with 0.5 ng FAM-SiRNA.
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Figure 6.1. Schematic diagram for the preparation of Exo(PANsa+pTx). Step I: Preparation of PANasbTX,
step I1: Preparation of exosomal fragments (EF) and, step I11: preparation of EXo(PANz4a+pTx).

6.2.3.2 Characterization of the formulations
All the formulations were characterized for particle size (nm), absolute intensity (Kcounts/s) and

zeta-potential (mV).

6.2.3.2.1 Particle size distribution, absolute intensity, and zeta-potential

All the formulations were characterized by DLS using Anton Paar Litesizer 500 using
backscattering mode (173° scattering angle), with 15s equilibration time, 10 runs for each analysis
with 10 s for each run at 25°C. The absolute intensity indicated the light scattering capacity of the
particles which is directly proportional to the number of particles. Absolute intensity (Kcounts/s)
is generated by the instrument depending upon the sample concentration. Further, zeta-potential

measurements were performed in total 50 runs with 10s for each run at 25°C.

6.2.3.2.2 Characterization of EF by Western Blot

This part of the formulation has already been discussed in detail in Chapter 4, (section 4.2.2.4).
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6.2.3.2.3 Morphology (FESEM)

The morphology of the naive exosomes, Exorc, EF, PANszsa+pTx, and EXO(PANzsa+pTX) Was
ascertained by FESEM. For the naive exosomes and Erc, the detailed procedure is mentioned in
Chapter 4, (section 4.2.2.4). . FESEM sample for PANzsa+pTx Was prepared one-day prior to
analysis by putting a drop of the formulation on a clean coverslip and air drying overnight. FESEM
samples Exo(PANzsa+pTx) Was also processed same as EF. The sample smears were washed with
dl water thrice and air-dried overnight at RT. Next day, all samples were gold-sputtered (2-5nm)
and analyzed using 20 kV beam in FESEM. Alongside the morphology, the individual particles
from each sample (n=50) were also analyzed for size and expressed as mean = SD for the

characterization of particle size.

6.2.3.2.4 Functional characterization of PANprx

2.3.2.4.A In-vitro stability study

In this seven-day long stability study of PANprtx, 5 mL formulation was prepared in triplicate and
stored at 4°C and stability samples were withdrawn at pre-determined time-points, i.e., 0.5, 1, 4,
7,12,24,48,72,96, and 144 h. The samples were analyzed for the particle size, zeta-potential and
%EE using DLS and HPLC to check the stability of the PANprx formulation.

2.3.2.4.B In-vitro release study

The release pattern of DTX from the PANpTtx formulation was determined using dialysis bag
method. In this method, free DTX and PANpTx containing 40 pg of the DTX were dispersed in dI
water and transferred to a regenerated cellulose dialysis tube bag (Snakeskin™ dialysis tubing,
Thermo Fisher, MWCQO3500 Da). The dialysis bag was immersed in 5 mL of release media
(PBS+0.1% Tween 80) at two different pH values (7.2 and 5.5), and at each time-point, 2mL of
release media was withdrawn and replaced with fresh media. The amount of DTX released from
PANDpTx at each time-point in both the release media was analyzed using a validated HPLC/UV

method.

2.3.2.4.C In-vitro hemocompatibility study

PANpTx was tested for its hemocompatibility as PAH is a synthetic and cationic polymer. For this
assay, blood was collected from the Wistar rats in a collection tube containing 10% w/v EDTA
solution as the anti-coagulant and centrifuged at 2500 rpm at RT for 5 min. The RBC pellets were

washed with excess PBS till the supernatant became colorless. Next, the RBC were redispersed in
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PBS (250 pL) and incubated with different samples, including PBS (negative control), 0.1%
Triton-X-100 (positive control), Free DTX (~100 ng/mL), blank PAN particles and PANpTx (100
ng/mL DTX) for 30 min. Thereafter, the samples were centrifuged to pellet down the RBCs and
the supernatants were analyzed using Epoch ELISA plate reader at 540 nm. The % hemolysis was

calculated using Equation 6.2.

. (0)))] -0D i
HemOIyS|S (%) sample negative control x 100

positive control _ODnegative control

........... Equation 6.2

6.2.3.2.5 Characterization of miR-34a complexation by gel retardation assay

The miR-34a complexation capacity of the PANzsa+pTx and Exo(PANs4+pTX) has been evaluated
by gel retardation assay wherein, the miR-34a content (0.05-0.5 pg) and PAH concentration (0.01-
1 mg/mL) were varied. Additionally, the complete complexation of miR-34a was confirmed by
performing the heparin competition assay. Herein, different PAN formulations containing 0.2 pg
miR-34a and 0.01-1 mg/mL PAH, were prepared and incubated with heparin (2 1.U.) for 1h at RT.
Formulations (in the presence and absence of heparin) were electrophoresed simultaneously in 2%
agarose gel containing 0.5 pg/mL ethidium bromide (EtBr). The electrophoresis was carried out
in 0.5x Tris- Borate-EDTA buffer at 100V for 20 min. The run was further followed by

visualization on ChemiDoc™XRS+.

6.2.3.3 In vitro efficacy studies

TNBC 4T1 cells were cultured in DMEM (high glucose), supplemented with 10% FBS, and
penicillin-streptomycin (100 1U/mL) in complete culture media in an incubator at 37 °C in a
humidified atmosphere with 5% CO,. Cells were kept for 12h to adhere post seeding in each study

before performing the experiment.

6.2.3.3.1 Transfection and uptake efficiency

4T1 cells (1.5x10* cells/well) were seeded over a coverslip in a 6-well plate and allowed to attach
and form a monolayer. The culture media was replaced with Opti-MEM media 1h prior to the
treatment and the cells were further incubated with FAM-siRNA Lipofectamine® 2000 (positive
control), PANram, EXo(PANram), and Exo(PANram+pTx) fOr 6h. In the final formulation,
PANram+pTXx Was prepared containing 40 ng/mL DT X and 50 nM FAM-siRNA.
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CM-Dil (red fluorescence) stained EF were prepared by incubating exosomes (~100 pg protein)
with CM-Dil for 1h at 4°C and ultracentrifuged at 180,000xg for 2h to pellet down CM-Dil stained
exosomes. These CM-Dil stained exosomes were further redispersed in the hypotonic solution and
processed for preparing the CM-Dil stained EFs.

Post treatment, the cells were washed with PBS thrice, fixed with 2% PFA for 15 min at RT
followed by staining with DAPI. The samples were further washed with PBS and analyzed by

confocal microscopy.

6.2.3.3.2 In-vitro cytotoxicity study

2.5x108 cells were seeded in 96-well plate and allowed to adhere for 12h before being treated with
different formulations. Cells were treated with free DTX (100 ng/mL), miR-34a (50 nM; with
Lipofectamine 2000®), and combination of DTX (100 ng/mL) and miR-34a (10 nM, 25nM, and
50 nM) in the presence of Lipofectamine 2000®. In another set of experiment, the cells were treated
with formulations i.e, Blank PAN, free DTX, free miR-34a, EF, PANpTtx, PANz4a, EXO(PANDTX),
EX0(PAN34a), and ExXo(PANz4a+pTx). All the formulations were loaded with 40 ng/mL DTX and
50 nM miR-34a. The cells were treated for 48h and then were subjected to MTT assay.

6.2.3.3.3 Inflammatory cytokine release

Briefly, 4T1 cells (2 x 106 cells/well) were seeded in 6-well cell culture plate and allowed to adhere
overnight and different treatments, i.e., free DTX, blank PAN, EF (~6 pg and ~12 pg protein),
PANDTx, PAN34a, PAN34a+pTx, EXO(PANDTX), EXO(PAN342), and Exo(PAN34a+pTX) CONtaining 40
ng/mL DT X and 50 nM miR-34a were given for 48 h. At the end of 48h, the CM from cells was
collected and centrifuged to expel out the dead cells and cellular debris at 3500 rpm, 4°C for 5 min.

The supernatants were collected and ELISA assay of TNF-o IFN-y was carried out.

6.2.3.3.4 Gene Expression analysis

Following the same experimental protocol as mentioned in section 2.3.2.3, the cells were
trypsinized and washed thrice with sterile PBS and dispersed in 1mL of RNA-XPress™ Reahent
(Himedia) and stored at -20°C overnight. After isolating the total RNA, concentration of RNA in
each sample was quantified by Nanodrop. The cDNA synthesis was carried out using GeneSure™
First Strand cDNA Synthesis Kit following manufacturer’s protocol and quantified with
Nanodrop. 200 ng equivalent cDNA was utilized to determine the cycle threshold (Ct) values

using Real-time PCR for target gene BCL-2 and housekeeping gene GAPDH. The Ct value of the
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BCL-2 for each sample was normalized with respect to the Ct value of the GAPDH. Gene
quantification was performed using Universal SYBR green Supermix. The fold change of the

BCL-2 expression was expressed by calculating 224 values.

6.2.3.4 Statistical analysis

The data has been represented as mean + standard deviation as processed in GraphPad Prism
(Version 5.0, USA). The difference between two groups was compared using Student’s t-test,
comparison between multiple groups was carried out using one-way ANOVA followed by a

Tukey’s test. Value of p <0.05 was considered as statistically significant.

6.3. Results

6.3.1 Development & optimization of PAN formulations

6.3.1.1 Determination of the suitable R ratio for blank PAN formation

Itis well reported in literature that PSA formation and its meta-stable condition is regulated by the
molecular weight of polyamine, R-ratio, ageing time, storage temperature and dilution*®. Taking
clues from the literature, the buffer composition, polyamine concentration, and dilution were
further optimized in this work to obtain the R ratio at which the formed PAN particles would
remain stable for a sufficient duration of time to enable further processing following ‘single
parameter change at once’ method. The parameters were varied as mentioned in Table 6.1 and the

effect is depicted in Figure 6.1.
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Figure 6.2. Optimization of blank PAN based on particle size, zeta-potential and absolute intensity (Kcounts/s). (A) Effect of molar ratio of
Na2HPO4:KH2PO4 (varied from 5:1 to 5:3) at 10 mM sodium chloride. (B) Effect of concentration of sodium chloride (0/ 10/ 20/ 150 mM) with optimized
NazHPO4s:KH2PO4 =5:3 (C) Effect of PAH concentration (0.01-1 mg/mL) in optimized PBS (Na:HPO4:KH2PO4: NaCl: 5:3:10). The PAN particles thus
formed were compared to PAH (1 mg/mL) in water. (D) Effect of PAH concentration on the zeta-potential of the blank PAN when the concentration was
varied between 0.01-1mg/mL in modified PBS and compared with PAH (1mg/mL) in dl water (E) Effect of dilution. All experiments were performed in
n=3 (three independent experiments), statistical significance was ascertained by one-way ANOVA with Tukey’s comparison test, *p<0.05, **p<0.01,
***p<0.001.
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Asgivenin Table 6.1, Batches# B1-B3 demonstrated a significant role of phosphate ion asa cross-
linker as also seen in Figure 6.2.A wherein, R~1.21 resulted in PAN formation in 10 mM NacCl
with minimum particle size, i.e., 98.135£3.75 nm and ~ 1.75 folds more derived count rate than
the particles formed with same R ratio in absence of NaCl. PAN formed in the presence of NaCl
(10-150 mM) compared to the PAN particles formed in absence of NaCl showed gradual
enhancement in the derived count rate in a concentration dependent manner (Figure 6.2.B)
wherein, addition of NaCl contributed additional ionic strength to the media thus stabilizing the
particles?’. A slight increase in the size of PAN particlei.e., 122.25+0.96 nm with ~2.5 folds’ more
derived count rate (KCPS) after the incorporation of 10 mM NaCl in the modified PBS favored
the presence of NaCl in PBS giving the optimized PBS composition as Na;HPO4: KH2POa:
NaCl::5:3:10. Further, varying PAH concentration in the range of 1.0-0.01 mg/mL (5.74x10° M-
0.057x10° M) resulted in 10 and 100 folds increased R ratio (Table 6.1, #B3-B5) and was found
to have a significant impact on the particle size, absolute intensity and zeta-potential of the blank
PAN; herein the optimized composition of PBS has been used as the dispersant media. As
indicated in Figure 6.2.C, with increasing R ratio and decreasing polyanion concentration the
particle size drastically increased and absolute intensity decreased. But, the observed intensity of
PAN prepared with 0.01mg/mL PAH in optimized PBS was higher than the absolute intensity
observed when the same amount of PAH was added in deionized water. This clearly proved that
the formation of PAN particles required the presence of phosphate ions as a cross-linker for PAH
wherein, the molar ratio of the phosphate ions and amines (PAH) not only determine the tendency
to form aggregates spontaneously but also the stability and physical characteristics of the PAN
particles. Interestingly, PAN showed increase in zeta-potential value from 0.44+1.16 mV to
25.6+1.27 mV when PAH concentration was increased from 0.01 and 1.0 mg/mL in optimized
PBS at same R ratio. (Figure 6.2.D) After the formation of blank PAN, effect of dilution was
evaluated as indicated in Figure 6.2.E. It was observed that dilution of blank PAN particles by
increasing the volume of the diluent (dI water) resulted in same particle size with drastically
decreased absolute intensity as expected. Interestingly, particles diluted in 1:1 v/v ratio were found
equivalent in size to the undiluted PAN particles (except for the decrease in absolute intensity) and
hence 1:1 v/v ratio was considered best suited among all the dilution ratios. This indicated that
particles remained stable even after dilution and inspite of their metastable nature did not exhibit

self-aggregation.
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6.3.1.2 PANbx

The formation and the %EE of DTX in PANptx was found pH dependent (Figure 6.3.A and
6.3.B). PANptx formed at pH 7.2 showed particle size of 158.3£9.19 nm, zeta-potential of
29.1+1.13 mV (Figure 6.2.E) with 77.5% EE. It was also observed that at pH 5.5 and 9.4, PANpTx
exhibited very high particle size with significantly lowered zeta-potential values (Figure 6.3.A).
This might be attributed to inefficient PANprx formation at these two pH values, as also supported
by the significant reduction in the derived count rate (KCPS) at these two pH values (Figure
6.3.B). The observed pH dependency was further correlated with the %EE of DTX in the presence
of different concentrations of NaCl. Previously, it was demonstrated that presence of NaCl
facilitated the PAN particle formation (Fig. 6.2.B) however, it was also anticipated that increasing
NaCl might alter the DT X entrapment efficiency significantly. Experimentally, %EE was found
maximum at pH 7.2 and was not significantly affected by NaCl concentration. The minimum %EE
was seen at pH 9.4 and this could be attributed to the formation of large sized particles (Fig. 3.A),
which were later removed during centrifugation at 5000 rpm. The efficient entrapment of DTX in
PANpTx formed at pH 7.2 was proved by dialyzing PANprtx into 30 mL of water for 1h to expel
out the dissolved but unentrapped DT X. As indicated in Figure 6.3.D, DTX unentrapped in the
formulation was found to be 5.9+6.0 % and ~18.79+5.3 % before and after dialysis. Further,
PANpTtx were found to be spherical but not very compact particles when viewed under FESEM
(Figure 6.3.F). 50 such individual particles gave mean size of 163.3+ 42.64 nm by FESEM which

was in agreement with the size estimated by DLS.
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Figure 6.3. Optimization and characterization of PANbrx formulation. Effect of pH (5.5, 7.2, and 9.4) of reaction medium on, (A) particle size (nm)
and zeta-potential (mV) and, (B) derived count rate (KCPS). (C) Effect of pH and concentration of NaCl on %EE of DTX, (D) DTX quantified in
the formulations before and after dialysis, (E) representative particle size distribution and zeta-potential graphs and, (F) Representative morphology

of the PANbrx using FESEM at magnification 30,000X, scale bar 3um.

Data are represented as mean(n=3) + SD, where one-way ANOVA with Tukey’s test was used for determination of the statistical significance;
*p<0.05, **p<0.01 and ***p<0.001.
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6.3.1.3 PANgna and PANDTx+RNA

The formation of PANrna and PANgrna+pTx Was confirmed by an increase in particle size and
decrease in zeta-potential values as compared to the blank PAN (Figure 6.4.A and 6.4.B). The
successful exosomal layering of PANptx+rna Was also confirmed by the zeta potential values
wherein, Exo(PANgrNa+DTX) demonstrated zeta potential of -11.4 mV, which is the characteristic
surface charge of the EFs (Fig. 6.4.B). It was also observed that increasing amount of RNA (0.1-
2 pg) resulted in formation of PANgrna With varied particle size at constant R ratio wherein, the
larger particles were formed with the higher amount of RNA (Fig. 6.4.C). Unlike the particle size,
the surface potential of PANrna Was not found dependent on the content of RNA used (Fig. 6.4.D).
As indicated in Figure 6.4.E, PANrna+pTx did not exhibit significantly different particle size than
the blank PAN but exhibited significantly higher absolute intensity than the blank PAN and
PANgrna. Figure 6.4.F proved the complexation of RNA and encapsulation of DTX in the PAN
particles as seen by drastic change in the zeta-potential. While, RNA exhibited zeta-potential of -
5.54+0.219 mV, upon complexation to form PANrna and PANpTx+rNA, the zeta-potential values
increased to 24.35+£0.64 mV and 19.25+3.04 mV; clearly proving the efficient encapsulation of
DTX and RNA in the PAN particles (26.05£3.6 mV).
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Figure 6.4: Characterization of PANrna formulation by particle size and zeta-potential measurement (A) Particle size of blank PAN, RNA (2
ug) and PANrna at R ratio of 1.214 in modified PBS. (B) Zeta-potential of blank PAN, PANrna, PANrna+DTX, and Exo (PANrna+pTx) indicating
efficient formulation development leveraging electrostatic interaction. Effect of varying the content of RNA on (C) particle size (nm) and (D) zeta-
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confirming the formation of PANrna and PANrna+pTx. All data are represented as mean (n=3) = SD, where one-way ANOVA with Tukey’s test
was used for the determination of the statistical significance, where *p<0.05, **p<0.01 and ***p<0.001.
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3.1.4 PAN3ga+pTx and PANEAM+DTX
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Figure 6.5. Characterization of PANasm+prx and Exo (PANasa+prx). (A) Complexation of miRNA
demonstrated by gel retardation assay. (B) Effect of the PAH concentration on miRNA complexation in the
absence (lanes 3-5) and presence of heparin (lanes 6-8). (C) Effect of varying the amount of miR-34a (100-
500 ng) on the formation of PAN-miR34a at R=1.2.

After initial optimization of PANrna, RNA was replaced by the miRNA of our interest i.e., miR-
34a. Using the gel retardation assay (Fig. 6.5.A), the complexation efficiency of PAN particles
(R=1.2) with 50-200 ng miR-34a in PANasa-+pTx and ExXo(PANass+pTXx) Was evaluated. All the
formulations were found retarded in the well and showed no migration of miRNA unlike free
MIRNA (100-200 ng) in lane 2 and 3 of Figure 6.5.A. Surprisingly, the fluorescence intensity of
retarded miR-34a was only visible in the lane 4 but not in lane 5-6 which presumably might be
attributed to a stronger interaction between miR-34a and the PAN particles (as miRNA amount
was decreased from 200 to 50 ng in lanes 4, 5 and 6 respectively) which hindered free access of
the miRNA to EtBr mediated intercalation?®. Further, formulation prepared using higher amount
of miRNA (200 ng) was seen clearly retarded in the well (Lane 4) as indicated by the faint
fluorescence observed in the well, but was not prominently visible for the formulations prepared

with lower amount of miRNA (50 and 100 ng in lane 5 and 6).
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However, the heparin treatment clearly indicated that the interaction between miR-34a and PAN
particles was strong enough to hinder miRNA release in presence of its competitor polyanion
heparin (Fig 6.5.B). Also, it indicated that R ratio (~1.214) of the formulation had an important
role in the complexation of miR-34a especially as indicated in lane 3 vs. lane 5. With increasing
R ratio (by decreasing the polyanion concentration), the miR-34a complexation was found
compromised in lane 5 (R=121.4) in comparison to lane 3 (R=1.21). The inference was further
confirmed by heparin treatment of the same formulation which resulted in the release of highest
amount of miR-34a in lane 8. In Figure 6.5.C, it was further confirmed that the R ratio (followed
throughout the formulation development) was able to completely complex even higher amount of
miR-34a (500 ng) as visualized in lane 3 as well. Further, miR-34a was replaced with FAM-siRNA

to prepare PANram and PANeam+pTx Which were further used for transfection and uptake assays.

6.3.2 Characterization of the EF
This part of the study has already been incorporated in detail in Chapter 4, (section 4.2.2 and
Table 4.4).

6.3.3 Characterization of Exo(PAN34a+DTX)

Exo(PANss+pTx) formulations were formed by electrostatic interaction between the positively
chargedPANazs:pTx and negatively charged EF. The final formulation was characterized by the
particle size, zeta-potential and FESEM for morphology analysis. As indicated in Figure 6.4.A,
miR-34a was seen retarded in well of the lane 4 but fluorescence could not be observed in lane 7
and 8 containing Exo(PANs4+pT1x) and Exo(PANz34), which is only possible if EtBr could not access
the miRNA complexed in the final formulation, as the particles were layered with the exosomal
fragments. Later on, the final formulation was characterized for the morphological changes before
and after exosomal layering that is; PANzs+ptx and Exo(PANss+pTx). Morphologically,
PANs4a+pTx Were spherical shaped but not very compact particles, whereas the EF showed non-
uniform particle size and shape, which together resulted in formation of non-uniform but compact
Exo(PANss+pTx). Table 6.3 shows that the core/shell strategy resulted in Exo(PAN34+pTx), With
zeta potential value of -7.23+2.75mV, which is similar to that of EF i.e., -8.40+1.79 mV, since EF
form the shell of the core-shell formulation. In comparison to the positive charge of PANzsa+pTx
(17.534£5.10 mV), the negative zeta potential of Exo(PANss+pTx) indicates the successful layering

of EF on PANasa+pTx formulation. In fact, considering the particle size of different groups (Table
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6.3, and Figure 6.6), it could be concluded that, Exo(PANss+pTXx) are non-spherical, and
heterogeneous and possibly enclosed several PANas+pTx particles resulting in high particle size
(393.87+127.89 nm) in comparison to PAN3a4a+pTx formulation.

As indicated in Figure 6.7.A, a seven-day long stability study at 4°C was performed which
indicated slight increase in the particle size of PANptx within initial 12 h from 116.5+£0.70 nm to
156.5£9.19 nm and then the size remained stable till 144 h. Unlike the particle size, the zeta-
potential and the %EE of the PANprx remained constant throughout the study.

Figure 6.7.B indicates the most important property of PANprx, i.e., pH dependent release of DT X
from the formulation. It is seen that free DT X showed 26.05+2.63% and 72.41+2.57% release
within 30 min and 4h respectively, thereafter a plateau phase persisted till 24h followed by an
insignificant decrease to 63.31+£1.70% at 145 h. In comparison to free DTX, PANprx at pH 7.4
showed only 10.35+0.39% and 21.79+1.45% of DT X release within 30 min and 4 h respectively.
PANpTtx demonstrated overall constant release till the end of the study with a cumulative drug
release of 33.55+2.12% within 145 h. With the change in pH from 7.4 to 5.5, an initial burst
release was observed within first 4h, wherein 17.75£0.44% and 52.33+0.17% DT X was released
within 30 min and 4h respectively and maximum 75.21+1.8% DT X was released within 145 h.
This clearly indicated that, PANpTx would remain intact at physiological pH (pH 7.2) and would

only release DT X in endo-lysosomal compartment and acidic tumor microenvironment.

Figure 6.7.C highlights the physiological safety of the formulation upon coming in contact with
blood components. This study revealed that, PANprx was less hemotoxic than the free DTX
wherein, free DTX exhibited 17.69+0.69% and PANptx 5.93%£1.2% hemolysis in comparison to
the positive control (RBCs treated with 0.1% Triton-X-100).
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Figure 6.6: Comparative morphological characterization of the formulations by FESEM. (A) Blank PAN, (B) PANbrx, (C) PANasa+orx and (D) EF,

(E1) Exo (PANasa+pTX), scale bar: 3um. (Inset E2) Single particle analysis was carried out at 200,000 X. Scale bar 400 nm for Exo (PANsza+pTx)
inset.
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Interestingly, PANptx (Figure 6.6.B) and PANasa+pTx (Figure 6.6.C) were formed as spherical
particles with relatively higher compactness than the blank PAN particles (Figure 6.6.A). In
comparison to the spherical core, EF (Figure 6.6.D) demonstrated a non-uniform structure. After
the exosomal layering of the core formulation, a characteristic morphological change is clearly

evident (Figure 6.6.E) when compared to both PAN particles and the EF.

-(I:-gPr:Sa?rjive particle size, PDI and zeta-potential of PANas+prx and Exo (PANas+pTX).
Formulation Blank PAN PAN34a+DTX EF EX0(PANs34+pTx)
Particle size (nm) 116.73+28.62  163.86%12.89 180.73+127.71 393.87+£127.89
Zeta-potential (mV) 24+4.35 17.53+5.10 -8.40+1.79 -7.23+£2.75

6.3.4 In vitro functional assays
6.3.4.1 Functional studies for PANprx
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Figure 6.7. In vitro functional studies of PANbrx formulation. (A) Seven-day long stability study at 4°C.
All data are represented as mean (n=3) + SD, (B) in vitro pH dependent release of DTX at pH=5.5and 7.4.
% Cumulative drug release is expressed as mean (n=3) + SD, (C) in vitro hemocompatibility study
wherein, % haemolysis was evaluated for free DTX (100 ng/mL), Blank PAN, PANbrx (100 ng/mL) and
expressed as mean (n=3)+ SD, one-way ANOVA with Tukey’s test was used for determination of the
statistical significance, where *p<0.05, **p<0.01 and ***p<0.001.
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6.3.4.2 Functional studies for Exo(PAN34+bTx)

6.3.4.2.1 In vitro transfection efficiency and Uptake

In vitro transfection efficiency and uptake of FAM-siRNA using commercially available
transfecting agent Lipofectamine 2000® was compared qualitatively with the designed PAN
particles (Figure 6.8.A and 6.8.B). Greater green fluorescence and superior transfection efficiency
of PANFawm in comparison to the FAM-siRNA/Lipofectamine in 4T1 cells was clearly evident
within 6 h post-treatment. Additionally, the PANram caused morphological deformation of 4T1
cells (Figure 6.8.B) which might be attributed to the cationic nature of the PAN particles.

The transfection efficiency was further confirmed by uptake study of the formulations,
Exo(PANgam) and Exo(PANram+pTX) to closely evaluate the effect of each component of the
formulation. Being labeled with CM-Dil (red fluorescence probe) EF formulations, Exo(PANFrawm.-
sikna) and Exo(PANram+pTX) exhibited co-localized yellow signal inside the cells after cellular
uptake, which provided an additional proof that FAM-siRNA is encapsulated inside the PAN
(Figure 6.8.C and 6.8.D). Also, the green fluorescence if not co-localized with the red
fluorescence of the exosomes would indicate the release of FAM-siRNA from both the
formulations, Exo(PANFam-sirna) and EXo(PANram+pTx). Interestingly, EXo(PANFam-sirna) and
Exo(PANram+pTX) treated cells showed lesser fluorescence intensity than the PANgawm, possibly
due to delayed release of the payload caused by layering of the PAN particles with the EF. Further,
the EF layering of PANFam proved beneficial in maintaining the cellular morphology as evident
upon comparison of Figure 6.8.B and 6.8.C. This is attributed to the protection of cells by EF in
Exo(PANram) from the cationic nature of the PANgawm. Lastly, it was also observed that the cells
treated with Exo(PANram) showing yellow fluorescence in their cytoplasm were healthier and
retained their morphology and nuclear integrity in comparison to the cells treated with
Exo(PANram+pTx) (Figure 6.8.C vs. Figure 6.8.D) owing to the anti-tumor effect of DT X present
in the formulation. It indicated cytoskeletal deformation and multinucleation in the 4T1 cells (as
indicated by red arrow) attributed to the presence of DTX as has already been reported in our

previous work?®,
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6.3.4.2.2 In vitro cytotoxicity assay

It has already been reported by our group that cells treated for 48 h with DT X exhibited significant
cytotoxicity based on the concentration of DT X and the ICs of free DTX was found to be 480.04
ng/ml?°. Herein, Figure 6.9.A indicated that free DTX (100 ng/ml) and free miR-34a (50 nM)
exhibited 17.65+3.40% and 17.54+0.84% cytotoxicity in 4T1 cells respectively, 48h post-
treatment and 23.76x7.06% cytotoxicity in combination. Figure 6.9.B, further confirmed that
PANpTx (40 ng/ml, designated as A in the figure), PANz4a (50nM, designated as C in the figure)
and their respective combination PANss+pTx (designated as E in the figure) resulted in
31.20+7.21%, 14.36+3.48 % and 8.74+5.93% cytotoxicity respectively, whereas free PAN showed
27.51+2.63% cytotoxicity.

It was also evident that complexation with miR-34a and miR-34a+DTX resulted in reduction of
the positive charge of PAN which lowered the cytotoxicity of the formulations as compared to the
PAN particles alone. The observed toxicity of PANprx was further reduced to 13.76+11.28 % after
getting layered with EF wherein, EF itself induced only 6.82+8.08% cell death, which can
considered negligible. In comparison to Exo(PANpTx), superior cytotoxicity was exhibited by Exo
(PAN34,) and Exo(PAN342+DTX) with 25.06+4.78% and 48.20+4.59% after 48h of the treatment.
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8.A Lipofectamine 2000 + FAM-siRNA 8.B PANFAM
5 Overlay FAM-siRNA : R

FAM-siRNA

8.D. Exo (PANFAM-+DTX)

8.C Exo (PAN-FAM) (PANFAM+DTX)

Overlay

Figure 6.8: In vitro transfection efficiency and uptake of different formulations in 4T1 cells. FAM siRNA transfection mediated by, (A)
Lipofectamine 2000® (A, as positive control) and, (B) PAN particles. (C) Representative uptake efficiency of FAM-siRNA by Exo(PANraw)
wherein, CM-Dil stained exosomes were utilized to prepare EF and used for formulation development. The overlay of red (CM-Dil) and green
(FAM siRNA) fluorescence produced yellow fluorescence within the cells indicating successful uptake of the formulation by 4T1 cells. (D) The
CM-Dil stained Exo(PANram+pTx) Showed both uptake (as indicated by yellow fluorescence) and cytoskeletal deformation (due to DTX) in 4T1
cells. Magnification 630X and scale bar 10pum
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6.3.4.2.3 Inflammatory cytokine release study

As indicated in Figure 6.10.A and B, 4T1 cells treated with free DT X showed elevated release of
inflammatory cytokines, TNF-a and IFN-y in comparison to the normal cells (without any
treatment). Evidently, Blank PAN had non-significant impact on the 4T1 cells but blank EF
exhibited immune-stimulant effect which was further highlighted in Figure 6.10.C and D. While
comparing the effect of the different formulations on the cytokine release, EXO(PAN34a+pTx)
showed prominent impact on 4T1 cells by releasing highest amount of TNF-a and IFN-y with
1.20£1.83 ng/mL and 11.8+1.84 ng/mL respectively which was significantly higher in comparison
to Exo(PANDTx) and Exo(PANmira4a). Interestingly, EF demonstrated immune-stimulant effect by
increasing the release of both TNF-a and IFN-y as indicated in Figure 6.10.C and D in a
concentration dependent manner.
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Figure 6.9: Anti-proliferative assay in 4T1 cells after 48 h. (A) Cytotoxic effect of free DTX (100
ng/mL), DTX in combination with miR-34a (10-50 nM), and free miR-34a (50 nM). Herein, the data are
represented as mean(n=6) +SD, (B) The cytotoxic effect of formulations A-F (as annotated) in comparison
to the free DTX (40 ng/mL), free miR-34a (50 nM), free PAN, and EF (~12 pg) on 4T1 cells after being
treated for 48h. All data represented here is mean(n=6) £SD. One-way ANOVA with Tukey’s test was used
for the determination of the statistical significance, where *p<0.05, **p<0.01 and ***p<0.001

Although, elevated release of TNF-a is non-significant in Figure 6.10.C, elevation in IFN-y was

found significantly higher than the media control group in 4T1 cells. In comparison to EF1 (6
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pg/mL), EF2 with 12pg/mL equivalent protein resulted in 1.31 fold and 1.19 fold elevated TNF -a
and IFN-y release by the cells.

6.3.4.2.4 Gene expression analysis

As indicated in Figure 6.11, the overall effect of the formulations on the expression level of BCL -
2 was ascertained. Figure 6.11.A indicated that free DT X (40 ng/mL) elevated BCL-2 expression
level in 4T1 cells, but the expression was decreased after treatment with blank PAN and EF by 1.7
and 6.5 fold respectively. Interestingly, Exo(PANpTx) reduced the BCL-2 expression by 3.20 fold
as compared to free DTX, but did not behave significantly different from that of the blank PAN.
Whereas, Exo(PAN-miR34a) and Exo(PANs4a-+pTx) significantly reduced the BCL-2 expression
in 4T1 cells in comparison to free DTX. As indicated by Figure 6.11.B, EF was also observed to

suppress the BCL-2 expression significantly in 4T1 cells in a concentration independent manner.
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Figure 6.10: Effect of formulations B, D, and F and EF on the inflammatory soluble cytokine release
by 4T1 cells, herein, formulation B, D, and F denote Exo(PANbrx), Exo(PAN-miR34a) and
Exo(PANz4a+pTx) respectively (A) TNF-a and (B) IFN-y in the conditioned media of the cells treated with
free DTX (40 ng/mL), blank PAN, EF, and formulations B, D, and F for 48h. The release of (C) TNF-a
and (D) IFN-y by EF treatment in a concentration dependent manner in 4T 1Effect of EF1(6 pg/mL) and
EF2 (12 pg/mL) indicated the biological role of EF in 4T1 cells. All data represented here in (n=6) +SD,
One-way ANOVA with Tukey’s test was used for the determination of the statistical significance, where
*p<0.05, **p<0.01 and ***p<0.001.
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Figure 6.11. qRT-PCR analysis of 4T1 cells for the expression of miR-34a target gene BCL-2. (A)
Effect of different formulations and, (B) effect of EF in a concentration dependent manner wherein, EF1
indicated ~6pg/mL protein, and EF2 indicated ~12pug/mL protein. All data are represented as mean (n=3)
+SD and statistical comparison was performed by applying one-way ANOVA with Tukey multiple
comparison test. *** p-value < 0.001, **p<0.01, *p<0.05.

6.4. Discussion
The formation of PSA based core/shell nanoparticles involved assembly of the poly-cationic

polymer, poly-allylamine hydrochloride, PAH by ionic crosslinking with multivalent anionic salts
(e.g., HPO4? and H2PO4?) into a metastable template to encapsulate the cargo (herein, DTX and
miR-34a) to form the core, and then the shell material (exosomal fragment, EF) was deposited on
the core by leveraging the electrostatic interaction between the reverse surface charges of the core
and shell material'®. After initial optimization of the buffer composition (Na;HPO4: KH2PO4=5:3
with [NaCl]=10mM), PAH concentration, and dilution, PAN particles prepared with a suitable R
ratio (~1.21) provided desired size (122.25+0.96 nm) and zeta-potential values (24+4.35mV) with
characteristic loosely bound structure which is in alignment with the existing literature?*. Recently,
Doxorubicin (DOX) has been reported to self-associate in water upon increasing its concentration
(0.1-100 uM) or concentration of polyanion like polystyrene sulphonate, PSS (0.48-48 mM) and
formed complexes wherein, PSS acted as a template for concentrating DOX. In our study, DT X in
its supersaturated aqueous solution (log P 2.4, solubility ~12.4 pg/mL) carried slightly negative
charge (-3.5+0.176 mV) at physiological pH along with the presence of a hydroxyl group at C-10

which aided its encapsulation by hydrophobic interaction into the polycationic polymeric
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backbone of PAH resulting in 77.5 % EE at pH 7.4. The efficient encapsulation of DT X in PAN
was confirmed after dialysis of the formulation in water to allow the expulsion of the dissolved
unentrapped DTX from the PANprx particles (Figure 6.3.D). Further, the functional
characterization by in-vitro release study of PANptx supported the efficient encapsulation of DTX
by showing a pH dependent release at pH 5.5 and at 7.4 (Figure 6.7.B). This characteristic release
pattern observed at pH 5.5 is attributed to the fact that PAN dissembles at pH<6 and pH>9 to
release the entrapped DTX since PAH (pKa 8.8) becomes deprotonated 24%°. During the
formulation development, it was evident that these PANptx particles were stable at physiological
pH (pH 7.2) since PANpTx was formed with reproducible %EE and maximum absolute intensity
at pH 7.2, both of which decreased at pH 5.5 and almost diminished at pH 9.4 (Figure 6.3.B and
6.3.C). Literature supports this observation wherein, Indocyanin green (ICG) with only one
negative charge has been reported to be encapsulated in PAH-phosphate PSA with the help of
hydrophobic interaction (~29%)821,

PAN has been well reported for efficient delivery of GFP siRNA in stably expressing GFP
transfected A549 cells and provided endosomal (pH 6.5-4.5) release of GFP siRNA in the cells
resulting in 60-65% inhibition of the GFP fluorescence in GFP-A549 24, Based on the available
reports, miR-34a was incorporated into PANptx with slight modification in the protocol to utilize
these PAN particles for co-loading the DT X and miRNA. For initial optimization, we utilized the
cellular RNA as the cargo, wherein, we observed a constant surface potential of the PANgrna as
the amount of RNA was varied (Figure 6.4.C and 6.4.D). Increase in derived count rate along
with decreased zeta-potential upon incorporation of RNA and DTX into the reaction mixture
confirmed encapsulation of DT X and complexation of RNA to form PAN rna+pTx) (Figure 6.3.E
and 6.3.F) Further, RNA was replaced with miR-34a and FAM-siRNA to form PANz4a+pTx and
PANram+pTX USING the optimized method. While literature reports no significant change in particle
size after complexation of siRNA with the PAN particles?® ), our result indicated an increase in
particle size with 163.86+12.89 nm and 164.85+22.12 nm as compared to blank PAN
(124.8+30.61 nm) in PANasa+pTx @and PANram+pTx respectively?4. The efficient complexation of
0.5 pg miR-34a (~3.6 uM) in PANasa+pTX Was evident as indicated in Figure 6.5.C at the optimized
R ratio. This amount of miR-34a was used for all the further experiments for characterization and
functional evaluation mentioned in this work. Also, the strong interaction between the miR-34a

and PAH could be estimated by the observation made in the gel retardation assay in presence of
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the heparin (Figure 6.5.B). At R~1.21 and ~0.2 pg miR-34 (1.45 yM), the complexation in PAN-
miR 34a was found strong enough to resist the release the miRNA even after heparin treatment.
Interestingly, PAN-miR 34a, prepared with compromised R~121.4, resulted in inefficient
complexation of miRNA (uncomplexed miRNA seen in lane 5; Figure 6.5.B), which further
released the most of the miRNA upon heparin treatment (lane 8 in the same gel; Figure 6.5.B).
This clearly indicated the efficiency of the PAN particles forming the core of the system that was
designed to co-deliver both small molecule drug, DTX and miRNA. Once the core of the

formulation was optimized, the preparation and characterization of the shell was undertaken.

As the shell, the RAW 264.7 cell derived EF were prepared and characterized for particle size,
zeta-potential and morphology. Exosomal extrusion and sonication methods for preparing EF are
well reported in literature along with reports of an enhanced particle size of EF in one of the studies
(351 £ 58.33 nm with high PDI 0.29+0.01) which could be correlated well with our observation
as well®L, The single particle analysis by FESEM (n=100) indicated heterogeneous size distribution
of the EF with an average diameter of 180.73£127.71 nm and DLS analysis of the same indicated
0.26+£0.06 PDI and -11.3 mV zeta-potential. The prepared EXo(PANzsa+pTx), formulation
demonstrated surface-potential equivalent to the EF, i.e., -7.23+£2.75 mV, which is in line with the
previous reports®*-34, The change in the surface potential was in accordance with the reported
literature but the particle size observed significantly differed from reported studies with the
observed high particle size in FESEM and polydispersity by DLS. The final core/shell
formulation, Exo(PANss+pTx) Was significantly different from EF as well as PAN3sa+pTx @S
indicated by Figure 6.6. The distinct change in morphology and compactness of formulation in
comparison to blank PAN and EF as observed in FESEM is similar to that reported for ICG

containing nanoparticle assembled capsule (NAC) further layered with the SiO2 nanoparticles °.

Once the final formulation was optimized, the Exo(PANazsa+pTx) Was further evaluated for
transfection efficiency and uptake in 4T1 cells. Both EXo(PANram+pTx) and Exo (PANFam) were
prepared and investigated in the studies. The co-localization study exhibited yellow fluorescence
in the cells owing to the localization of CM-Dil (red) labeled EF and FAM-siRNA (green),
confirming their being present in the same formulation. A similar co-localization study has been
reported for the encapsulation of GFP-siRNA in the Rhodamine green labeled PAN particles? and

Dil (red) labeled exosome enclosed PLGA nanoparticles wherein, PLGA has been stained with
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DiO (green)*. Additionally, the observation was further supported by reduced green fluorescence
in EXO(PANramsirna) and EXo(PANram+pTx) treated cells than the PANFam, possibly due to
delayed release of the payload caused by the layering of the PANgam particles with the EF (Fig.
6.8). The efficiency of the formulations was further evaluated by in vitro anti-proliferative assay
and anti-inflammatory cytokine release. Exo(PANssa+pTx) containing 40 ng/mL DTX and 50 nM
miR-34a was able to produce ~2.4 folds’ greater cytotoxicity than the combination of DTX (100
ng/mL) and miR-34a (50 nM) with Lipofectamine 2000®) (Figure 6.9.A and 6.9.B) in 4T1 cells.
Exo(PANs4a+pTx) also proved to enhance the inflammation in cells as indicated by the released
TNF-a and IFN-y in the media in comparison to the normal cells in media, although the difference
was not significant in case of TNF-a. TNF-a is an inflammatory cytokine and is expected to be
increased by immune stimulation, but the functional duality of TNF-a only could be confirmed
by the receptors present in the vicinity®¢-28, DTX has been reported to initially enhance the TNF-
a release from breast cancer cells in a time-dependent manner but reduces the TNF-a release in a
concentration dependent manner within 48h3°. On the contrary, IFN-y release was profoundly
significant in case of Exo(PANasa+pTx) in comparison to the Exo(PANpTx), Exo (PAN-miR 34a)
and free DT X which indicated the efficiency of the formulation towards immune stimulation which
could trigger the T-cell responses (TCR) to mediate the cancer cell cytotoxicity. The possibility
could be hypothesized but can be only confirmed with more detailed studies. The final formulation
evidently was able to produce anti-cancer effect and the novel approach utilized here successfully
overcame the limitation of cytotoxicity triggered by the cationic nature of the PAN formulations
by layering them with EF owing to their distinct immune-stimulant nature and high uptake
efficiency. Comparing Figure 6.9.B and 6.10.A, it can be concluded that the Exo(PAN34a+DTx)
showed superior cytotoxic and immune-stimulant effect than the Exo(PANpTx) and Exo (PAN-
miR 34a) formulations. Additionally, the observed suppression of BCL-2 expression by Exo(PAN-
miR34a) and Exo(PANssa+pTx) could be correlated with the individual effect of the DTX and
miR34a, as reported in the literature*®42, While, DTX has shown to regulate BAX/BCL-2 ratio
instead only suppressing the BCL-2 expression in a dose and time-dependent manner, miR-34a is
well reported to downregulate the BCL-2 translation in cancer as well as neurodegenerative
diseases®*>4. In fact, a cationic BSA (CBSA) coated nanocarrier of miR-34a and DTX has
already been reported to deliver the payload in cytosol in a caveolae mediated pathway which was

able to suppress the BCL-2 expression in both in vitro and in vivo TNBC model*®. miR-34a
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mediated BCL-2 suppression aided in the chemo-sensitivity of DTX, which was also observed in
our case. As indicated in Figure 6.11.A, the BCL-2 expression in Exo(PAN-miR34a) and
Exo(PANs3sa+pTx) Showed significant downregulation in comparison to both Exo(PANpTx) and
free DTX. In addition to their role in release of TNF-a and IFN-y (Fig. 6.10.B and C), the
prominent effect of the EF in BCL-2 downregulation (Fig. 6.11.B) is also evident, but the detailed
mechanism is yet to be investigated. Hence, exosomal membrane enclosed PAN particles could be

utilized to co-deliver both the small molecule and macromolecule.
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Chapter VII

7.1 Conclusion

The thesis work entitled, “Cell derived exosomes as the co-delivery nanocarrier for anticancer
small molecule and tumor suppressor miRNA” focused upon 2 major aspects of exosomal
delivery- (i) development of strategic approach for co-loading miRNA and DTX in the exosomal
formulations to obtain an optimum LC and evaluation of their anti-cancer efficacy in TNBC 4T1
cellsand, (ii) to understand the role of the intrinsic biological nature of the exosomes in the efficacy

of exosomal anti-cancer formulations in vitro.

Hence, we primarily emphasized on the comparative characterization of various Exo-DTX
formulations to highlight the role of the optimised DTX encapsulation process on exosomal
integrity while formulating Exo-DTX from exosomes isolated from two different sources cells
using two different strategies (Table 7.1). While, hUCBMSC and miR-125a exosomes were
isolated from untransfected and miR-125a transfected hUCBMSC derived exosomes, RAW Exo-
DTX was developed using RAW 264.7 cell derived exosomes using the same mild sonication
method as reported for hUCBMSC derived exosomes. In case of EXo(PAN34a+pTx), PAN particles
were developed to co-load DTX and miR-34a exogenously and the RAW 264.7 cell derived
exosomal fragments (EF) were utilized to layer the particles to form an outer shell. As indicated
in Table 7.1, there was no significant change in particle size (nm) and zeta-potential (mV) before
and after the Exo-DT X formulation development among the different exosomal formulations but

they significantly differed from each other in terms of capacity.

RAW Exo-DTX exhibited maximum DTX encapsulation capacity (23.60+£1.54 ng DTX/ pg
exosomes) which was 1.5 folds and 2.6 folds greater than the hUCBMSC Exo-DTX and miR-125a
Exo-DTX formulations. This also indicated the limited DTX loading capacity of the exosomes.
On the other hand, EF layering of the PAN34a+pTx resulted in final Exo(PANazsa+pTX) formulation
(as mentioned in Chapter 6, section 6.3.1) improved the theoretical DT X loading capacity to
33.34+2.82 ng DTX/ pg exosomes with ~77.5% DTX encapsulation capacity in PAN particles.
Interestingly, miR-125a Exo-DTX was able to retain 12.31+5.73% miRNA after DT X loading by
mild sonication method. Consequently, elimination of sonication step in EXO(PAN3sa+pTX)
development resulted in efficient complexation of 3.6 uM miR-34a in the PANzsa+pTX, prior the

EF layering.
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With inclusion of exosomes from 2 different sources, a detailed understanding of the biological
role of exosomes was also developed (Figure 7.1) which further guided us to further improvise

our formulation development strategies.

Table 7.1
Comparative characterization of different exosomal formulations of DTX fabricated in this thesis work.
Before loading/ EF layering After Loading/ EF layering Capacity
) . . Zeta- . . Zeta- (ng DTX/
S.No. Exo-DTX Par?r(l:rlrel)&ze potential PDI Par?r::rlg)&ze potential  PDI ng
(mV) (mV) €X0S0mes)
1 hUCBMSC Exo | 187.57+4.55 -10.62+4.05 0.36 | 217.6+16.88 9 61-1-1 07 0.28 | 1496+1.84
2 MR-1253 | 163644033 -6.65+190 026 | 2325+129 -36+1.97 027 | 8.86+1.97
hUCBMSC Exo T T ' T T ' T
3 RAW Exo 208.7£36.19  -10.27+3.66 0.24 | 183.11+33.93 11.0343.1 0.25 | 23.60+1.54
4 Ex0o(PANasaspTx) | 163.86+12.89 17534510 NA | 393.87+127.89 7 23;2 75 NA | 33.3412.82

As indicated by Figure 7.1.A, hUCBMSC derived exosomes demonstrated a concentration
dependent cell proliferative activity which was suppressed upon miR-125a transfection. On the
contrary, RAW 264.7 cell derived exosomes were anti-proliferative in nature and induced
12.32+1.32% cytotoxicity in 4T1 cells. Additionally, RAW Exo-DTX elicited 2.20 and 1.29 folds’
greater cytotoxicity in cells in comparison to hUCBMSC Exo-DTX and miR-125a Exo-DTX
respectively at a dose of 100 ng/ml (Fig. 7.1.B). Evidently, the nature of the exosomes plays an
important role in overall cytotoxic effect of Exo-DT X formulations. While, miR-125a transfection
lowered 1Cso value of miR-125a Exo-DTX by 3 folds’ than the hUCBMSC Exo-DTX; RAW Exo-
DTXachieved the ICsoat 89.77 ng/ml which was further 3.4 and 2.15 folds’ lesser than hUCBMSC
Exo-DTX and miR-125a Exo-DTX respectively. Contrary to the proliferative nature of
hUCBMSC exosomes, RAW exosomes demonstrated anti-proliferative and anti-migratory
activity in 4T1 cells in a dose dependent manner as inferred by the increased CC3/C3 level with

decreased expression of B1-integrin (Chapter 5, Figure 5.10).
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Figure 7.1. Effect of the source of exosomes on the cell viability of 4T1 cells. (A) The effect of hUCBMSC,
miR-125a transfected hUCBMSC, and RAW 264.7 cell derived exosomes indicated by % cell viability (the
amount of exosomes used here were equivalent to that required to load 100 and 250 ng/mL DTX to account
for the different loading capacities of the exosomes from different sources). (B) Concentration dependent
cytotoxic effect of different Exo-DTX formulations was compared to free DTX. All data is represented here
as mean (n=6) +SD. One-way ANOVA with Tukey’s test was used for the determination of the statistical
significance, where *p<0.05, **p<0.01 and ***p<0.001.

The biological role of exosomes derived from RAW 264.7 was also exhibited by the EF; MTT
assay confirmed that RAW exosomes (~5 pg/mL protein) and EF (~12 pg/mL protein) exhibited
12.36+1.62% and 6.92+8.08% respectively. The release of immune-stimulant cytokines (TNF-a
and IFN-y) with suppressed expression of BCL-2 by EF in 4T1 cells also proved its anti-

proliferative activity.

Next, we utilized the functionally active RAW EF to develop Exo(PANazsa+pTx), €xosomal
membrane enclosed miR-34a and DTX co-loaded PAN particles. While comparing the RAW Exo-
DTX with Exo(PANz4a+pTX), the former killed ~48% of the cell population at a concentration of
100 ng/mL and the latter demonstrated the same effect at 40 ng/mL. The superior in vitro efficacy
of the Exo(PANz4a+pTx) Might be attributed to the additional incorporation of miR-34a and the
ability of the PAN particles to release the payload by proton-sponge effect in a pH dependent
manner. In fact, the Exo(PANasa+pTX) formulation exhibited greater cytotoxicity in 4T1 cells in
comparison to Exo(PAN-DTX) and Exo (PAN-miR 34a); 48.20+4.59% vs. 13.76+11.28 % and
25.06+4.78%, indicating the synergistic effect of the miR-34a and DTX. The synergistic
anticancer effect was also observed in case of miR-125a Exo-DT X wherein, miR-125a exosomes
were found cell proliferative but miR-125a Exo-DTX produced 56.5+1.76% cell death at 250
ng/mL. This indicated that DT X encapsulation in the both hUCBMSC and RAW exosomes proved

beneficial in producing the desired anticancer effect wherein, their biological make-up plays an
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important role in dictating efficacy of the different Exo-DTX formulations. The shift in
formulation strategy from directly using exosomes to exosomal layering in the co-loaded
polymeric nanoformulation revealed the beneficial effect of the RAW EF with its characteristic
anti-proliferative activity and easy uptake of the PAN3sa+pTx Wherein, PAN released its payload in

the pH dependent manner as supported by literature as well.

Thus in this work, we investigated the application of the exosomes and the exosomal fragments
(EF) in a systematic manner with their characteristic functionality for the development of the co-
loaded formulation of DTX and TS miRNA and proved its efficacy in TNBC cells.

7.2 Future Perspective

Like other biologicals, exosomes need more aggressive approach and newer strategies to explore
its possibilities as a nanocarrier of the therapeutics. Exosomal research spans across different
aspects, including ‘exosomes as biomarker’, ‘exosomes in drug delivery, exosomes in targeted
delivery’, ‘exosomes and their omics’ and many more, however, the knowledge emerging from
each of these sectors need to be unified to propel the success in this field and enable clinical

translation.

1. Two strategies were applied to develop and evaluate the DTX and miRNA co-loaded
formulations i.e, miR-125a Exo-DTX and Exo(PANazs+pTx), Which were characterized and
evaluated individually for their anticancer effect in 4T1 cells. A direct comparison of both the
formulations by in vitro and in vivo experiments would yield deeper insights into their
anticancer potential.

2. In vivo biodistribution and efficacy study was not feasible owing to the limited yield of RAW
exosomes (~172.03+28.9 pg protein per 200 mL CM), limited availability of the miR-125a
hUCBMSC derived exosomes and limited LC of the exosomes (23.60£1.54 ng DTX/ pg
exosomes). Hence, techniques for large scale production of exosomes need to be devised to
conduct in vivo studies and establish the in vitro and in vivo correlation (IVIVC).

3. Chemical modification of the Polyallylamine hydrochloride (PAH) using some hydrophobic
moiety would impart the required amphiphilicity to the polymer which would help to form self-
assembled compact particles and might aid more efficient drug encapsulation and miRNA

complexation.
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4. In case of the EXo(PANz34a+pTX), the miIRNA and DTX formed a complex together in presence
of the phosphate driven polyamine which encapsulated the miRNA. miRNA encapsulation is
more beneficial than complexation, hence a detailed study could be undertaken to elucidate the
exact mechanism of the miRNA loading into the formulation.

5. The inclusion of the homing strategy with the EF by click chemistry or layer by layer (L-b-L)
or by hydrogel technique would be beneficial to target the formulation to the desired site of
action.

6. Macrophages can be polarized to either M1 and M2 type by chemical induction, the use of M1
type exosomes and EF from these M1 exosomes to prepare Exo-DTX and Exo(PAN34a+pTx)

might yield potent drug delivery vehicles bearing additional immunotherapeutic attributes.
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of Type-I Diabetes. Mol Pharm. 2019, 16, 12, 4954-4967.

A.1.2 Achievements
A.1.2.1 Conferences

1.Poster presentation on “hUCBMSCs derived exosomes as nanocarriers of mir-125a and
docetaxel inhibit metastasis causing cell apoptosis” in 3™ National Biomedical Research
Compeition (NBRCOM 2021) arranged by Society of Young Bio-medical Scientists (SYBS); 6-
10t December, 2021.

2.Poster presentation on “Systematic Development and In-Vitro Evaluation of Docetaxel
Loaded RAW 264.7 Derived Exosomes for Anti-Migratory Effect in Breast Cancer” in
Advances in Technology and Business Potential of New Drug Delivery Systems arranged by CRS
India Chapter; 24t -26'™ February, 2022.

3.Abstract Selection for poster presentation on “New Edge” Anti-cancer Therapy of
Macrophage derived Exosomal Docetaxel (Exo-DTX): Formulation Development,
Validation and Evaluation” in Select Science® Biopharma Summit; 51" Sept 2023.

4. Abstract selection for poster presentation on “Origin of Exosomes is equally vital as their
exogenous payloads”: An in-vitro Case study on Exosomal Docetaxel” at AAEV,2023; 27™-
28™ October 2023.

A.1.2.2 Awards

1. Received DST INSPIRE Fellowship (2019-2024) for pursuing PhD from Department of
Science &Technology (DST), India.

2. Received ‘ICMR-Financial Support’ for attending ‘8™ Nano Today Conference, San Diego,
California’ (Not claimed)
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A.2. Biographies
A.2.1. Biography of Prof. Anupama Mittal

BIOGRAPHICAL SKETCH

ANUPAMA MITTAL, Ph.D.

Associate Professor, Department of Pharmacy;,

Birla Institute of Technology and Science (BITS), Pilani, Vidya Vihar Campus, 333031
Rajasthan, INDIA

Professional Experience

Positions held Duration Institute
Associate Professor June 2021-till date BITS-Pilani, Pilani, Rajasthan
Assistant professor 2014-May 2021 BITS-Pilani, Pilani, Rajasthan

University of Tennessee Health Science
Center (UTHSC), Memphis, TN, USA
University of Nebraska Medical Center
(UNMC), Omaha, NE, USA

Visiting Research Scholar Oct 2012- May 2013

Post-Doctoral Research Associate  May 2013- June 2014

Education

Degree Institute Field Year

B.PHARMACY Delhi Institute of Pharmaceutical Sciences & Research, Pharmacy 2001-2005
Delhi University

M. S.(Pharm) l(\ll\?:lgoggl)lrésxguﬁazg I:hsl::}e;%eutlcal Sciences and Research Pharmaceutics  2005-2007

Ph.D. NIPER, S.A.S. Nagar Pharmaceutical =17 9415
Sciences

Personal Statement

Prof. Anupama Mittal currently working as an Associate Professor in Department of Pharmacy, BITS,
Pilani, Pilani campus is an established researcher and scientist in the field of Nanomedicine. She has been
involved actively in teaching (on campus as well as industry professionals from various pharmaceutical
industries) and independent research since nearly last 10 years. Her research interests and expertise
primarily focus upon generating nanotechnology based solutions for diseases like cancer and diabetes. Her
lab has been engaged in research activities in the areas of polymer/fatty acid drug conjugates for effective
treatment of cancer & diabetes, stem cells and exosomes as biogenic carriers of miRNA & proteins in
cancer, nanoparticles & polymeric micelles for site-specific drug delivery, and growth factor and peptide
based therapeutics for wound healing and diabetes. She has published more than 60 research and review
articles in peer reviewed international journals and edited 01 book (CRC press), and filed 10 Indian/PCT
patent applications among which 04 have been successfully granted. She has been the recipient of
prestigious Young scientist award-2015 (SERB-DST) and Ranbaxy Science Scholar award-2011 (Ranbaxy
Science Foundation) in Pharmaceutical Sciences. She has also received several awards for best papers
presented at National/International conferences. Her lab is generously funded by several extramural
research grants from SERB-DST, DST-Rajasthan, DST-Nanomission, ICMR and DBT. She has guided 2
PhD students, several M. Pharm and B. Pharm students and is currently supervising 07 Ph.D. students. She
also serves as one of the founding directors of start-up company, Nanobrid Innovations Pvt. Ltd. aimed
towards the translation of nanotechnology based products.
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A.2.2. Biography of Moumita Basak

Ms. Moumita Basak has completed his Bachelor of Pharmacy from Gurunanak Institute of
Pharmaceutical Science and Technology (GNIPST, Kolkata) in the year of 2015 and M. Pharm in
Pharmacology from GNIPST in 2017 with University Gold medal. Initially, she joined BITS Pilani
as the JRF in DST Nanomission project (SR/NM/NB-1025/2016) and then joined the Department of
Pharmacy at BITS Pilani, Pilani campus in Sept 2018 for pursuing Ph.D. She has received DST
INSPIRE fellowship for pursuing doctoral study from 2019-2024. Her areas of interests include
exploring the formulation aspects of the cell derived exosomes as the co-delivery nanocarrier
system for small anticancer drug molecule and miRNA. She has published 7 research/review
articles in renowned international journals, her research work got recognized by international
conferences and participated in various National conferences.
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