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Abstract 

Chronic liver injuries are a major health risk worldwide and responsible for over 1.2 million 

deaths globally each year. They can be caused by a variety of etiologies such as alcohol abuse, 

hepatitis B/C viral infections, unhealthy diet and lifestyle etc. but follow a common 

progression of hepatocellular damage induced inflammation and fibrosis, leading to cirrhosis 

and/or hepatocellular carcinoma. Even with a significant burden on healthcare, chronic liver 

diseases do not have a therapy showing significant benefit in terms of amelioration of 

inflammation or fibrosis available in the market. The differential expression of miRNAs has 

been explored as a potential diagnostic tool as well as a therapeutic target in liver diseases. 

miRNAs are small non-coding RNAs that regulate the expression of mRNAs by binding to their 

3’UTR. Of the multiple miRNAs differentially regulated in chronic liver diseases, miRNA-155 is 

considered as the main inflammation and fibrosis regulator, also known as a master regulator 

of inflammation. Lipid nanoparticles (LNPs) are one of the best non-viral delivery systems for 

nucleic acid and were explore for delivering antimiR-155 to the liver as a therapeutic strategy. 

Three different LNP formulations based on different helper lipids – DSPC, DOPC and DOPE, 

were engineered and characterized for differences in their physiochemical properties showing 

variation in zeta potential. None of the LNPs affected the metabolic activity of the cell 

populations treated with them. They were explored in the context of in vitro cellular uptake 

specificity in cell lines representing liver populations (RAW264.7, AML12, 3T3 and H5V) and in 

vivo organ biodistribution, in an acute liver injury mouse model. DSPC LNPs showed the best 

results in passive targeting of the liver and were employed to deliver antimiR-155 in a 

therapeutic efficacy study using a semi-chronic liver injury mouse model. The antimiR-155 

DSPC LNP therapy showed a trend of amelioration of inflammation and fibrosis as compared 

to the Negative Control – LNP (NC-LNP) treatment, presenting itself as a promising therapeutic 

strategy in focus of chronic liver injuries. 
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1. Introduction 

1.1. Liver structure and function 

The liver is one of the largest organs in the body, contributing about 1/50 of the total adult 

body weight. Apart from being one of the biggest, it is also one of the most complex and 

versatile organs in the human body, serving a crucial role in several essential processes 

such as maintaining homeostasis. The liver can be divided into five major tissue systems 

based on its structure and histology – hepatic lobule, biliary system, stroma, sinusoidal 

cells, vascular tissue(1). The parenchymal or hepatocyte population in the liver is 

estimated to account for 78% of the total liver volume, while the non-parenchymal 

population accounts for about 2.1% Kupffer cells, 2.8% endothelial cells and 1.4% stellate 

cells, making a total of 6.3% of total hepatic volume. The rest of the volume is attributed 

to the extracellular spaces(1,2).  

By virtue of its positioning, the liver is involved in the synthesis and absorption of 

nutrients, immune response regulation, as well as filtration of xenobiotic substances. It 

has a huge role in the metabolic processing of biomolecules like amino acids, proteins, 

carbohydrates and lipids as a precursor to the synthesis of hormones as well as serum 

proteins like albumin, fibrinogen etc. These hormones facilitate the regulation of plasma 

glucose and the processing of vitamins. Another part of its detoxification functions is the 

processing of ammonia in the body to urea which is excreted in the urine. It is also 

responsible for the removal of bilirubin from the blood. The liver, being so versatile, also 

has the highest regenerative capability of any organ in the body and can repair itself after 

cases of partial hepatectomy or chemical induced injury, at a cellular level(1–3). 

The portal veins and the hepatic arteries supplies blood, enriched with nutrients to the 

liver. The portal blood supply is connected to the pancreas, intestine and the spleen and 

thus, carries secretions from them to the liver as well. The portal veins account for about 

three-fourths of the total blood supply to the liver and the hepatic artery accounts for the 

rest. The liver contributes its filtration capabilities to two different perfusion circuits – the 

splanchnic-sinusoidal-systemic circulation and the entero-hepatic circulation. The former 

referring to the circulation of blood between the gastrointestinal tract, liver, spleen, and 

pancreas and the latter referring to the circulation of bile acids from the liver to the small 

intestine and back to the liver. The hepatic lobules are the functional units of the liver and 

amount to about 100,000 in number. They constitute a hexagonal arrangement of single 

layered hepatocytes (Figure 1). Hepatic sinusoids are the low pressure channels, with 

circulation of blood from portal tract to the terminal hepatic venule. The blood flows from 

the portal vein, into the sinusoids, perfusing the liver cell plates in the hepatic lobule, and 

exits through the hepatic venule to the systemic circulation(1–3). 

Hepatocytes are the predominant and largest cellular components found in the liver 

lobules, constituting approximately 60-70% of the cell population and about 80% of the 

liver's total mass. As mentioned earlier, hepatocytes possess a distinctive polygonal shape 

with a typical diameter ranging from 20 to 30µm. 
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Figure 1: Structure of hepatic lobule: The hepatocytes are arranged in a hexagonal fashion to form a single layer. The sinusoids 
are low pressure channels allowing the flow of blood from the portal vein to the central vein(4,5) (adapted from Ricken et 
al.,2015) 

Functionally and structurally, hepatocytes display a remarkable polarity. They possess 

three distinct membrane domains that serve specific purposes - the basal (or sinusoidal) 

domain, which interfaces with the sinusoidal blood vessels, featuring short microvilli that 

facilitate the exchange of molecules between hepatocytes and the bloodstream; the 

lateral domain, establishing the junctional complexes between adjacent hepatocytes, 

promoting cellular cohesion and communication; the apical (or canalicular) domain, 

responsible for the secretion of bile into the bile canaliculi, which subsequently merge to 

form larger bile ducts. The spatial arrangement of hepatocytes is characterized by their 

polarization, leading to their alignment in cords that form liver plates. These plates are 

closely positioned and facilitate the movement of substances from the bloodstream into 

hepatocytes for various metabolic and detoxification processes(2). 

Kupffer cells, also referred to as the resident macrophages in the liver, are specialized 

immune cells prominently found in the sinusoids. They contribute to about 15% of the 

total cellular population in the liver. They, being present in the sinusoids, interact with the 

blood flowing through them, allowing them to capture foreign particles and pathogens. 

The Kupffer cells have an essential role in immune-surveillance and defense mechanism 

of the liver. They do so by getting activated during inflammatory conditions and secreting 

pro-inflammatory cytokines and chemokines like TNFα, IL6 and IL1β, which recruit other 

immune cells as a response(2,6,7).  
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LSECs or liver sinusoidal endothelial cells are specialized cells that line the sinusoidal walls 

in the liver. LSECs account for about 16% of the total cell population in the liver. They form 

the interface between the bloodstream and the liver parenchyma, creating a barrier with 

intracellular fenestration pores, ranging from 150 to 175nm in diameter. Their fenestrated 

structure permits the rapid exchange of small molecules, hormones, and nutrients 

between the bloodstream and hepatocytes in the space of Disse. They are equipped with 

scavenger receptors and mechanisms that enable them to capture and eliminate 

pathogens, bacteria, cellular debris, and particles that may enter the liver via the 

bloodstream and thus, play a significant role in the local immune response. They are also 

known for presenting antigens to immune cells and secreting cytokines and chemokines 

that act as immunomodulators(6,8). Apart from their role in local immune response, they 

are also involved in the regulation of blood coagulation and clotting factors. They 

synthesize and release von Willebrand factor, a protein essential for blood clotting, 

contributing to haemostasis and preventing excessive bleeding(9). 

Hepatic stellate cells, also known as perisinusoidal cells and ito cells make up about 8% of 

the total cell population in the liver. They reside in the liver's perisinusoidal space within 

the space of Disse and are characterized by fibroblast-like phenotype(2). Under healthy 

physiological conditions, the hepatic stellate cells exhibit a quiescent state, being 

responsible for functions like storage of vitamin A as lipid droplets in their cytoplasm as 

well as maintaining the extracellular matrix (ECM) homeostasis. The ECM homeostasis is 

maintained by secretion of ECM proteins, matrix metalloproteases (MMPs) and tissue 

inhibitors of MMPs (TIMPs). However, during inflammation or liver injury, the stellate cells 

undergo activation, transforming into a myofibroblast-like phenotype. Activated HSCs 

become the primary source of excess extracellular matrix production in response to injury, 

disturbing the balance between production and degradation of ECM, progressing to the 

development of fibrosis in chronic liver diseases. The excessive ECM deposition can disrupt 

the liver's normal structure and function, contributing to the progression of liver fibrosis 

and cirrhosis(10,11). They also act as antigen presenting cells along with regulators of 

blood flow into the space of Disse(12). Upon the resolution of inflammation or injury, the 

stellate cells undergo apoptosis in order to transition into the healthy physiological 

microenvironment(11). 

1.2. Liver injury – inflammation and fibrosis 

Liver diseases account for about 1.2 million deaths worldwide per year contributing 

significantly to the global burden on healthcare(13). The main causes of these diseases 

can be listed as - ethanol abuse (alcohol associated liver disease), Hepatitis viral infections 

(hepatitis B and C), cholestasis as well as metabolic syndromes coupled with unhealthy 

lifestyle (NAFLD, NASH, etc.)(14). Apart from the mainstream diseases, ailments such as 

auto-immune disorders (autoimmune hepatitis, primary biliary cholangitis and primary 

sclerosing cholangitis), drug overdose hepatotoxicity and genetic factors (Lysosomal acid 

lipase deficiency (LAL-D), hemochromatosis etc.) also contribute to liver injuries(15). 
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Most of the liver injuries follow a common route, starting with prolonged exposure to 

abuse via various stimuli (alcohol, fatty diet, HCV etc.) leading to hepatocellular damage. 

The hepatocytes undergo necrosis and apoptosis, releasing Damage associated molecular 

patterns (DAMPs), pro-inflammatory cytokines, chemokines, reactive oxygen species 

(ROS) etc., which induce an inflammatory response. The inflammatory response 

corresponds to the activation of liver resident macrophages, Kupffer cells and the 

infiltration and maturation of circulating monocytes, causing chronic inflammation. The 

immune cells in the liver secrete pro-inflammatory factors, prolonging the inflammation, 

as well as pro-fibrogenic factors, leading to the activation of hepatic stellate cells, which 

causes an imbalance in the homeostasis of ECM production, ultimately leading to 

fibrosis(10,11,14,15). 

Liver fibrosis is characterized by the excessive accumulation of extracellular matrix 

proteins like collagen and is the result of wound healing response of the liver, in case of 

liver injury. In case of acute liver injury, as seen in case of viral hepatitis infections, the 

necrotic and apoptotic cells are replaced by parenchymal cells amidst the inflammatory 

response. This process is supplemented by limited deposition of ECM as well. The 

persistence of liver injury as in case of chronic ailments, the liver regeneration is unable to 

keep up and the damaged hepatocytes are replaced with ECM composed of 

predominantly fibrillar collagen. The localization of fibrotic tissue depends on the ailment 

and its progression through the structure of the liver. It is initially found in the pericentral 

and perisinusoidal areas in case of alcohol induced liver injury and around portal tracts in 

cases of chronic hepatitis and cholestatic disorders. The chronic nature of the liver injury 

leads to increase in the fibrotic tissue, slowly progressing into cirrhosis(11,16). 

Hepatic stellate cells are the main population that produces ECM in the case of liver injury. 

As mentioned earlier, in a healthy liver, the stellate cells exist in a quiescent state, 

inhabiting the space of Disse and primarily functioning as storage units for vitamin A. 

However, in response to chronic injury, they undergo an activation, transitioning into a 

myofibroblast-like phenotype. In the activated state, HSCs acquire contractile, 

proinflammatory, and fibrogenic properties, migrating to sites necessitating tissue repair. 

They secrete copious amounts of ECM, while also modulating ECM degradation(11,17). 

The stellate cells are activated by a mitogen known as platelet-derived growth factor 

(PDGF), released primarily by Kupffer cells(18). Characteristic observation of liver fibrosis 

is the alteration not only in the quantity of the ECM, but also in the quality of it by factors 

released by hepatic stellate cells. The accumulation and the change in the composition of 

the ECM is caused by the lowering the expression of ECM degrading MMPs like MMP1, 

the overexpression of ECM degrading MMP inhibitors like TIMP1, as well as an 

overexpression of proteins composing the ECM like collagen-1 and collagen-3. The 

continuous and prolonged fibrosis unavoidably results in cirrhosis and can even progress 

into hepatocellular carcinoma eventually(10,17). 
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1.2.1. Pathogenesis of fibrosis in context of different chronic liver 

injuries 

As mentioned earlier, most chronic liver diseases progress by the route of hepatocellular 

damage induced inflammation to fibrosis, developing to cirrhosis and/or hepatocellular 

carcinoma (HCC)(10,17). However, there are certain pathologies more prominent in 

different types of chronic liver diseases, which describe their unique progression(14) 

(Figure 2). 

In alcohol induced liver injury, abusing alcohol compromises the gut bacterial population 

and the intestinal functioning, leading to the proliferation of gram-negative bacteria. This 

leads to an increase in the concentration of lipopolysaccharide (LPS) in the blood flowing 

through the portal vein. LPS stimulates Kupffer cells by engaging the toll-like receptor 4 

complex, which leads to the production of ROS via NADPH oxidase(19). In the Kupffer cells, 

the ROS upregulates the production of NF-κB, which causes an increase in the level of 

TNFα production as it is a direct downstream product. TNFα recruits other immune cells 

like neutrophils, monocytes etc. and also triggers ROS production in hepatocytes, causing 

them to go down the apoptosis cascade. ROS combined with acetaldehyde, a metabolite 

of alcohol are responsible for the activation of Hepatic stellate cells and initiating 

fibrosis(19,20). 

During HCV induced liver injury, the pathogenesis is based on the unique ability of the viral 

particles to bypass the human leukocyte antigen presentation mediated immune response 

by having a part of its protein assemble with HLA-1. It infects the hepatocytes and evades 

immune response, causing oxidative stress by increasing the production of ROS, which 

leads to the recruitment of pro-inflammatory immune cells. The recruitment of pro-

inflammatory immune cells as well as the ROS, both contribute to the activation of stellate 

cells and lead to fibrosis(21,22). 

Cholestasis refers to the slowing or stagnation of bile flow through the biliary system, 

which can be caused by issues in the bile ducts or the liver. The pathogenesis in chronic 

cholestatic liver disorder is mediated by T lymphocytes, recruited by cholangiocytes(23). 

The cholangiocytes also release pro-inflammatory chemokine and cytokines along with 

fibrogenic mediators, recruiting immune cells as well as activating the myofibroblasts in 

the vicinity. The myofibroblasts change the ECM composition and the pro-inflammatory 

immune cells release more cytokines, together leading to the recruitment of stellate cells 

and ultimately fibrosis(24). 

NASH, or Non-Alcoholic steatohepatitis is characterized by excessive fat deposition in liver 

leading to steatosis and hepatocellular damage with chronic inflammation and varying 

degrees of fibrosis, due to an unhealthy lifestyle involving high fat diet. Its pathogenesis 

has been associated with diabetes type-2, dyslipidemia and obesity. The most revered two 

hit model for NASH states that the insulin resistance combined with hyperglycemic 

conditions leads to increase in the concentration of free fatty acids, leading to steatosis in 

hepatocytes. The oxidative stress and the pro-inflammatory cytokines initiate apoptotic 

cascade in hepatocytes and recruit inflammatory immune cells in the second hit of the 
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pathogenesis. The ROS and pro-inflammatory cytokines and chemokines contribute to the 

activation of stellate cells and initiate the cascade leading to fibrosis(25,26). 

 

 

Figure 2: Cellular mechanisms involved in the pathology of Liver fibrosis based on different causes of chronic liver injury. 
Various types of hepatotoxic agents produce mediators that induce inflammatory response in hepatic cell populations. The 
damaged hepatocytes and cholangiocytes release pro-inflammatory cytokines which activate Kupffer cells and stimulate the 
recruitment of activated T cells. the inflammatory response leads to the activation of hepatic stellate cells, which transition 
into a myofibroblast-like phenotype. Activated stellate cells release cytokines in order to perpetuate their activation and 
regulate ECM production as well as degradation. In case of resolution of inflammation during the early stages, fibrosis is 
resolved.(16) (adapted from Bataller and Brenner, 2005) 
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1.2.2. Current and emerging therapies for fibrosis  

As seen in the pathophysiology of fibrosis, there are multiple factors that affect its 

progression and hence, it has multiple targets that can be exploited for developing 

therapeutic strategies. Although it is reversible up to a certain level, if left untreated, 

develops into cirrhosis and may even progress into hepatocellular carcinoma(15,16,18). 

Many different clinical studies focus on the cellular and molecular mechanisms involved 

in liver fibrosis in order to develop effective treatment strategies. With the advancement 

in technology as well as our understanding of the condition, new therapeutics have 

emerged, targeting specific mechanism of progression(27).  

Generally drug therapies have been the mainstream treatment for ailments and same was 

the case for fibrosis in the early days. There have been multiple compounds tested for 

their therapeutic efficacy against it but only a handful showed promising results like, 

Vitamin E, which is a well-known free radical scavenger and has been shown to ameliorate 

steatosis, hepatocellular ballooning, inflammation, and decreased levels of serum 

hepatobiliary enzymes considerably in a NASH model(28,29). It is now considered as an 

optional treatment for NASH patients but is still not preferred as the main course of action 

due to the absence of data on long term high concentration administration as well as its 

potential toxicity(30–32). Selonsertib, an ASK1 inhibitor, targeting the apoptotic signal in 

stellate cells showed promising results by significantly reducing fibrosis in a clinical trial of 

67 NASH patients, but recently in two phase 3 trials, there was no significant antifibrotic 

effect observed(33).  

Just like the drug based therapies, cell based therapies have also emerged as promising 

options, like the transplantation of endothelial progenitor cells, bone marrow progenitor 

cells, mesenchymal stem cells etc. in a disease model. They have shown mixed results as 

the transplanted cells have secondary interactions which could possibly cause 

complications(34). 

RNA interference (RNAi) based therapies are an up and coming strategy to tackle the 

progression of liver fibrosis. Every ailment has a certain disease profile which can be 

assessed by the differential expression of non-coding RNAs in the cells. The differential 

expression of the non-coding RNAs is being explored as a diagnostic tool. Since these non-

coding RNAs are regulatory in nature, they are also being studied as therapeutic targets. 

microRNAs (miRNA) are 19-23bp long RNA sequences, which regulate the expression of 

mRNAs by binding to them. There have been clinical studies highlighting different miRNAs 

having differential expression in case of liver injury as well and have been used as 

therapeutic targets as well(35). miRNA-23b/27b cluster has been shown to downregulate 

the expression of gremlin 1 protein in order to suppress stellate cell activation(36). 

Matsumoto et al. demonstrated the potential of miRNA-29a to suppress the expression of 

Collagen 1 and PDGF-C in CCl4 induced fibrosis mouse model(37). The aberrant expression 

of miRNA-200 has been linked to the proliferation and migration of stellate cells and can 

be used as a promising target as well(38).  
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With all the therapeutic options mentioned above, there is a lot of hope for an effective 

treatment to be approved, however, none of them have yet made into the market. There 

are no drugs or therapies showing significant benefit, reversal of liver fibrosis or effective 

immunomodulation available to the patients at the moment. 

1.3. miRNA Biogenesis 

The canonical biogenesis of miRNA is initiated by the transcription of the pri-miRNA transcript 

by RNA Polymerase II, characterized by the hairpin structure (Figure 3). The pri-miRNA is 

broken down by the Drosha and DiGeorge Syndrome Critical Region 8 (DGCR8) complex to 

create the precursor-miRNA (pre-miRNA) by cleaving off the 3’ and 5’ ends off(39). The pre-

miRNA is exported to the cytoplasm by the Exportin/RanGTP pathway(40). In the cytoplasm, 

the pre-miRNA is cleaved by Dicer to yield an RNA duplex with the sense and the anti-sense 

strands. Either the sense or the anti-sense strand of the mature duplex is loaded onto the 

Argonaute protein to form the RISC – RNA induced silencing complex, where the 20-25bp long 

miRNA acts as the guide(41). It does so by exploiting a 2-8 base pair long seed sequence which 

complements the mRNAs being targeted for degradation. These complexes bind to the 3’ 

Untranslated region (3’-UTR) of targeted mRNAs and tag them for silencing by either blocking 

translation or degradation. 

 

Figure 3: Biogenesis and processing of miRNA: The pri-miRNA transcript is transcribed by RNA Pol II and broken down by 
Drosha and DGCR8 to make pre-miRNA. The pre-miRNA is exported to the cytoplasm by Exportin/RanGTP complex and cleaved 
by Dicer to get a miRNA duplex. The sense strand of the duplex binds to the Ago2 protein to form the RISC and targets mRNAs 
to modulate their translation.(42) 
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1.4. miRNAs involved in liver inflammation 

miRNAs have been shown to have regulatory effects on a broad spectrum of biological 

processes, including cell differentiation, proliferation, metabolism, development, 

apoptosis, secretion etc. They have also been explored in the context of liver functioning, 

affecting processes such as lipid and glucose metabolism, apoptosis, necrosis etc. The 

dysregulation of miRNAs can be induced by multiple factors, including causes of chronic 

liver injury like, alcohol abuse, fatty diet, genetic factors etc. Thus, the miRNA 

dysregulation can be affiliated with the different pathologies of these conditions(43). 

Chronic inflammatory diseases, derived from atypical immune response display complex 

mechanisms involving changes in gene expression of immune cells. The emerging role of 

miRNAs in correlating their differential expression and the innate immune response 

strongly suggests an immunoregulatory role(44–46). There are several miRNAs, including 

miRNA-122, miRNA-132, miRNA-155 and miRNA-146a have shown to have a regulatory 

role in case of liver inflammation(43,47–51). miRNA-155 is also known as the master 

regulator of inflammation, owing to its multiple downstream effectors and its upregulation 

in multiple other ailments as well(52). In case of liver, it is considered as the main 

modulator of inflammation due to effects on both, innate and adaptive immunity by 

mediation of monocytes, macrophages, T-cells, B-cells as well as dendritic cells(53). Thus, 

exploiting it as a therapeutic target would enable targeting the epicenter of inflammation 

in liver diseases, and a decrease in inflammatory behavior would translate into lower 

fibrosis, decreasing chances of cirrhosis. 

 

1.5. miRNA 155 and inflammation 

miRNA-155 has been described as a master regulator of inflammation in the literature(52). It 

has been associated with diseases such as viral infections, bacterial infections, cancer, 

autoimmune disorders etc. Its expression is controlled by many different pathways with 

bilateral functioning, for example, TGF-β can both induce as well as inhibit its expression. 

There are other pathways that have unidirectional effect on its levels as well, usually pro-

inflammatory increasing it and anti-inflammatory reducing it(53). The title of master regulator 

of inflammation stems from its multiple downstream effectors as seen in Figure 4. It has 

numerous targets which lead to a domino effect of increasing the levels of inflammatory 

cytokines in the microenvironment of the cells. Its increased expression has been associated 

with the poor prognosis of multiple different inflammation related ailments as well as 

metabolic dysfunction syndromes(54). 

In the case of liver, the molecular mechanism described for it shows increased levels of 

miRNA-155 being directly correlated with the decrease in the levels of CCAAT/enhancer 

binding protein (C/EBPβ), leading the hepatocytes to adopt a cancerous phenotype(55). 

Studies on hepatocellular carcinoma (HCC) patients have shown significant increase in the 

level of miRNA-155 as compared to healthy individuals(56). Certain research groups have also 
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shown the oncogenic potential of high miRNA-155 levels during inflammation in HCC 

progression(57). It inhibits factors like SHIP1, SOCS1 and BCL6, which regulate the expression 

of chronic inflammation associated cytokines like TNFα, IL6, IL1β and IL8. It also 

downregulates proteins like IL13Rα and LXRα, which are involved in anti-inflammatory 

response pathways(54).  

 

Figure 4: Multiple downstream inflammatory effectors of miRNA-155 in monocytes, macrophages and dendritic cells: miRNA-
155 affects inflammation, apoptosis, anti-inflammatory responses, repair pathways as well as chronic inflammatory 
pathways, living up to its title of master regulator of inflammation(54) 

Overexpression of miRNA-155 has been lined to HCC progression and tumorigenesis and is 

also associated with prognosis of HCC survival as seen in Figure 5(58).  

 

Figure 5: Prognosis of HCC patients correlated to miRNA-155 levels assessed by Kaplan-Meier analysis. Patients with higher 
miRNA-155 levels showed a lower (A) overall survival and (B) disease-free survival | **P<0.01.(58) 

Zhang et al. showed that hepatitis C infection upregulated miRNA-155 levels (Figure 6) with 

the involvement of NF-κB, leading to the activation of WNT pathway and ultimately promoting 

carcinogenesis. miRNA-155 has many sites already characterized for transcription factors such 
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as NF-κB, SMAD4, ISRE, IRF etc. which play major roles in inflammation(59). The liver has 4 

major cell populations – hepatocytes, Kupffer cells, sinusoidal endothelial cells and stellate 

cells(2).  

 

Figure 6: Correlation of HCV viral load with miRNA-155 levels (A) Significant increase in miRNA-155 levels of HCV patients as 
compared to healthy ones (B) Increase in miRNA-155 levels in NF- κB dependent manner in HCV patients(59) 

Overexpression of miRNA-155 has been shown to induce proliferation in hepatocytes as 

shown in Figure 7(60). It induces a pro-inflammatory phenotype in Kupffer cells and leads to 

pro-inflammatory cytokine release. The pro-inflammatory cytokines recruit macrophages 

which infiltrate the liver which are also pro-inflammatory in nature, with high levels of miR-

155. A study by Csak et al. showed mice fed with methionine deficient diet developing severe 

steatohepatitis, with increased levels of miRNA-155 in hepatocytes as well as Kupffer cells(61). 

The endothelial cells and stellate cells have no recorded effects of increase or decrease in the 

levels of miRNA-155 to the best of our knowledge. 

 

Figure 7: miRNA-155 overexpression in hepatocytes promotes proliferation A) miRNA-155 levels in mice post 2/3 partial 
hepatectomy B) BrdU assay revealing higher proliferation in RL-m155 mice in comparison to ConA treated mice, correlating 
with elevated miRNA-155 levels. | *P<0.05, **P<0.01, and #P<0.001(60) 

miR-155 targets SOX1, SHIP1 and BCL6 in order to promote the production of pro-

inflammatory cytokines such as TNF-α, IL6 and IL1β, while suppressing the anti-inflammatory 
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cytokines such as LCRα, IL13, SMAD2 etc. as was seen in Figure 4 earlier. The high levels of 

miRNA-155 directly as well as indirectly lead to the macrophage population to be polarized to 

M1 – proinflammatory phenotype.  

 

Figure 8: Correlating expression of miRNA-155 with elevated levels of TNFα in RAW264.7 macrophages treated with LPS 
and/or alcohol: (A) RAW 264.7 macrophages miRNA-155 levels quantified with qPCR (B) RAW 264.7 macrophage TNFα levels 
quantified with qPCR(62) 

microRNA 155 has a central role in the propagation of inflammation in the liver and this is 

linearly dependent on TNFα and IL6 levels, which can be seen from the results by Bala S. et al 

as well as from the work of my predecessor, Miranda Türkal shown in Figure 9(62,63). This 

highlights the therapeutic target potential of miRNA-155 in ameliorating inflammation in the 

liver. Strategies involving regulation of miRNA-155 levels in macrophages could be promising 

for controlling inflammation. 

1.6. MicroRNA therapies 

MicroRNAs are molecules with multiple downstream targets and have been known to create 

a different expression profile, depending on the condition of the cell as well as the 

microenvironment. These expression profiles have been theorized to be used as a diagnostic 

marker and moving in the same direction, specific microRNAs can also be exploited as 

therapeutic targets(64,65). Most of the pathways influenced by microRNAs are in a feedback 

mechanism with no epicenters defined as causal or effectual discretely. Different disease 

conditions have been characterized by either over or under expression of certain microRNAs, 

effectively increasing or decreasing its downstream interactions. Two strategies have been 

devised in order to capitalize on the therapeutic potential of microRNAs – antimicroRNA 

(antimiR) and microRNA mimics. The antimicroRNAs are antisense oligonucleotides, 
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complimentary for the target miRNA, binding to it. By binding to it, the antimiR effectively 

blocks it from interacting with the mRNA sequences. The miRNA mimic is a sequence similar 

to the target miRNA and increases its population in the cell, leading to the increase in its 

activity in the model. These pertain to Loss of function and Gain of function therapeutic 

strategies respectively as visible in Figure 9(66). 

 

Figure 9: Graphic representation of antimir and miR mimic strategies utilized for potential therapy development: Endogenous 
miRNA binds to target mRNA and alters its translation, antimiRs bind to the specific miRNA sequence barring it from binding 
to its target mRNA, miRNA mimics increase the amount of specific miRNAs and hence increase the chances of interaction with 
the target mRNA(67) 

antimiRs and miRNA mimics are 19-24 bp long RNA molecules, thus have a significantly short 

half-life. They can also be degraded by extra and intra-cellular nucleases. An ideal sequence 

used for miRNA therapy would have certain characteristics – high affinity to target, resistance 

to nucleases, low toxicity and high cellular specificity. The high affinity as well as low toxicity 

can be attained by modification of bases like methylation or by replacing them. There are 

chemical modifications which when introduced to the antimiR or miRNA mimic 

oligonucleotides, boast of an increased stability, and half-life, counteracting the degradation 

by nucleases and plasma clearance. These modifications include locked nucleic acids (LNAs), 

2ʹ-O-methoxyethyl modification and the ZEN modification in the latest generation of antimiRs. 

Lennox et al. showed that the “2′OMe 5′inZEN, 3′ZEN” modification pattern in different miRNA 

mimic sequences showed no evidence of degradation even after incubation for 4 days in liver 

protein extract(68). However, currently there aren’t any strategies exploited to direct naked 

miRNA mimic and antimiR sequences to specific cell populations or organs. In order to have 

another barrier against degradation, immune response as well as have the capability to target 

specific organs or cell populations, lipid nanoparticles (LNPs) have been used as highly efficient 

delivery agents for such small molecule therapeutics(69). 
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1.7. Lipid nanoparticles 

Lipid nanoparticles are one of the most advanced non-viral delivery systems for therapeutics 

in the market today(69). A landmark achievement in the field of drug delivery took place in 

the year 2018, when the first RNAi (RNA interference) based therapy, being delivered by LNPs 

was approved for human use. The FDA (Food and Drug Administration) approved the delivery 

of siRNA using lipid nanoparticles for the treatment of hereditary transthyretin amyloidosis 

(ATTR). The company Onpattro currently sells the therapy under the name Patisiran(70).  

 

Figure 10: Composition of Solid Lipid Nanoparticles: Solid LNP formulations have ionizable lipids to trap nucleic acids, Helper 
lipids for easy uptake by the cell, PEG lipid to increase half-life and hydrophobicity and cholesterol to fill in the voids for a 
tighter packing(71) 

ATTR Amyloidosis occurs when the liver produces faulty transthyretin proteins and thus the 

therapy delivery system focuses on the liver as well, specifically to the hepatocytes(72). The 

lipid nanoparticles used for siRNA delivery are composed of 4 different lipids: (6Z,9Z,28Z,31Z)-

Heptatriaconta-6,9,28,31-tetraen-19-yl 4- (dimethylamino)butanoate ( (DLin-MC3-DMA) 

(ionizable lipid)), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC (Helper lipid)), 

Cholesterol and 1,2-Dimyristoyl-sn-glycero-3-methoxypolyethylene glycol (PEG-2K-C-DMG 

(structural lipids)) in specific proportions(70). The types of lipids used are consistent with 

many other formulations tested by different research groups around the world as shown in 

Figure 10. The ionizable lipids have special properties which make them positively charged at 

a low pH, allowing them to load negatively charged nucleic acid cargo, and become neutral at 

physiological pH, and finally releasing the cargo in the acidic microenvironment of the 

endosome. The helper lipids are usually a kind of phospholipid which helps with the 

endocytosis of the LNP as well as the endosomal escape of the cargo(73). As mentioned 

above, the Onpattro Patisiran formulation uses DSPC which is a fundamental lipid constituent 

of the cell membrane and comprise of saturated acyl chains. It is responsible for the rigidity 

and stability of the cell membrane. Somme other helper lipids used in conjunction with 

different ionizable lipids are - 1,2-dioleoyl-sn-glycero-3-phosphocholine (DSPC) which also a 

phosphatidylcholine like DSPC, however, it has unsaturated bonds in its acyl chains. As a 

component of the cell membrane, it is responsible for the flexibility and adaptability of it; 1,2-
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dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) is a phosphatidylethanolamine unlike 

DSPC and DOPE. It is an essential lipid in the cell membrane on account of its role in the 

maintenance of the curvature. It is able to do so due to a charged ethanolamine head group 

and unsaturated bonds in its acyl chain(74). The PEG lipids are usually added for a stealth 

effect and stability, increasing the circulation time of the LNPs. Cholesterol is added for a 

tighter packing of the lipids by filling up any voids(73). 

Targeting an organ or a cell population specifically has been a challenge that every bioengineer 

comes across regarding their therapeutic endeavor. Several studies have indicated that under 

controlled conditions, LNPs tend to be selectively taken up by different cell populations, owing 

to their size, charge or composition(75–77). Nanomedicines have been known to accumulate 

in the liver owing to its filtration functions supplemented by discontinuous vasculature, 

decreased blood flow rates as well as a plethora of phagocytic cell population(78,79). The 

Kupffer cells as well as the reticuloendothelial system (RES) in the liver are well known for 

their ability to phagocytose foreign entities(80,81). A group recently showed that the 

accumulation of their gold nanoparticles was decreased from 80% to 20% when they 

selectively depleted the Kupffer cells from the mice liver(82).  

Right now, the only largely accepted viable strategy to target specific cell populations by LNPs 

is via adding antibodies specific to the cell populations or adding ligands that might be 

recognized selectively by them. However, active targeting strategies increase the cost of 

production as well as introduces another moiety onto the delivery agent which can have side 

effects(83). The possibility of targeting a specific organ system by merely modifying the 

composition of the delivery agent with previously proven safe components could be 

revolutionary. There have been indications of the size, charge as well as the composition of 

the lipid nanoparticles playing a role in their biodistribution in vitro (multicell population 

models) as well as in vivo(84–87). If we can understand the level of contribution of these 

variables, we might be able to make a leap towards targeted therapies.  
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2. Aim and Objectives 

The introduction gives an insight into the essential role played by inflammatory reactions in 

chronic liver diseases. As discussed earlier, there is a void for an efficacious therapy for the 

ailments and exploiting miRNA can provide for a therapeutic strategy to counter it. 

This thesis aims to develop on the hypothesis that that miR-155, master regulator of 

inflammation, can be exploited as a therapeutic target to modulate inflammation as well as 

fibrosis by targeting the cells in the liver as shown in Figure 11. LNPs, the delivery agent in this 

endeavor, apart from carrying the therapeutic also plays a significant role in the organ and cell 

specific uptake which has been explored in both, in vitro and in vivo models in this thesis. The 

most efficient LNPs for cargo delivery in context of passive liver targeting must be chosen for 

the delivery of animiR-155 and be tested for its therapeutic efficacy.  

 

Figure 11: antimiR-155 targeting inflammatory macrophages to decrease inflammation and pro-inflammatory cytokine, 
thereby limiting stellate liver injury and stellate cell activation and decreasing fibrosis 

In order to achieve this aim, the following objectives were formulated: - 

• Engineering different LNP formulations using different helper lipids and their 

physiochemical characterization 

• Characterization of selective uptake of the different LNP formulations by different 

hepato-representative cell populations 

• Characterization of in vivo organ biodistribution of the different LNP formulations in 

an acute liver injury mouse model 

• Testing the in vivo therapeutic efficacy of the selected LNP formulation with antimiR-

155 cargo in a semi-chronic liver injury model 
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3. Strategy 

As mentioned above, there are certain objectives laid out for the implementation of the ideas 

involved in this study.  

In this study, we first discussed the pathophysiology of chronic liver diseases and the role of 

inflammation in fibrosis. We focused on how LNPs carrying therapeutics might passively target 

the liver for cargo delivery. Different LNPs were produced based on different helper lipids, 

claiming to have a better targeting mechanism for the liver cell. They were characterized for 

any differences in their physiochemical properties like size, surface charge and encapsulation 

efficiency, which gave an insight into potential interactions that might affect their behavior in 

vitro and in vivo. The formulations were then tested for their effect on the metabolic activity 

of different cell lines representing hepatic cell populations – RAW264.7 macrophages 

(representing Kupffer cells), AML12 hepatocytes, 3T3 fibroblasts (representing hepatic stellate 

cells) and H5V endothelial cells (representing liver sinusoidal endothelial cells). 

The different LNP formulations were tested for their uptake in vitro using the previously 

defined liver representative cell lines, showing specificity for certain populations. The LNPs 

were also characterized for their in vivo organ distribution using an acute liver injury model. 

The results for the uptake and organ distribution were discussed in context of the 

physiochemical differences observed in the LNPs during characterization.  

Taking into account the results from the in vitro uptake as well as the in vivo organ 

biodistribution of the LNPs, the most efficient formulation for passive targeting of liver was 

employed to deliver antimir-155 in a semi-chronic liver injury model to test its therapeutic 

efficacy. The therapeutic efficacy of the antimiR-155 LNPs was characterized by different 

analysis quantifying the progression of the liver injury. The results of the analysis and the 

feasibility of the treatment strategy were discussed in context of chronic liver diseases. 
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4. Materials and methods 

 

4.1. Materials 

DLin-MC3-DMA, Distearoylphosphatidylcholine (DSPC), 1,2-Dioleoyl-sn-glycero-3-

phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 

Cholesterol, PEG-2000-C-DMG (Avanti Lipids); 1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindotricarbocyanine Iodide (DiR) (ThermoFisher Scientific); 3,3'-

Dioctadecyloxacarbocyanine Perchlorate (Molecular Probes); Fluidic 187 staggered 

herringbone microfluidic mixer (microfluidic ChipShop); NC-miRNA: 5’ – 

GCGACUAUACGCGCAAUAUGG – 3’ antimiR-155: 5’-

A/ZEN/CCCCUAUCACAAUUAGCAUUA/3’ZEN/ (iDT); medical grade tubing – 0.38mm/1.09mm 

(Scientific commodities); Automated PHD Ultra model pump (Harvard apparatus); Vivaspin 20 

amicons (Sartorius); Quant-itTM Ribogreen assay kit (ThermoFisher Scientific); Dulbecco’s 

modified Eagle’s medium (DMEM) (Lonza); fetal bovine serum (FBS) (Sigma-Aldrich); L-

glutamine (Lonza) (Basel, CH); penicillin/streptomycin (pen/strep) (50U/ml Penicillin and 

50μg/ml streptomycin, Sigma-Aldrich, St. Louis, MO, USA); Dulbecco’s phosphate buffered 

saline (DPBS); Roswell Park Memorial Institute (RPMI) 1640 Medium (Lonza); Carbon 

tetrachloride (CCl4) (Sigma-Aldrich); Olive oil (Sigma-Aldrich); tissue homogenizer (Temak 

Tissuemizer®); SV total RNA isolation Kit (Promega); TRIzolTM reagent (ThermoFisher 

Scientific); iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratories, Inc.) (Hercules, CA, USA); 

SensiMixTM SYBR & Fluorescein Mix (Bioline Reagents) (London, UK); Bio-Rad CXF-384TM 

Real-Time System; Zetasizer (Malvern instruments); ELISA Kits – TNFα, IL6 (RnD Systems); 

LipofectamineTM (Molecular Probes), Cell Strainers, Smart Strainers (100μm) (MACS); 

Ultracentrifuge tubes (Amicon Ultra-4, 10k) (Millipore) 

 

Table 1: Antibody-fluorophores used for fluorescence assisted cell sorting 

Antibody-Fluorophore Produced in Reactive with Manufacturer 

Hoechst - - Invitrogen 

CD45-FITC Rat, IgG2b Mouse Biolegend 

CD11b-PE Rat Mouse, human Biolegend 

F4/80-PE Cy7 Rat Mouse Biolegend 

Tim4-AF647 Rat, IgG2a Mouse Biolegend 

Ly6c-PERCP Cy5.5 Rat, IgG2b Mouse, Dog, Human eBioscience™ 

Ly6G-PE Dazzle 594 Rat, IgG2a Mouse Biolegend 

CD3-PE Dazzle 594 Rat, IgG2b Mouse Biolegend 

CD19-PE Dazzle 594 Rat, IgG2a Mouse Biolegend 

NK1.1-PE Dazzle 594 Mouse Mouse Biolegend 
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Table 2: Antibodies used for immunohistochemical staining 

Antibody Produced in Reactive with Manufacturer 

Collagen 1 
Goat 

Human, Mouse, 
Rat Southern Biotech 

F4/80 Rat Mouse BioRAD 

iNOS Rabbit Mouse BD Biosciences 

 

4.2. Cell Culture 

Murine AML12 hepatocytes, 3T3 fibroblasts, H5V endothelial cells were cultured in complete 

DMEM with 10% FBS and 1% penicillin/streptomycin. Mouse Raw 264.7 macrophages were 

cultured in RPMI with 10% FBS and 1% penicillin/streptomycin. All cells were cultured in a 

humidified incubator with 5% CO2 at 37 °C. For the Alamar blue assay, and the in vitro uptake 

studies, 250,000 Raw 264.7 cells were plated per well in 24 well plate and stimulated with 

100ng/ml LPS and 10ng/ml IFN-γ for the M1 proinflammatory phenotype, 10ng/ml IL-4 and 

10ng/ml IL-13 for M2 anti-inflammatory phenotype and no stimulants for M0 phenotype, all 

in RPMI medium supplemented with 10% FBS and 1% Penicillin/streptomycin (P/S). The 

stimulation was done for 24h before any other treatment was introduced into the wells. 

Furthermore, for the uptake study, in order to emulate fatty liver conditions, after 24h 

incubation of 100,000 AML12 cells, they were treated with 0.2 mM palmitic acid (PA) and 

0.4mM oleic acid (OA) dissolved in isopropanol. 100µl 100mM oleic acid and 200µl of 100mM 

palmitic acid were added to 700µl of 1% bovine serum albumin (BSA) containing, 30% 

isopropanol diluted with DMEM, and mixed by vortexing. The OA/PA mix was incubated at 

37°C for 15 minutes before being used for treatment. 1ml mix was prepared for each well to 

be treated and the OA/PA treatment was done for 24h prior to other treatments. 150,000 3T3 

cells were plated per well and were starved by refreshing their media with DMEM 

supplemented with only 1%P/S and they were activated by refreshing the media with DMEM 

supplemented with 10% FBS and 5ng/ml TGFβ. The starvation and activation of the 3T3 cells 

was done 24h prior to any other treatment. 100,000 H5V cells were plated per well for both, 

the Alamar blue assay and the in vitro uptake study. 

 

4.3. Lipid Nanoparticle formulations 

In order to produce the different LNP formulations, lipids were mixed in mol% proportions – 

ionizable lipid: helper lipid: Cholesterol: PEG lipid to be 50:10:38.5:1.5. The lipids dissolved in 

pure ethanol, with a final concentration of 12.5mMol/ml (Table 3). For the in vitro uptake 

study, the lipid mix was supplemented with 1mol% DiO lipophilic dye and for in vivo 

biodistribution study, it was supplemented with 1.5mol% DiR lipophilic dye. For the aqueous 

phase, a total of 500µg of miRNA (NC-miRNA or antimiR-155) is dissolved in 100mM acetate 

buffer. The N:P ratio of the RNA containing LNPs was set to 4 by adjusting the flow rate of 
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components. The LNPs were produced by injecting the lipid mix and the RNA carrying buffer 

into the staggered herringbone chip at a flow rate ration of 3:1 (ml/min). The resulting LNPs 

were dialyzed overnight against PBS (pH 7.4) to remove any free dye and concentrated by 

using 100K MWCO centrifugal filters at 3000g for 2-3h (Amicon® Ultra, Merck).  

Table 3: Components of different lipid mixes for various LNP formulations 

 

4.4. LNP characterization 

4.4.1. Size and Zeta potential 

The size and the polydispersity index of the LNPs was measured using dynamic light scattering 

and the zeta potential was measured by the surface charge quantification using Malvern 

Zetasizer. The LNPs were diluted 1:10 with PBS and 0.9%NaCl, in separate vials, depending on 

the sample and for testing the size and the surface charge of the LNPs in different buffers. 15µl 

of the diluted samples were used per test. The volume for the former test was made up to 

70µl and for the latter, it was made up to 1ml. Buffers used for diluting the LNPs for analysis 

were either PBS or 0.9% NaCl depending on the formulation. Specific measurement cells were 

used to house the LNPs for these analyses. 

4.4.2. Encapsulation Efficiency 

Quant-itTM Ribogreen assay was used in order to determine the encapsulation efficiency of 

the LNPs. 15µl of the 1:10 diluted LNPs were used for the assay. The encapsulation efficiency 

was measured by comparing the RNA content present in the presence and absence of TritonX 

buffer. 15µl of the sample LNPs were added to a well in a dark bottomed 96 well plate and the 

volume was made up to 250µl using TE buffer. In another well, 50µl of TE buffer was added 

and in the next one 50µl of TritonX buffer was added. 50µl of the diluted LNPs from the first 

well were added to the ones containing TE buffer and TritonX each. The plate was incubated 

at 37°C for 10 minutes. 100µl of 1x ribogreen dye was added to the TE and TritonX containing 

wells and incubated in the dark for 10 minutes. The quantification was done using a Varioskan 

Flash (Thermo Scientific, Waltham, MA, USA) with λex=500 nm, λem=525 nm. The 

concentration was calculated using a standard curve. The loading efficiency was calculated 

based on the following formula:- 

Lipid Molar 

Percentage 

Molecular weight 

(g/mol) 

Weight required 

(mg) 

DLin-MC3-DMA 50 642.09 4.006 

DSPC/DOPC/DOPE 10 790.15/734.039/744.03 0.99/0.88/0.93 

Cholesterol 38.5 388.65 1.89 

PEG-2000-C-DMG 1.5 2509.2 0.47 

DiO/DiR 1/1.5 881.7/1013.41 0.11/0.19 
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𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑅𝑁𝐴

𝑇𝑜𝑡𝑎𝑙 𝑅𝑁𝐴 𝑖𝑛𝑝𝑢𝑡 𝑖𝑛𝑡𝑜 𝑡ℎ𝑒 𝑚𝑖𝑐𝑟𝑜𝑓𝑙𝑢𝑖𝑑𝑖𝑐 𝑠𝑦𝑠𝑡𝑒𝑚
∗ 100 

 

4.5. Alamar Blue Assay 

In order to measure the effect of the different LNPs on the metabolic activity of the different 

cell lines, Alamar blue assay was conducted. The different cell lines (250,000 RAW264.7 – M0, 

M1, M2 cells/ml; 100,000 AML12 cells/ml, 150,000 3T3 cells/ml and 100,000 H5V cells/ml) 

were cultured in a 24 well plate with the RAW264.7 macrophage being stimulated to the M1 

and M2 phenotype, as mentioned earlier. The cells were treated with PBS, DSPC, DOPC and 

DOPE LNPs at a concentration of 2µg NC-miRNA/ml for a period of 24h. After 20h of 

incubation, amount of Alamar blue solution to be added to each well for 1x concentration was 

calculated and added to each well. After 4h of incubation with Alamar blue reagent and 24h 

of total incubation time, 100µl of media was collected from each well in a 96 well, black 

bottom plate and measured for emission using the Victor 3 microplate reader with λex=530-

560 nm, λem=590 nm. The fluorescence measured in wells with PBS treated populations was 

set as 100% viable control. Fluorescence by LNP treated wells was measured and plotted 

against the control population. 

4.6. In vitro uptake study 

In order to understand the different uptake of the three LNP formulations in different cell 

populations representing the liver cells (RAW264.7, AML12, 3T3 and H5V cells), the LNPs were 

tagged with DiO, a lipophilic dye. The cell lines, their seeding densities and the different 

experimental conditions can be seen in Table 4. Their stimulation and activation was done as 

described in 4.2. The cells were treated with DiO labelled LNPs corresponding to a dose of 2µg 

NC-miRNA/ml for 4h. After the 4h, the cells were washed twice with PBS and detached using 

0.1% trypsin treatment (AML12, 3T3 and H5V cells) or using disposable policeman (RAW264.7 

cells) and suspended in 300µl of 2% FBS in PBS. The cells were then transferred into FACS 

tubes. The cells were analyzed using BD FACS Aria II flow cytometer and the FACS Diva 

software with the data acquisition set to 20,000 events (Figure 12). 

The appropriate gates were set using the negative control population (Figure 13 (a)). The 

events plotted from the untreated samples were negatively selected for by the gates. The 

treated samples showed were expected to show a shift in the spectrum due to the 

fluorescence of the LNPs taken up by them. 
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Figure 12: DiO labelled NC-miRNA carrying LNPs taken up by cells and analyzed by Flow cytometry: The different cells are 
treated with 2µg/ml equivalent of DiO labelled DSPC, DOPC and DOPE LNPs for 4h. The cells are washed and collected in FACS 
tubes. The cells are run through the flow cytometer and the data is analyzed by gating for fluorescence positive population 

 

Table 4: Cell lines and treatment conditions for stimulation for in vitro uptake study 

Cell line Condition Treatment 

RAW 246.7 (250,000 cells/ml) M0 (unstimulated) - 

 M1 (pro-inflammatory) 100ng/ml LPS + 20ng/ml INF-y 

 M2 (anti-inflammatory) 10ng/ml IL-4 + 10ng/ml IL-13 

3T3 (150,000 cells/ml) Unstimulated - 

 Starved No serum in media 

 TGF-β activated 5ng/ml TGF-β added to media 

AML 12 (100,000 cells/ml) Unstimulated - 

 OA/PA treated 0.2mM PA +0.4mM oleic acid 
added to media 

H5V (100,000 cells/ml) Unstimulated - 
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Figure 13: Gating strategy for DiO positive cells (a) Negative controls of RAW 263.7 M0, M1 and M2 phenotype, 3T3, AML 
12 and H5V cells (b) Cells positive for DiO lipophilic fluorescent dye by taking up the LNPs 

 

4.7. In vivo biodistribution study 

The organ specific distribution of the three LNP formulations in vivo was tested by conducting 

a biodistribution study. The lipid mix used to produce the LNPs for this study was 

supplemented with 1mol% DiR, a lipophilic dye, with emission in the near infrared range. 20 

C57BL/6J, 7 week old male mice were procured for the study. They were put on a high fat diet 

three days before the treatment, as the chow diet has autofluorescence. The mice were 

divided into 4 groups, with 5 mice each, as mentioned in Table 5. 

Table 5: Treatment groups for in vivo biodistribution study of different LNPs 

Group Pre-treatment (IP) LNP treatment (IV) 

Healthy Olive oil (100µl) DiR – NC-miRNA-DSPC LNPs 

DSPC CCl4 (0.2ml/kg) DiR – NC-miRNA-DSPC LNPs 

DOPC CCl4 (0.2ml/kg) DiR – NC-miRNA-DOPC LNPs 

DOPE CCl4 (0.2ml/kg) DiR – NC-miRNA-DOPE LNPs 

 

 

Figure 14: Timeline of in vivo biodistribution study: The disease groups were treated with CCl4 IP 24h prior to IV LNP 
administration. The mice were imaged at 1h, 4h and 24h time points post LNP injection. 

As shown in the timeline defined by Figure 14, acute liver injury was induced in the diseased 

groups by injecting 100µl of 0.2ml/kg bodyweight of CCl4 (for 20g mice) intraperitonially. The 

healthy group was injected with 100µl of olive oil intraperitonially. 24h after the pretreatment 
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with CCl4 and olive oil, the mice were injected with 100µl of DiR labelled LNP treatment 

corresponding to 1mg NC-miRNA/kg bodyweight (for 20g mice) intravenously. 

The mice were sedated using isoflurane and imaged at time points 1h, 4h and 24h from the 

time of LNP treatment using the PEARL Trilogy in vivo imager, set at 170µm depth for signal 

acquisition at 778nm for the DiR labelled LNPs. The mice were sacrificed by cervical dislocation 

after 24h and major organs – liver, kidney, spleen, lungs and heart were excised and imaged 

using the same in vivo imager. The signal was quantified using Image studio software, version 

5.2.5 by LI-COR biosciences. 

4.8. In vivo efficacy study 

4.8.1. Study design 

To test the therapeutic efficacy of antimiR-155 loaded DSPC LNPs, an animal study employing 

a semi-chronic liver injury mouse model was conducted. 35 C57BL/6J, 7-week-old male mice 

were procured for the study. The mice were divided into 5 groups of 7 based on Table 6. 

Table 6: Treatment groups for antimir155-LNP efficacy study 

Group Pre-treatment (IP) LNP treatment (IV) 

Healthy group Olive oil - 

Disease control CCl4 - 

Negative control CCl4 NC-miRNA LNPs 

Therapy group CCl4 antimiR-155 LNPs 

LNP control group CCl4 Naked antimiR-155 

 

 

Figure 15: Timeline of antimiR-LNP efficacy study: The mice were given CCl4 IP, once every week for four weeks. The therapy 
groups were administered with LNPs/naked antimiR-155 twice a week for the last two weeks of the study. 

As shown in the timeline defined by Figure 15, the healthy group was treated with 100µl Olive 

oil and the rest of the groups were treated with 100µl of 0.2ml CCl4/kg bodyweight (for 20g 

mice) intraperitoneally on Days 2, 9, 16 and 23. The treatment for the negative control, 
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therapy and the LNP control groups were administered intravenously corresponding to 1mg 

RNA/kg bodyweight (for 20g mice) on Days 15, 18, 22 and 25. The mice were weighed and 

sacrificed on day 26 by cervical dislocation and the major organs – liver, kidneys, spleen, lungs 

and heart were excised, weighed and cryopreserved for further analysis. 

4.8.2. Fluorescence Assisted Cell Sorting 

4.8.2.1.  Sample preparation 

The excised liver samples were cut into small pieces using scalpel and scissors and suspended 

in 1% BSA containing RPMI without FBS. The liver tissue pieces were transferred to the cap of 

TissueGrinder tubes. The tubes were overflowed with media and closed while keeping upside 

down. The tubes were placed in the grinding machine (TG, Fast forward discoveries GMBH) 

and homogenized using “optimized for liver sample” program. The homogenized samples 

were centrifuged right side up for 5 minutes at 300g. The pelleted samples were collected and 

transferred to new tubes and washed thrice with 1ml of 2% FBS in PBS along with 

centrifugation at 300g for 5 minutes. The cells were then fixed by treating them with a solution 

of 4% formaldehyde in PBS with 2% FBS for 20 minutes. The cells were centrifuged at 300g for 

5 minutes and washed thrice with 2% FBS in PBS and resuspended in the same solution with 

a volume of 1ml. To a new vial, 100µl of fixed cells from all disease controls and healthy 

controls were added and centrifuged for 5 minutes at 300g. The supernatant was discarded 

and cells were resuspended in 1425µl of 2% FBS in PBS and 75µl of it was aliquoted in vials 

corresponding to individual and combination treatment of marker based antibodies as listed 

in Table 7. The samples in individual vials were centrifuged at 500g for 5 minutes and washed 

thrice with 2% FBS in PBS. 1µl of antibodies corresponding to Table 7 were added to the vials 

and incubated at room temperature for 1h (only 30 minutes for Hoechst). After the incubation, 

the total volume of the vials was made up to 1ml and centrifuged at 500g for 5 minutes. The 

samples were washed thrice with 2% FBS in PBS and resuspended in 300µl of the same 

solution while being transferred to FACS tubes. 
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Table 7: Fluorophores and tags added to cells derived from mice liver based on different conditions for in vivo antimiR-155 
efficacy study  

Eppendorf number Tag added 

1 Hoechst 

2 CD45-FITC 

3 CD11b-PE 

4 F4/80-PE Cy7 

5 Tim4-AF647 

6 Ly6c-PERCP Cy5.5 

7 Ly6G-PE Dazzle 594 

8 CD3-PE Dazzle 594 

9 CD19-PE Dazzle 594 

10 NK1.1-PE Dazzle 594 

11 All except Hoechst 

12 All except CD45-FITC 

13 All except CD11b-PE 

14 All except F4/80-PE Cy7 

15 All except Tim4-AF647 

16 All except Ly6c-PERCP Cy5.5 

17 All except PE Dazzle 594 (Ly6G, CD3, CD19, NK1.1) 

18 All antibody and fluorophores 

19 No antibodies or fluorophores 

  

4.8.2.2. Gating strategy 

The samples missing a single fluorophore and the samples with only that fluorophore were 

used in conjunction to draw the gates, (eg: sample treated with All antibodies except Hoechst 

and sample treated with only Hoechst). The samples without the fluorophore showed the 

population negative for its expression and thus, a gate was drawn to exclude those events in 

the respective spectrum. The sample with only one fluorophore corresponding to the earlier 

sample was plotted on the same graph with the previously drawn gate and the strategy for 

gating was reconfirmed by having a population showing positive signal for the respective 

fluorophore. Nucleated cells were selected with the positive selection of Hoechst staining. The 

total leukocytes were filtered using the positive CD45 expression. Events negative for CD3, 

NK1.1, CD19 and Ly6G were selected by inverting the gate for them (NOT DUMP). This was 

done in a single step as antibodies against all four antigens had the same fluorophore and 

thus, were plotted in the same spectrum. The populations positive for CD11b, F4/80, Ly6C and 

Tim4 were gated individually based on the negative selection of events in samples not 

containing the respective antibody. To find liver resident macrophages, the NOT DUMP 

population was plotted on F4/80 vs Ly6c and events positive for F4/80 and negative for Ly6c 

were selected as P5. P2 was filtered out of P5 by Tim4 positive expression. P2 was plotted on 
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F4/80 vs Tim4 and selected as a single population, P3. For finding infiltrated monocytes, the 

NOT DUMP events were plotted on F4/80 vs Ly6c and cells negative for F4/80 and positive for 

Ly6c were selected as P1. P1 was selected as a single population P4 on a plot of F4/80 vs Tim4. 

4.8.3. Immunohistochemical staining 

The cryopreserved liver samples were cut into 6µm thick sections using a cryotome and placed 

on glass slides. The sections were dried at room temperature and fixed by acetone treatment. 

The sections were circled with a hydrophobic DAKO pen and rehydrated using PBS 

submersion. The sections were then treated with 1x primary antibodies – Goat anti mouse 

Collagen 1, rat anti mouse F4/80 and rabbit anti mouse iNOS and incubated overnight at 4°C. 

The next day, the sections were washed thrice with PBS and treated with 0.3% H2O2 

suspended in methanol in order to block the endogenous peroxidases. The sections were 

washed thrice with PBS and treated with the corresponding secondary antibody, diluted in 5% 

mouse serum containing PBS for 1h at room temperature. The sections were washed thrice 

with PBS and treated with the respective tertiary antibody diluted in 5% mouse serum 

containing PBS for 1h. AEC solution was prepared by mixing 4.5ml of milliQ to 0.5ml 1M 

sodium acetate and 0.25ml of AEC dissolved in DMF. The solution was filtered through 0.45µm 

filter and 5µl of 35% H2O2 was added to it. After the tertiary antibody treatment, the sections 

were washed thrice with PBS and treated with AEC solution for 20 minutes. After washing the 

AEC solution off, the sections were counterstained using Hematoxylin for 5 minutes. The 

excess stain was removed by washing under tap water. The sections were rid of any excess 

water and were mounted using Aquatex mounting medium and cover slip. The sections were 

dried overnight and scanned using Hamamatsu NanoZoomer Digital slide scanner 2.0HT to 

create vector images of them. The vector images were analyzed using ImageJ by creating a 

color profile quantifying the stained areas of a section and implementing it using a batch 

analysis. 
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5. Results and discussion 

5.1. Background literature 

Previous research at the TLR group conducted by Miranda Türkal and Eline Geervliet 

established miRNA-155 as a potential therapeutic target for immunomodulation in RAW 264.7 

murine macrophage cell line. The miRNA-155 levels in RAW 264.7 cells corresponded to the 

levels of TNFα and IL-6, well known inflammatory markers, owing to the fact that they are 

direct downstream effectors of the miRNA in question(62,63). PCR analysis of M1 polarized 

pro-inflammatory macrophages showed significant overexpression of miR-155, TNFα and IL6 

transcripts as compared to the M0 and the M2 phenotypes, as can be seen in Figure 16. Thus, 

in M1 macrophages, miRNA-155 acts by regulating the expression of pro-inflammatory 

cytokines.  

In a therapeutic strategy involving inhibition of miRNA-155, we would effectively decrease the 

levels of TNFα and IL6, limiting the pro-inflammatory behavior. The amelioration of 

inflammation would limit the damage to the liver tissue, in turn decreasing liver fibrosis and 

thus, mitigating the liver injury. 

 

Figure 16: Direct correlation between miR-155, TNFα and IL6 levels in M1 polarized RAW264.7 macrophages. M0 – RAW264.7 
cells with no treatment, M1 – RAW264.7 with 100ng/ml LPS + 20ng/ml INF-γ for 6h, M2 – RAW264.7 cells with 10ng/ml IL4 + 
10ng/ml IL13 treatment for 6h|***p<0.001 (significance tested by unpaired t test)  

After establishing the role of miRNA-155 in M1 macrophage induced inflammation, we 

wanted to analyze the effect of antimiR-155 treatment. In order to achieve this, antimiR-155 

was introduced in M1 stimulated macrophages using the commercially available high 

efficiency transfection agent, HiPerFect reagent. The antimiR-155 transfection treatment 

showed changes in the levels of previously described inflammation markers. The expression 

of miR-155, TNFα and IL6 was decreased not only at the transcript level, but also at the protein 

level as seen in Figure 17. TNFα and IL6 play a pivotal role in immune response during liver 

injury. They enhance macrophage activation and antigen presentation, as well as modulate 

the immune system via various downstream and parallel pathways. Thus, by delivering 

antimiR-155 to the M1 macrophages, a decrease in inflammatory behavior was observed 

which can be potentially exploited as a therapeutic strategy(63). 
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HiPerFect is a proprietary blend of cationic and neutral lipids, which encapsulates the nucleic 

acid cargo and efficiently delivers it inside cells. Due to the cationic nature of the lipids in the 

concoction, it is toxic to the cells at higher concentrations(88). It thus is not the ideal agent for 

delivering a therapeutic in vivo as well. In order to tackle this issue, we decided to explore 

LNPs for their drug delivery properties, while being safe to use at higher concentrations.  

 

Figure 17: Expression levels of miR-155, TNFα and IL6 in antimir-155 treated M1 macrophages. A) Transcript levels of miR-
155, TNFα and IL6 after 24h of 2µg/ml antimir-155 treatment B) Protein levels of TNFα and IL6 after 24h of 2µg/ml antimir-
155 treatment|Significance was determined with the unpaired t-test. *p<0.05, **p<0.01, ***, p<0.001 

Miranda Türkal, in her master’s thesis, showed that the therapeutic effect of antimiR-155 

delivery to M1 macrophages facilitated by DSPC LNPs followed a trend similar to when using 

HiPerFect based transfection (Figure 18), without affecting the metabolic activity of the cells. 

The transcript levels of miRNA-155, TNF-α and IL6 were decreased significantly and the 

protein levels of TNFα and IL6 were decreased significantly as well, post antimiR-155 DSPC 

LNP treatment. This pointed to the successful amelioration of inflammation in vitro, replicating 

the earlier results from HiPerFect based transfection treatment. This meant that the DSPC 

LNPs carrying antimiR-155 had the same level of therapeutic efficacy and no interference was 

caused by the encapsulation(63). 
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Figure 18: Expression levels of miR-155, TNFα and IL6 in antimir-155 LNP treated M1 macrophages and the safety of the LNPs 
(a) Transcript levels of miR-155, TNFα and IL6 after 24h of antimir-155 LNP treatment corresponding to 2µg antimiR-155/ml 
(b) Protein levels of TNFα and IL6 after 24h of antimir-155 LNP treatment corresponding to 2µg antimiR-155/ml (c) Alamar 
blue assay for antimiR-155 carrying DSPC LNP treatment|Significance was determined with the unpaired t-test. *p<0.05, 
**p<0.01, ***, p<0.001 

 

5.2. Lipid nanoparticle characterization 

5.2.1. DLS and Zeta potential 

As discussed in the last section, HiPerFect is not the ideal delivery agent for cargo delivery in 

vitro as well as in vivo, owing to its toxicity at high concentrations. This toxicity stems from the 

cationic lipids present in the proprietary concoction(88). In order to circumvent this issue, 

LNPs employing ionizable cationic lipids were explored as a potential delivery agent. Lipid 

nanoparticles have been recognized as ideal carriers for nucleic acid cargo such as DNA, mRNA 
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as well as siRNA due to characteristics such as biocompatibility, biodegradability and 

encapsulation efficiency(69). Different formulations were engineered and tested for their 

physiochemical properties in order to achieve the same delivery efficiency as HiPerFect, 

without being toxic to the cells.  

 

 

Figure 19: Characterization of LNPs: A) Composition of Lipid mix for different LNPs (DSPC, DOPC, DOPE) B) Size distribution for 
DSPC LNPs using DLS C) Size distribution for DOPC LNPs using DLS D) Size distribution for DOPE LNPs using DLS  

Three different formulations of LNPs were engineered based on different helper lipids. 

Onpattro Patisiran is the gold standard for RNA-LNP therapy right now in the market. The first 

LNP formulation, with DSPC as the helper lipid, was based on it(70). The other two 

formulations had the same molar concentrations for the various components, except for using 

DOPC/DOPE as the helper lipids with proportions mentioned in Figure 19 (A). These helper 

lipids were chosen based on result by Kulkarni et al. and Zhang et al, who showed that LNPs 

with them perform better in terms of transfection efficiency as well as passive 

targeting(85,86). Although, they used different ionizable lipids as well as different molar ratios 

for their LNPs. In order to compare the properties imparted by of the three helper lipids, the 

molar ratio of all the components was kept the same and only the type of helper lipid was 

swapped, thereby eliminating as many variables as possible(85,86). Therefore, we had the 

gold standard of RNA therapy delivery (with DSPC) contending with two formulations with 

different helper lipids – DOPC and DOPE. 

DSPC, DOPC and DOPE, all three are phospholipids. DSPC and DOPC are phosphatidylcholine 

whereas DOPE is a phosphoethanolamine. DSPC has two saturated acyl chains which allows it 

to form a bilayer structure with cylindrical geometry, increasing the stability of the LNPs. DOPC 

and DOPE have unsaturationed acyl chains with a small head group, which together contribute 

to them adapting a hexagonal phase while forming a non-bilayer structures and escape from 

D. 
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the endosome much more easily(74). The change in these lipids also warrants a change in the 

physiochemical interactions of the LNPs formed(85,86). The change in the helper lipids was 

translated into different zeta potentials for the LNPs, which meant that they would interact 

with different proteins, thereby have a different protein corona. A difference in protein corona 

means the three LNP types would interact with different receptors on different cells, allowing 

for selective uptake or exclusion, which is what we intended to characterize(89).  

The lipid mix used for the production of the LNPs had a concentration of 12.5mM/ml, based 

on multiple different studies employing the same concentrations without any adverse side 

effects(90–92). As observed in Figure 19 (B, C, D), the size of the LNPs produced, measured 

using DLS, lay in the range of 70 – 140nm. Even though there were minor differences in size 

of the LNPs, the range which they lay in is ideal for systemic drug delivery via intravenous 

administration and for passively targeting the liver for accumulation of the LNP(73,93). The 

PDI for all the formulations lied below 0.2, which implies a narrow size distribution and high 

homogeneity of the LNP size. The zeta potential of the LNPs was measured to be between 

5mV and -5mV, which is considered to be the neutral range, when suspended in PBS(94,95). 

These measurements were also conducted in 0.9%NaCl as the suspension buffer, which gave 

significantly more negative results for DOPC and DOPE LNPs as seen in Table 8. Neutral to 

slightly negative zeta potential of LNPs has been tied to delivery of cargo with minimal toxic 

side effects on the cells taking them up(96). Neural LNPs are considered the safest but due to 

the absence of charge, have a lower uptake. Slightly negative LNPs can interact more 

efficiently with phagocytic cells and hence, have a higher uptake(97). With this, we can say 

that the LNPs produced here are much better than the HiPerFect agent with cationic lipids 

mentioned earlier. Therefore, LNPs with acceptable physiochemical properties including 

uniform size, within the expected size range and slightly negative to neutral zeta potential 

were produced. 

The negative values of zeta potential for DOPC and DOPE LNPs in the 0.9% NaCl suspension 

highlights the importance of the suspension buffer in measuring different physiochemical 

properties. PBS is composed of multivalent ion which when recruited to form the stern layer 

and the slipping plane around the LNP, would have a nonlinear relationship in terms of charge 

per molecule and thus, would give an inaccurate account of the zeta potential. The NaCl buffer 

houses only monovalent ions, which would have a linear relationship between the ions 

involved in forming the stern layer and the slipping plane, giving the proper result for zeta 

potential measurement(85,86,95). Thus, in order to get a holistic picture about the properties 

of nanoparticles to be used in biological context, the zeta potential measurements should be 

conducted in biological buffers like PBS but also in monovalent ionic buffers like 0.9% NaCl. 

These differences in zeta potential in different suspension buffers would translate into certain 

interactions being looked over or being overestimated. If only PBS was used for a certain LNP 

and a neutral zeta potential was reported, while NaCl would have reported a negative value, 

we would assume that a significant number of blood proteins would adsorb on its surface, 

owing to their negative charge. But, since the actual zeta value is negative, the LNP would 
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hardly have any of the blood proteins in its corona. This misjudgment in interactions could 

hinder in our understanding of the manifestation of physiochemical properties, both in vitro 

and in vivo.  

Table 8: Physical characterization of different LNPs 

LNP Type Size (nm) PDI Zeta Potential (mV) 

   In PBS In 0.9% NaCl 

DSPC LNPs 137.5±2.6 0.097±0.001 -2.81± 0.88 -4.7±1.45 

DOPC LNPs 105.5±1.5 0.096±0.001 -5.83±0.32 -11.07±2.65 

DOPE LNPs 74.54±0.5 0.134±0.02 -2.7±1.01 -8.15±0.365 

 

5.2.2. Encapsulation efficiency of LNPs 

In order to determine the encapsulation efficiency of the LNPs in question, Ribogreen assay 

was performed to measure the miRNA content being loaded in them. During this assay, a 

known amount of LNPs are treated with TE buffer and TritonX surfactant in separate wells. 

The former does not affect the LNPs, but the latter being a surfactant, changes the surface 

tension of the LNPs, rupturing them and letting the cargo leak out(98). The Ribogreen reagent 

binds to the free nucleic acids and gives a fluorescent signal proportional to its concentration. 

The comparison between the TE suspended LNPs and the TritonX suspended LNPs gives us 

the encapsulation efficiency(99).  

The LNPs with antimiR-155 could not have their encapsulation efficiency quantified using the 

Ribogreen assay due to the ZEN tag in the sequence, interfering with the fluorescent signal in 

the assay. Instead, the NC-miRNA was encapsulated using the same exact conditions and 

analyzed via the Ribogreen assay. The assay showed a 97% encapsulation efficiency and 87% 

loading efficiency for each of the LNP formulations, which is quite impressive considering the 

Pfizer’s mRNA vaccine for COVID 19 boasted of an encapsulation efficiency of 88%(100–102). 

Since the NC-miRNA has the same length as the antimiR-155 and this being the only difference 

between the LNPs, they would effectively have the same encapsulation efficiency. 

5.3. Effect of LNP treatment on metabolic activity 

Earlier formulations of LNPs employed cationic lipid in order to have a better loading of 

negatively charged nucleic acids and a better uptake efficiency by interacting with the anionic 

cell membranes. But, they had a pitfall for being toxic in vitro as well as in vivo(103,104). The 

MC3 lipid used in the engineered formulations here is a type of ionizable cationic lipid, 

positively charged in acidic environment, which is exploited during loading of the nucleic acids 

as well as the endosomal escape. But it is neutral at physiological pH (pH7)(70). In order to 

test the effect of the LNP treatment on the metabolic activity of the different cell lines, Alamar 

Blue assay was conducted. Four different murine cell lines representing the major populations 

of the liver – RAW264.7 macrophages (M0 unpolarized, M1 proinflammatory, M2 anti-
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inflammatory) (representing Kupffer cells), AML12 hepatocytes, 3T3 fibroblasts (representing 

stellate cells) and H5V endothelial cells were subjected to NC-miRNA LNP treatment (2µg/ml) 

for each of the LNPs (DSPC, DOPC, DOPE) for a period of 24h.  

 

Figure 20: Alamar blue assay results for DSPC, DOPC and DOPE LNP treatment of different cell lines. (a) RAW 264.7 M0 
phenotype murine macrophages treated with DSPC, DOPC and DOPE LNPs (b) RAW 264.7 M1 polarized murine macrophages 
treated with DSPC, DOPC and DOPE LNPs (c) RAW 264.7 M2 polarized murine macrophages treated with DSPC, DOPC and 
DOPE LNPs (d) AML 12 murine hepatocytes treated with DSPC, DOPC and DOPE LNPs (e) 3T3 murine fibroblasts treated with 
DSPC, DOPC and DOPE LNPs (f) H5V endothelial cells treated with DSPC, DOPC and DOPE LNPs. Significance levels tested using 
one way ANOVA * p<0.05 

As observed in Figure 20 No discernable change in the metabolic activity was observed in any 

of the cell lines and thus, we concluded that the LNPs did not affect the viability of the cells. 

This is also corroborated by results from Francesca et al. where MC3 based LNPs did not show 

any negative side effects to the doses of 5mg siRNA/kg in vivo(105). They were biocompatible 

and safe to be used for delivering therapeutic molecules.  

 

5.4. Differential Uptake of LNPs with different helper lipids by 

hepatic cells 

DSPC, DOPC and DOPE LNPs used for this study were incorporated with 1.5mol% DiO, a 

lipophilic fluorescent dye. This was implemented in order to identify the cells taking up the 
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LNPs (106). The dye was added to the lipid mix before the LNPs were produced and any trace 

of free dye was removed by dialysis, to avoid any unintended fluorescence. 

Four different cell populations were used for the in vitro uptake study – RAW 264.7 murine 

macrophages, AML 12 murine hepatocytes, 3T3 murine fibroblasts and H5V murine 

endothelial cells. These populations represent the constituents of a functional liver system 

with Kupffer cells, hepatocytes, stellate cells and LSECs respectively(2). These cell lines were 

subjected to different stimuli in order to emulate a range of conditions found during liver 

injury which can be seen in Table 4(16). 

The cell lines, with different stimuli were treated with 0.2µg NC-miRNA DiO tagged LNPs for 

4h each and were analyzed via a flow cytometer. The treatment groups showed a significant 

shift in the spectrum of the specified channel due to the fluorescence of DiO, as compared to 

the untreated samples (Figure 13). On the accord of this shift, the gated population was 

deemed to be positive for the LNPs. The M2 macrophages show a small population of cells 

positive for fluorescence in the control samples. This could be due to autofluorescence of the 

cells based on byproducts specific to the M2 phenotype like a high concentration of cyclic 

compounds such as NADPH, aromatic compounds, or increased mitochondrial 

population(107). This is taken into account while analyzing the positive populations. The 

uptake of the cell populations was gauges on two parameters – the number of cells positive 

for fluorescence due to DiO emission and the intensity of the positive cells, which indicates 

the number of LNPs taken up per cell. The uptake of the three engineered LNP formulations 

per cell line are discussed in further detail below.  

5.4.1. LNP uptake by AML 12 Hepatocytes 

Hepatocytes make up almost 80% of the cellular population in the liver and function as the 

filtration units(2). AML12 murine hepatocytes were subjected to the LNP treatment in order 

to determine the difference in their preferential uptake. In order to emulate the fatty liver 

conditions, the AML12 hepatocytes were treated with 0.2mM palmitic and 0.4mM oleic acid, 

which are known to cause steatosis(108). For control, a population of healthy hepatocytes was 

also included in the experimental conditions.  

In Figure 21 (a), one can see that DSPC has the lowest uptake population and DOPC having 

the highest in both conditions. DOPE LNPs show a slight decrease in uptake in the fatty liver 

condition, which is significantly different from the DSPC and the DOPE LNPs. The per cell 

uptake shows an overwhelming level for DOPC without any change with the fatty liver 

condition. DSPC and DOPE LNPs show a decrease in per cell uptake with the fatty liver 

condition but the former does perform better in relative comparison. 

The Onpattro formulation, named Patisiran uses DSPC as the helper lipid and has a well 

characterized mechanism of uptake for the hepatic cells, which involves the Apolipoprotein E 

(ApoE). The cholesterol in the DSPC LNPs recruits ApoE to coat the PEG-2000-C-DMG 
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molecules on the surface. The ApoE interacts with the Low Density Lipoprotein receptor (LDLr) 

on the hepatic cells and initiates the phagocytosis, taking up the LNP in an endosome(70). 

 

Figure 21: (a): AML12 - Percent positive population for LNP uptake in untreated AML 12 cells; AML12 OA/PA - Percent 
positive population for LNP uptake in OA/PA treated AML 12 cells (b): AML12 - Fluorescence intensity plot for untreated AML 
12 cells; AML12 OA/PA Fluorescence intensity plot for OA/PA treated AML 12 cells| Significance levels tested using one way 
ANOVA * p<0.05 

Since this method is dependent on cholesterol and PEG-2000-C-DMG in the DSPC LNPs, one 

would consider that the same would be applicable with respect to the DOPC and DOPE LNPs 

as well, but we see a significant difference in the uptake for the aforementioned treatment 

groups. Since the size of all three formulations lay in the range specific to liver accumulation, 

the only distinction in the physiochemical properties would be the zeta potential. The 

difference in helper lipids is hypothesized to create a different physical structure of the LNPs, 

thereby modifying the interactions between the different components which might be the 

reason for the zeta potential of the DOPC and DOPE LNPs being substantially negative as 

compared to the DSPC LNPs(74). 

Since DOPC LNPs have a higher uptake in both, the total population as well as per cell, they 

might be employing a secondary pathway as well. There have been no reports so far 

characterizing the interaction that initiates this secondary pathway but, there have been 

mentions of negatively charged LNPs utilizing a secondary uptake pathway mediated via the 

stabilin-1 and stabilin-2 scavenger receptors in case of macrophages and endothelial 

cells(109). This leads to the theory that the scavenging receptors on hepatocytes might play a 

role in the above mentioned secondary pathway. 

5.4.2. LNP uptake by RAW264.7 macrophages 

RAW264.7 cells represent the resident liver macrophage population, also known as the 

Kupffer cells. They are hypothesized to take up a considerable proportion of the LNPs during 

the treatment due to their well characterized phagocytic activity(79). This is also the 

population we would like to target with the antimiR-155 in order to modulate the 

inflammatory response(19). In order to have a better understanding of which sub population 

of the macrophages would the LNPs target, we stimulated the RAW cells into three different 

phenotypes – M1 proinflammatory, M2 anti-inflammatory and M0 unstimulated.  
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In Figure 22 (a), we observe DSPC LNPs with the lowest uptake population in all three 

phenotypes, with the M1 population being significantly lower than DOPC and DOPE 

populations. The DOPC and DOPE LNPs showed comparable uptake in all three phenotype 

populations. In Figure 22 (b), the uptake of the said LNPs per cell can be seen. DOPC LNPs 

dominates the per cell uptake in every phenotype population, with the DSPC and DOPE having 

a comparable uptake per cell. In M1 and M2 macrophage populations, the per cell uptake for 

all three LNPs decreases substantially as compared to the M0 phenotype population, more in 

the former than the latter. The relative uptake ratio per cell was however maintained in all 

three phenotypes. 

The M2 macrophages show a higher uptake per cell than the M1 macrophages in the case of 

all three LNPs. This might be due to their more prominent role in clearing of debris and hence, 

a higher phagocytic activity(110,111). This can be attributed to an increase in the expression 

of receptors facilitating endocytosis, like, scavenger and lectin receptors, in the M2 polarized 

macrophages(110,112,113). 

 

Figure 22: a): M0 - Percent positive population for LNP uptake in untreated RAW264.7 cells; M1 - Percent positive population 
for LNP uptake in M1 polarized RAW264.7 cells (3) M2 - Percent positive population for LNP uptake in M2 polarized RAW264.7 
cells (b) M0 - Fluorescence intensity plot for untreated RAW264.7 cells; M1 - Fluorescence intensity plot for M1 polarized 
RAW264.7 cells; M2 - Fluorescence intensity plot for M2 polarized RAW264.7 cells| Significance levels tested using one way 
ANOVA * p<0.05 

The DOPC LNPs show no inhibition or selectivity in the population or the intensity of uptake, 

maintaining the highest levels in both plots. The DOPE LNPs show a better uptake in the M1 

phenotype than the M2. They also perform better than the DSPC LNPs in both the populations. 

As mentioned above, the M2 macrophages have a higher phagocytic activity, even so, the 
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uptake of the DOPE LNPs is higher in the M2 population(110,112,113). This could potentially 

point to their selectivity towards the M1 macrophages.  

5.4.3. LNP uptake by 3T3 fibroblasts 

The fibroblasts in this experiment are proxy for the stellate cells found in the sinusoidal walls 

within the subendothelial space of Disse in the liver. Their main function is to secrete collagen 

when activated by inflammatory mediators, in order to compensate for the damaged 

regions(17). 

As mentioned in Table 4, three different conditions with the 3T3 cells were taken into 

consideration. The first condition refers to the non-activated 3T3 cells grown in complete 

media. The second refers to starved cells where the growth media did not have FBS and finally 

the third condition refers to their activation via TGF-β treatment. The TGF-β activates 

fibroblasts, making them produce extracellular matrix (ECM) and promoting 

proliferation(114). 

 

Figure 23: (a): 3T3 - Percent positive population for LNP uptake in untreated 3T3 cells; 3T3 starved - Percent positive population 
for LNP uptake in starved 3T3 cells; 3T3 activated - Percent positive population for LNP uptake in TGF-β activated 3T3 cells (b): 
3T3 - Fluorescence intensity plot for untreated 3T3 cells; 3T3 starved Fluorescence intensity plot for starved 3T3 cells; 3T3 
activated Fluorescence intensity plot for TGF-β activated 3T3 cells | Significance levels tested using one way ANOVA * p<0.05 

From Figure 23 (a), one can notice the starvation condition affects the uptake of DSPC LNPs 

but not the DOPC or DOPE. They maintain the same level of uptake as in the untreated 

population. However, there is a significant drop in the per cell uptake for all three LNPs.  

Fibroblasts have been known to employ LDLr initiated endocytosis and the drop in uptake 

seen in starved cells could point to the fact that all three LNPs employed the ApoE-LDLr 

pathway. However, DOPC and DOPE LNPs did manage to maintain high levels of uptake in 
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starved conditions which points to an internalization pathway independent of the LDLr. Some 

reports have defined a Lipoprotein lipase mediated uptake of Lipoproteins, independent of 

LDLr, which might also be employed in the DOPC and DOPE LNPs’ case as well(115). Another 

plausible explanation might be the involvement of yet to be characterized scavenger 

receptors, unaffected by the absence of serum proteins. 

For the TGF-β activated population, the uptake trend seems to be close to the untreated 

condition, with the per cell uptake being lower, possibly due to the cells focusing on secreting 

ECM rather than taking up LNPs.  

5.4.4. LNP uptake by H5V endothelial cells 

The H5V cells represent the RES or reticuloendothelial system in the liver. They have 

phagocytic activity owing to their lineage being connected to monocytes(116). In Figure 24, 

one can see the population uptake for the LNPs and the per cell uptake via the intensity of 

fluorescent signal respectively for the three LNP populations in the H5V cell population.  

DSPC and DOPC LNPs show a comparable population uptake and surprisingly DOPE has a lower 

uptake. DOPC dominates in the per cell uptake. However, the per cell uptake for DSPC and 

DOPE are comparable as in most other cell types. This could potentially be due to the fact that 

endothelial cells might have aversion to LNPs with phosphatidylethanolamine helper lipids, as 

the other two are categorized as phosphatidylcholine.  

Endothelial cells are known to express scavenger receptors on their surface and there have 

been reports showing that anionic LNPs have a preferential uptake via them(116). Pattipeiluhu 

et al. showed the uptake of anionic LNPs in macrophages was mediated via stabilin 1 and 2 

receptors, which are also expressed by LSECs(109,116). The DOPE LNPs however showed an 

unexpected decrease in their uptake which could mean that their uptake via the scavenger 

receptors is much slower, possibly due to an undefined rate limiting step(117). 

 

Figure 24: (a): Percent positive population for LNP uptake in untreated H5V cells (b): Fluorescence intensity plot for 
untreated H5V cells | Significance levels tested using one way ANOVA * p<0.05 
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5.4.5. DSPC vs DOPC vs DOPE LNP – Total signal comparison for 

delivery of therapy 

 

Figure 25: Total signal (average positive population x average fluorescent signal from the positive population) from the 
population that took up the DSPC, DOPC and DOPE LNPs (a) Total signal from the cells that took up DSPC LNPs (b) Total 
signal from the cells that took up DOPC LNPs (c) Total signal from the cells that took up DOPE LNPs 

Besides the per cell uptake, it is essential to investigate the comparative uptake of each LNP 

in different cell types. In Figure 25 we can observe all the cell populations in the experimental 

setup simultaneously with the three LNP populations. The graphs have their abscissa 

representing the average positive population combined with the average signal from the 

respective population, and the coordinate represents the different cell populations with their 

treatment conditions. 

A point to note is that the scale for the three graphs is not at the same. This is due to the fact 

that the total signal (average positive population x average signal from the positive 

population) lies in very different ranges for the three LNPs and differences between their 

uptake would not be apparent if plotted at the same axis. 

For DSPC LNPs, the highest uptake is seen in 3T3 fibroblasts, followed by healthy AML 12 

hepatocytes and then the macrophages. The highest uptake being in 3T3 fibroblasts points to 

a gap in knowledge due to no specifically characterized interactions between them and the 

LNP components leading to endocytosis being mentioned in the literature. However, this does 

help us in deciding for a candidate to deliver antimiR-155. Bala et al. recently showed that 

miRNA-155 has an integral role in the activation of stellate cells via STAT3 signaling and its 

inhibition attenuated liver fibrosis(118). 

The uptake by untreated hepatocyte (AML12) was based on the well-defined LDLr-ApoE 

mechanism and since this formulation was specifically designed for a therapy targeting 

hepatocytes, their high uptake is well within the expectations(70). The OA/PA treated 

hepatocytes show a decreased uptake, most likely due to the intracellular deposition of fats 

and steatosis, which would help target the other cell types in a diseased condition(108). 
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The macrophage and the endothelial cell populations have a comparable uptake, close to the 

level of hepatocytes. They are naturally phagocytic in nature with multiple receptors 

facilitating it, as mentioned earlier. Delivery to them over the other populations could help 

modulate the inflammation during liver injury(79,116). 

The DOPC LNPs in Figure 25 (b) show the highest uptake in the untreated hepatocytes, 

followed by the OA/PA treated hepatocytes. The lower uptake could be due to the previously 

mentioned steatosis(108). The other cell populations have a significantly lower uptake, 

highlighting the high selectivity. The rest of the cell types have a somewhat comparable total 

signal, pointing to the non-specific uptake like trend seen in individual graphs. The scale of the 

plot here is much about 10x more as compared to DSPC and DOPE LNP plots. One could argue 

that the DSPC LNPs are highly efficient in their delivery, with the per cell uptake being 

substantially higher than the other due to a more efficient process of non-bilayer structure 

formation for endosomal escape(86). 

In Figure 25 (c), the DOPE LNPs show the highest total signal in M1 macrophages and the 

lowest in OA/PA treated hepatocytes, which makes them perfect to target pro-inflammatory 

macrophages in a steatosis-based disease condition for the liver. The total signal of all other 

populations is comparable to each other and significantly lower than that of the M1 

macrophages. The most enticing reason to use this as the delivery agent for a therapy would 

be the low uptake in the endothelial cells, which usually have a comparable uptake to the 

macrophages due to scavenger receptors being expressed on their surface as the allowing for 

a larger portion of each dose administered to the pro-inflammatory macrophages. This would 

decrease the total number of doses of therapy due to high targeting efficiency. 

Taking into consideration the uptake distribution for each of the LNPs in different cell lines and 

conditions, DSPC LNPs seem to be the best option to go forward with. They are taken up by 

the fibroblasts, which would help target the activation of stellate cells and the macrophages 

taking up the LNP would have a lower level of pro-inflammatory behavior in vivo. Thus, the 

DSPC LNPs carrying antimiR-155 would have a dual effect on tackling the progression of 

fibrosis during a liver injury(63,70,118). 

 

5.5. In vivo biodistribution study 

To study the in vivo organ distribution of DSPC, DOPC and DOPE LNPs in C57BL/6J mice, DiR, a 

lipophilic fluorescent dye was used for near infrared (NIR) imaging. About 100µl of DSPC, 

DOPC and DOPE LNPs equivalent to 1mg NC-miRNA/kg were administered to the mice 

intravenously and the signals were captured by using the PEARL trilogy whole animal NIR 

imaging system. An acute liver injury model including C57BL/6J mice was used for this study. 

The mice were imaged at 1h, 4h and 24h post LNP injections. The 1h time point is used to map 

out the early distribution of the LNPs and provide insights into rapid accumulation in certain 
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tissues, which might be indicative of potential safety concerns or off target effects. The 4h 

time point allows the LNPs to have sufficient time to circulate through the body, interact with  

 

Figure 26: (a) Representative in vivo localization images for each treatment condition at 1h, 4h and 24h time points (b) 
Quantification of signal localized in the liver region for DSPC, DOPC and DOPE LNPs at 1h, 4h and 24h time point 

different organs and tissues to reveal any patterns and trends in accumulation, clearance or 

redistribution. It helps understand if the LNPs have a rapid elimination or are they being 

retained by specific tissues. The 24h assessment provides a relatively longer term view of the 

LNP retention. It helps in identifying if the LNPs have a tie dependent accumulation in specific 

organs or if 24h was long enough for them to be cleared out of the system(119,120).  

In Figure 26 (a), representative images of the different groups at 1h, 4h and 24h can be 

observed. For DSPC and DOPC LNPs, a similar localization can be observed throughout the 

time points. On the other hand, for DOPC LNPs, we observe a secondary localization, possibly 

in the spleen which is quite evident at each of the three time points.  

All three LNPs had their size in the range of 70-140nm, which is ideal for systemic 

administration via IV as well as passive accumulation in the liver(73,93). The zeta potential 

however was quite different, as seen in Table 8. The differential interactions with the serum 

proteins would be based on the zeta potential and the structural variation between PE and PC 

compounds used for LNP production(121). Variability in interaction with serum proteins 

translates into the different biodistribution of the LNPs visible in Figure 26. 

In Figure 26 (b), one can see at 1h, the CCl4 treated groups with a low signal in the liver, 

possibly due to the liver injury causing vasoconstriction and compromising the 

accessibility(122). The signal from the healthy group was quite close to its maxima even at 1h. 

At 4h, the CCl4 treated groups reached their maximum signal, hence, maximum accumulation 

of LNPs. At 24h, there is a slight drop in the signal in every group except the healthy, possibly 
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due to the LNPs attaining equilibrium with the filtration function of the liver and the blood 

flow, owing to the increase in iNOS levels. The iNOS levels increase in response to 

inflammation and is a potent antagonist for vasoconstriction(123). 

Within the CCl4 treated groups, the DSPC LNP treated group showed the highest localization 

in the liver at 1h, 4h and 24h. DOPC LNPs, which performed exponentially better than the 

other two in vitro had the lowest signal throughout. DOPE LNPs performed better than DOPC 

LNPs but significantly poorer than DSPC LNPs. Thus, DSPC LNPs performed the best in terms 

of highest residence time in the liver over a period of 24h. 

 

Figure 27: (a) Representative images of fluorescent signal in excised organs from each condition in the order of (Left to right) 
Liver, Kidneys, Spleen, Lungs and Heart (b) Relative localization of fluorescent signal in the excised organs (c) Quantification 
of Fluorescent signal in the liver for each condition| Significance levels tested using one way ANOVA * p<0.05 

To get a better view of inter-organ localization of the LNPs, the major organs, namely the liver, 

kidneys, spleen, lungs and the heart were excised and imaged. As can be seen in Figure 27 (a) 

and (b), the DOPC LNPs have a comparable signal intensity in the spleen and the liver and 

thus, the secondary localization is prominent in whole body images for the corresponding 

group. The DSPC and DOPE LNPs show the highest intensity of the signal in the liver. Figure 27 

(b) shows the major localization of the signal being present in the liver, with some discernable 

signal in the spleen as well. The signal in the spleen is expected due to the high macrophage 

population in it, but the levels are far too low in comparison to the liver. This can be justified 
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by the size range of the LNPs being from 70-140nm, ideal for accumulation in the liver(73,93). 

The secondary accumulation in the spleen can be explained due to the high phagocytic 

macrophage population found over in it. In Figure 27 (c) we can observe the fluorescent signal 

in the excised livers from different treatment groups, showing the DSPC LNPs to be the best 

performers, with the highest fluorescent signal correlating to highest LNP accumulation after 

24h. Thus, the DSPC LNPs showed the best biodistribution in regard to passive targeting of 

liver over the course of 24h. 

Another interesting aspect of the biodistribution observed is the variation in uptake behavior 

of the LNPs when compared in vitro and in vivo. Since the DOPC LNPs showed the highest 

uptake in terms of total population as well as per cell uptake in hepatocytes in vitro, as 

observed in section 5.4.5, one would have hypothesized them to have the highest 

accumulation in the liver as hepatocytes make up 80% of the total liver population. They 

would also have the highest intensity due to the higher uptake efficiency highlighted in the 

previous experiment but this wasn’t the case. The substantial splenic uptake of the DOPC LNPs 

makes them an unreliable delivery agent in the context of targeting the liver or the spleen 

independently. This biodistribution however goes against the results obtained by Zhang et al. 

and Kulkarni et al. who showed that DOPE and DOPC LNPs would perform better than DSPC 

LNPs in terms of preferential biodistribution in the liver(85,86). Zhang et al, showed that the 

replacement of DSPC with DOPE decreased splenic biodistribution by five times and increased 

accumulation in the liver by two times which is clearly not the case in our study. The possible 

explanation for this might lie in the ionizable lipids as well as the PEG lipids used in formulating 

the LNPs. By using different lipids, the interactions with the serum proteins changes 

considerably, leading to the change in their biodistribution. The ionizable lipid might have a 

smaller role to play here due to being localized inside the LNP structurally, but the PEG lipids 

are on the surface and have been characterized to interact with multiple proteins and hence, 

changing them would play a significant role in organ and cellular localization(124).  

The DSPC LNPs had the optimal biodistribution required for passive targeting of the liver and 

thus, were employed for the delivery of antimiR-155 and testing its efficacy. 

 

5.6. In vivo efficacy of antimiR-155 LNPs 

5.6.1. Study design 

After compelling evidence suggesting DSPC LNPs to be the best delivery agents for antimiR-

155, an in vivo study based on a semi-chronic liver injury model using C57BL/6J mice was 

designed. The treatment timeline can be seen in Figure 15. The mice were injected with 

0.2ml/kg CCl4 intraperitonially once a week for four weeks, and treated with the therapeutic 

LNPs corresponding to 1mg miRNA/kg bodyweight of the mice in a total volume of about 

100µl twice a week in the last two weeks of the study. 
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The mice were divided into five groups as can be seen in Table 6. The healthy and the disease 

control groups were not given any therapeutic treatments. The mice were sacrificed on day 

24 and the organs were collected and cryopreserved. 

5.6.2. Weight distribution over time 

 

Figure 28: (a) Relative change in body weight of mice over the course of study, normalized with weight on the day of first 
therapeutic dose (b) Relative change in liver weight to body weight ratio in different treatment groups| Significance levels 
tested using one way ANOVA * p<0.05 

The body weight throughout the study did not show any relevant significant differences, 

meaning that the metabolic processes in the mice were not perturbed to an extreme level. 

However, when observing the antimir-155 LNP treatment group individually, one can see via 

Figure 28 (a), the bodyweight decreases up until the first therapeutic dose, after which, the 

bodyweight increased consistently just like the other groups. CCl4 is a chemical agent used to 

induce liver injury in animal models and one of the characteristics of the loss of hepatic 

function during prolonged fibrogenesis is loss of weight(125). The fact that the antimiR-155 

LNP treatment group showed a possible reversal of weight loss due to CCl4 induced liver injury 

indicates the efficacious nature of the treatment in respect to hepatic functioning.  

The liver weight to bodyweight ratio is a measure of severity of the liver injury. During the 

induction of liver injury by CCl4, an increase in liver weight and a decrease in total bodyweight 

is a characteristic outcome(125,126). When plotted in Figure 28 (b) the liver to body weight 

ratio showed an interesting trend where the NC-LNP treated group had the highest ratio and 

the treatment with antimir-155 LNPs as well as naked antimir-155 had a lower ratio, the latter 

more pronounced than the former. These differences are significant when assessed with one 

way ANOVA (post hoc Tukey for multiple comparisons). An increase in the liver to bodyweight 

ratio could indicate prominent liver injury in the treatment groups. Thus, the naked antimiR-

155 and the antimiR-155 LNP treatment groups having a lower ratio could indicate either a 
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less severe liver injury, or recovery of the injury due to the treatments. Considering the latter 

to be the more plausible explanation due to the same dosing of CCl4 for each group, it could 

hint at the fact that naked antimir-155 treatment might be more efficacious as compared to 

antimir-155 LNPs in the context of body weight due to increased stability by 2′OMe 5′inZEN, 

3′ZEN modification pattern. The naked antimiR-155 would have a sustained systemic effect 

due to absence of a targeting mechanism, and remain in circulation due to the modifications 

making it resistant to degradation by extra and intra-cellular nucleases(68). 

5.6.3. FACS analysis of excised liver samples 

Liver is an immune-rich organ with a diverse array of immune cells. In order to gain insight 

about how the monocyte/macrophage immune cell profile of the liver varied in different 

treatment groups, fluorescence assisted cell sorting was employed.  

Small samples from the excised liver were treated as described in the methods as a 

prerequisite for Fluorescence assisted cell sorting analysis. As can be seen in Table 7, multiple 

fluorophores were used for tagging the cells in order to determine different populations in the 

sample tissue. 

Figure 30 shows the plots from a sample treated with all the antibodies and the shift in the 

plots is clearly visible as compared to Figure 29, hence, affirming the gating strategy employed 

for separating the negative and the cells positive for the fluorophores. These cells were then 

represented as a function of two or more fluorophores in order to filter out different 

populations among them. 

The gating hierarchy can be observed in Figure 31. The gating strategy involved selecting the 

nucleated cells using the Hoechst positive events, which were plotted onto a CD45 spectrum. 

CD45, also known as the leukocyte common antigen, is present on almost all cells covered in 

the immunological and hematological domain, except for mature erythrocytes and 

platelets(127,128). The CD45 positive cells, hence, the leukocytes, were plotted on a DUMP 

plot, which contained fluorophores for immune cells to be excluded from the analysis – T cells, 

B cells, natural killer cells, granulocytes, neutrophils etc.(129). Since the main focus of the 

experiment was to profile the monocyte and macrophage populations, the cells represented 

by the DUMP population are excluded from the analysis by inverting the gate selection. The 

NOT DUMP population was plotted and selected for by meticulous gating for CD11b, F4/80, 

Ly6c and Tim4 positive populations. The NOT DUMP population contained only monocytes 

and macrophages and the markers – CD11b, F4/80, Ly6c and Tim4 correspond to antigens 

present on the surface of these cells(130–133). By plotting the NOT DUMP events on these 

antigen based fluorophore spectrums, we get a sense of the level of their relative expression, 

which when combined with the other antigen expression levels, filters specific population of 

cells which can be regarded as macrophages or monocytes with a level of certainty. 
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Figure 29: Negative control plots for different antibody tags (a) Liver cells treated with all antibody tags except Hoechst (b) 
Liver cells treated with all antibody tags except CD45 (c) Liver cells treated with all antibody tags except DUMP Abs (d) Liver 
cells treated with all antibody tags except CD11b (e) Liver cells treated with all antibody tags except F4/80 (f) Liver cells treated 
with all antibody tags except Ly6c (g) Liver cells treated with all antibody tags except Tim4 
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Figure 30: Populations positive for respective antigen expression plotted on fluorophore spectrum (a) Side scatter vs forward 
scatter of all cells visualized (b) Nucleus contain cells selected from total population using Hoechst (c) Leukocytes selected 
from nucleated cells based on CD45 antigen expression (d) Cells expressing Ly6G, CD3, CD19, NK1.1 antigens (DUMP) selected 
for from the CD45+ population and excluded from the analysis (NOT DUMP) (e) NOT DUMP population selected for the 
expression of CD11b antigen (f) NOT DUMP population selected for the expression of F4/80 antigen (g) NOT DUMP population 
selected for the expression of Ly6c antigen (h) NOT DUMP population selected for the expression of Tim4 antigen 
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Figure 31: Gating hierarchy for macrophage and monocyte markers for cells derived from mice liver from miRNA-155 LNP 
efficacy study 

5.6.3.1. Resident Macrophages 

 

 

Figure 32: Isolation of resident macrophage population in liver samples – Kupffer cells (a) NOT DUMP population plotted 
between F4/80 and Ly6c spectrum (b) P5 plotted on CD11b spectrum (c) P5 plotted on Tim4 spectrum and positive population 
selected as P2 (d) P2 plotted on F4/80 vs Tim4 spectrum and selected as a single population P3 
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In this section, we try to find out the resident macrophage population or the Kupffer cells from 

the NOT DUMP population. This is achieved by looking at the relative expression of F4/80, a 

murine mature macrophage marker; Ly6c, a monocyte marker; CD11b, a monocyte marker 

and Tim4, a marker for Kupffer cells(130–133). Kupffer cells are macrophages and thus, would 

be expected to have a high F4/80 expression and a low Ly6c expression(132). Thus, in Figure 

32 (a), we see the NOT DUMP population plotted between F4/80 and Ly6c and three distinct 

populations are visible – F4/80+ Ly6c-, F4/80-Ly6c- and F4/80-Ly6c+. Since we are looking for 

macrophages, we focus on the Ly6c- population and the Ly6c+ population will be discussed in 

the next section. The F4/80-Ly6c- cells could likely be a special subset of dendritic cells as they 

are CD45 positive but do not express the markers for macrophages or monocytes(134–137). 

The F4/80+Ly6c- cells are gated as P5. The P5 population is then plotted on the CD11b 

spectrum (Figure 37 (b)), which shows no variation in its expression and displays P5 as a single 

population, pointing towards the fact that there are no monocytes present in P5. P5 is the 

plotted on the Tim4 spectrum to select for Kupffer cells as P2 (Figure 32 (c))(130). The Tim4 

negative macrophages constitute the infiltrated monocytes that matured into macrophages, 

replacing the Kupffer cell population as well as classical dendritic cells(130,134,138). P3 is then 

plotted on F4/80 vs Tim4 axes (Figure 32 (d))and selected as a single population with 

F4/80+Ly6c-Tim4+ expression. 

 

5.6.3.2. Infiltrated monocytes 

 

Figure 33: Isolation of infiltrated monocyte population in liver samples (a) NOT DUMP population plotted between F4/80 and 
Ly6c spectrum (b) P1 plotted on side scatter vs forward scatter (c) P1 plotted on CD11b spectrum (d) P1 plotted on F4/80 vs 
Tim4 spectrum and selected as a single population, P4 
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In Figure 33 (a), we see the plot between F4/80 and Ly6c. For the macrophage population, we 

gated for the Ly6c negative population as it is a monocyte specific marker(132). Here, in order 

to identify the monocyte population, we gate for the F4/80-Ly6c+ population as P1(131). The 

F4/80 being negative points to the population not containing macrophages. P1 is then plotted 

in the CD11b spectrum, showing that it is a single population with no modulation in the CD11b 

expression(133). Side scatter vs forward scatter of P1 also reconfirms it to be a single 

population. F4/80 vs Tim4 plot of P1 shows low expression of both antigens, which is in line 

with the expectations from monocytes as they aren’t mature, hence the low F4/80 expression 

and they aren’t resident macrophages, hence the low Tim4 expression(138). The infiltrated 

monocyte population F4/80-Ly6c+Tim4- is then gated as P4.  

 

5.6.3.3. Analysis of FACS 

In Figure 34 we can see P3 and P4 representing the Kupffer cells and the infiltrated monocytes 

on a single plot of F4/80 vs Tim4 showing the difference in Tim4 expression in the two 

populations(131,138).  

 

Figure 34: Kupffer cell population (P3) and infiltrated monocyte population (P4) plotted on F4/80 vs Tim4 spectrum 

For the quantification of all the populations in different groups, each of them was normalized 

as a percentage of the total CD45+ (leukocyte) population, as can be seen in Figure 35(128). 

The F4/80 levels, as observed in Figure 35 (a) are highest in the NC-LNP group, followed by 

the antimiR-155 LNP treated group and the disease control group. The lowest level can be 

seen in the naked antimiR-155 treated group. During the progression of liver injury, liver 

resident macrophages, Kupffer cells are replaced by infiltrating monocytes, which mature into 

macrophages as well. F4/80 is a murine macrophage marker and highest levels in NC-LNP 

group suggests two possible explanations – the population of resident macrophages and 

special subset of F4/80 expressing dendritic cells is high in the NC-LNP treated group or the 

infiltrated monocytes have matured into macrophages(130,134–138). 
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CD11b is a monocyte/macrophage marker, mostly leaning towards monocyte 

population(133). The CD11b levels in the population are highest in the antimiR-155 LNP 

treated group, followed by 

 

Figure 35: Quantification of the populations isolated from FACS analysis. All populations normalized with CD45+ leukocytes 
in respective samples (a) F4/80 positive population percentage (b) CD11b positive population percentage (c) Ly6c positive 
population percentage (d) Tim4 positive population percentage (e) Kupffer cells (P3) in different groups, isolated from FACS 
analysis (f) Infiltrated monocytes (P4), isolated from FACS analysis | Significance levels tested using one way ANOVA * 
p<0.05 
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NC-LNPs and the rest three groups are almost at the same level which can be seen in Figure 

35 (b). This does not correspond to the Ly6c based results, which quantify the monocyte 

population(132). Thus, the antimiR-155 LNP and the naked antimiR-155 treated groups might 

have macrophages expressing CD11b. But, CD11b macrophages have been shown to be pro-

inflammatory in nature and their high levels are not corroborated by the iNOS staining seen 

in Figure 37 (a)(139). They could be non-classical CD11b positive macrophages which inhibit 

pro-inflammatory response(140). 

Ly6c being a monocyte marker, can also be seen on infiltrated monocytes maturing into 

macrophages(130,132). Its levels as observed in Figure 35 (c) in the total population are 

highest in the NC-LNP treated group, followed by the antimiR-155 LNP treated group. The rest 

three groups are almost at the same level. The NC-LNP group level is significantly higher than 

the healthy group and the naked antimiR-155 treated groups’ level is significantly lower. As 

the livery injury progresses, monocyte infiltration increases as well, replacing the resident 

macrophage population. This suggests the naked antimiR-155 treatment working better 

towards decreasing the infiltration of the monocytes into the liver, possibly due to the 

increased stability gained by 2′OMe 5′inZEN, 3′ZEN modification pattern. It has been shown 

to prevent degradation of miRNA mimics for up to four days while incubated in liver cell 

extract(68). Thus, giving the naked antimiR-155 a longer circulation time and therapeutic 

window. 

Tim4 is a marker specifically expressed by Kupffer cells and its levels in the total population 

are lowest for the NC-LNP treated group, followed by the antimiR-155 LNP treated group 

presented evidently in Figure 35 (d)(130,138). Every group has significantly decreased Tim4 

population as compared to the healthy. The disease control and the naked antimiR-155 

treated groups are almost at the same level, with the healthy group having the highest value. 

These results complement the Ly6c levels in the total population. The groups with the highest 

Ly6c levels have the lowest Tim4 levels and vice versa, pointing to the well observed 

phenomenon of Kupffer cell population decreasing as the infiltration increases during a 

prolonged liver injury(141,142). 

As mentioned above in the comparison for the Ly6c an Tim4 levels, we see cells in P3 and P4 

representing the exact same trends while complementing each other as observed in Figure 

35 (e) and (f)(130,132,138,142). P4 shows a significant increase in the monocyte population 

in the NC-LNP treated group as compared to the healthy group, which points to increased 

monocyte infiltration. In diseased/liver injury condition, monocytes are recruited from 

circulation via pro-inflammatory chemokines and cytokines. These monocytes are responsible 

for propagating the pro-inflammatory environment in the liver. The trend here shows decrease 

in the monocyte population in the antimiR-155 LNP and naked antimiR-155 treated groups as 

compared to the NC-LNP group, pointing to low macrophage infiltration(130,142). The trend 

in P3 shows antimiR155 LNP and naked antimiR-155 treated groups retaining more Kupffer 

cells as compared to the NC-LNP treated group, which is a characteristic of a relatively heathy 

liver. The Kupffer cell population in the naked antimiR-155 treated group is higher than that in 
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the antimiR-155 LNP treated group and the monocyte infiltration is lower, indicating that the 

naked antimiR-155 treatment being better. These trends point to the fact that the naked 

antimiR155 treatment seems to work better than the antimiR-155 LNP treatment. As 

mentioned earlier, this can be explained by the 2′OMe 5′inZEN, 3′ZEN modification of the 

sequence, which has been shown to exponentially increase the stability of miRNAs. It has been 

shown to prevent any degradation of the sequences for up to four days while being incubated 

in liver cell extracts(68). The effects of the naked antimiR-155 would be systemic due to the 

absence of any active targeting, and hence, the side effects cannot be accounted for when the 

proper localization of the therapeutic is not known. There is however a possibility that a large 

amount of it would accumulate in the liver due to the livers’ filtration function, unintendedly 

passively targeting the therapy(93). Another plausible explanation could be that the effects 

might be systemic, but relatively short lived as compared to the LNPs. The antimiR-155 LNPs 

might remain in circulation longer and could have a longer, sustained effect on the 

amelioration of immune response. We can’t say this for sure as we haven’t yet compared the 

half-life of the LNPs and the naked antimiR-155 in vivo and thus, this remains a hypothesis.  

While describing the level of F4/80 positive cells in the total leukocyte population, two 

possible explanations were put forth and looking at all the other markers, the theory of a high 

number of infiltrated monocytes maturing into macrophages in the NC-LNP treated group, 

along with a considerable population of a special subset of F4/80 expressing dendritic cells 

seems much more plausible. F4/80 is a murine macrophage marker and has the highest levels 

in NC-LNP treated group. Kupffer cells are resident macrophages in the liver, also F4/80 

positive, but are replaced by infiltrated monocytes that mature into macrophages. Dendritic 

cells are a contributor to the hepatic immune homeostasis and have been shown to express 

F4/80, but not Tim4 or Ly6c, but there are non-classical subtypes that don’t even express 

F4/80(130,134–136,142). The infiltrated monocytes maturing into macrophages do not 

express Tim4, which are selected against in P2 in Figure 32 (c). The events which aren’t 

selected for, are the F4/80+Ly6c-Tim4- cells, or infiltrated monocyte derived macrophages 

with classical dendritic cells(135–137). 

 

5.6.4. Immunohistochemical staining 

In order to look at different inflammation markers, as well as fibrosis, the secondary effect of 

liver injury, immunohistochemical staining was performed as per the methods defined earlier. 

Figures 36, 37 and 38 shows representative images as well as quantitative graphs for the levels 

of different markers – F4/80, Collagen 1 and iNOS. F4/80, as previously defined, is a murine 

macrophage marker and can be used to quantify them in the liver sections, giving us an idea 

about the level of inflammation response due to the induced injury(130,142). iNOS is a marker 

for M1 – proinflammatory macrophages which also defines the extent of inflammatory 

response in the model at hand(143). Collagen 1 staining corresponds to the levels of fibrosis 
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observed due to the regenerative response after the injury is sustained. It quantifies the scar 

tissue in the liver(144,145). 

 

Figure 36: (a) F4/80 antigen staining quantification (b) representative images of each of the treatment groups with F4/80 
staining | Significance levels tested using one way ANOVA * p<0.05 

F4/80 was also quantified using FACS and we see a similar trend in Figure 36 (a) as well. The 

NC-LNP treated group has the highest level of F4/80 and antimiR-155 LNP treated group along 

with the naked antimiR-155 treated group have comparable lowest levels. The antimiR-155 

delivery leads to the downregulation of miRNA-155 activity by binding to the complementary 

sequence. Since the miRNA-155 can’t upregulate the downstream pro-inflammatory effectors 

like TNFα and IL6, the total inflammation in the liver goes down. The decrease in inflammation 

corresponds to lower number of monocytes recruited due to reduced inflammatory cytokine 

production(54,63,146). Since there are a lower number of monocytes that infiltrate the liver, 

an even smaller portion mature into macrophages. The resident macrophages, in case of liver 

injury are replaced by infiltrating monocyte derived macrophages(130–132,142). Thus, with 

the therapy groups delivering antimiR-155, we see a decrease in the total macrophage 

population as compared to the group delivering NC-miRNA. The results points to the NC-LNP 

treated group having a high number of macrophages in light of higher number of infiltrated 

monocytes and a large proportion of them maturing into macrophages. In antimiR-155 LNP 

treated and naked antimiR-155 treated groups, the level of total macrophages decreases as 

compared to the NC-LNP group, possibly due to a lower number of total infiltrated monocytes, 

or, a smaller proportion of the infiltrated monocytes being matured into macrophages. The 

comparable levels of F4/80 in antimiR-155 LNP and naked antimiR-155 LNP treatments could 

be attributed to the 2′OMe 5′inZEN, 3′ZEN modification in the miRNA-155 sequence which 

increases the stability exponentially(68). Thus, the naked antimiR-155 would have a 
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considerably longer half-life, increasing the therapeutic window, but due to the absence of a 

targeting system, the effects would be systemic and there might be side effects we can’t 

account for. By looking at Figure 35 (f), we can say that the antimiR-155 LNP and the naked 

antimiR-155 treated groups had a lower total infiltrated monocyte count as compared to the 

NC-LNP treated group, thus, establishing its therapeutic efficacy against monocyte infiltration. 

 

Figure 37: (a) iNOS antigen staining quantification (b) representative images of each of the treatment groups with iNOS 
staining | Significance levels tested using one way ANOVA * p<0.05 

iNOS is a well characterized marker for M1 proinflammatory macrophage activation. It 

distinctly shows if the antimiR-155 was able to target the M1 macrophage population and 

decrease it or was the therapy for naught(143). The antimiR-155 delivery would bind to the 

miRNA-155 inhibiting any interaction with the downstream mRNAs, thereby decreasing the 

production of chronic inflammatory cytokines such as TNFα and IL6. It would also be unable 

to inhibit proteins involved in anti-inflammatory or cellular repair pathways, such as IL13Rα, 

Smad2 etc.. These actions together would enable the amelioration of the pro-inflammatory 

response, decreasing the number of M1 macrophages being recruited as well as polarizing the 

ones already recruited to M2-like phenotype(54,63). We can clearly see in Figure 37 (a) that 

the disease control and the NC-LNP treated groups have the highest iNOS positive population 

and hence, the highest M1 macrophage population showing the highest inflammatory 

potential. The antimiR-155 LNP treated and the naked antimiR-155 treated groups have iNOS 

levels even lower than the healthy group, meaning that the antimiR-155 delivery decreased 

the M1 macrophage population considerable, reducing the inflammation and the chances of 

prolonged liver injury. The strategy for the delivery of antimiR-155 in case of liver 

inflammation does work against the pro-inflammatory macrophages in vivo. It also points to 

the fact that the naked antimiR-155 is quite stable due to the 2′OMe 5′inZEN, 3′ZEN 
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modification, as described earlier, and might have the potential to decrease the inflammatory 

response by itself due to it, barring the systemic side effects it might elicit owing to the 

absence of a targeting system(68). 

 

Figure 38: (a) Collagen 1 antigen staining quantification (b) representative images of each of the treatment groups with 
Collagen 1 staining | Significance levels tested using one way ANOVA * p<0.05 

The collagen staining corresponds to the fibrosis in the liver(144,145). There is a discernable 

trend of lower collagen 1 level for antimR-155 LNP treatment and the naked antimiR-155 

treatment as compared to the NC-LNP treatment in Figure 38 (a). Fibrosis is a result of the 

wound healing response of the liver to prolonged injury. It is characterized by the imbalance 

in the production and the degradation of ECM, commonly regulated by the hepatic stellate 

cells. miRNA-155 has been shown to play a significant role in accentuating inflammation in 

case of chronic liver diseases. The prolonged liver injury causes immune cells to release factors 

that activate hepatic stellate cells, transforming them into a myofibroblast-like phenotype 

which release copious amounts of ECM(10,16,144). Apart from the regulatory role in 

inflammation and indirect involvement in hepatic stellate cell activation, Bala et al. recently 

showed that miRNA-155 also plays a role in directly activating the stellate cells. They showed 

that miRNA-155 KO mice had lower levels of TGFβ, a master profibrogenic cytokine in miRNA-

155 KO mice as well as mice with miRNA-155 inhibition, as compared to the WT-CCLl4 treated 

mice. STAT3 protein is a part of an essential signaling pathway in fibrosis and is regulated by 

miRNA-155. The levels of phosphor-STAT3 were shown to be higher in disease controls as 

compared to miRNA-155 inhibited mice as well as miRNA-155 KO mice(118). Thus, the 

antimiR-155 LNP and naked antimiR-155 treated mice showed reduced levels of fibrosis as 

compared to the NC-LNP treated mice due to lower levels of perturbation in ECM homeostasis 

by miRNA-155. The naked antimiR-155 treated group shows slightly better results in lowering 
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the fibrosis as compared to the antimiR-155 LNPs and this could be due to the fact that it has 

2′OMe 5′inZEN, 3′ZEN modification pattern, shown to have exceptional stability, and quite 

possibly is accumulated in the liver in a large amount owing to its filtration function(68,93). 

But since the naked antimiR-155 does not have a targeting ligand or selectivity for uptake, it 

would cause a systemic effect leading to side effects not yet accounted for, thus, the antimiR-

155 LNPs would be the better choice to go for passive targeting even with lower therapeutic 

efficacy. 
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6. Conclusion 

The progression of chronic liver injuries goes through a route of prolonged inflammation, 

induced by hepatocellular damage, followed by fibrosis, developing into cirrhosis 

and/hepatocellular carcinoma. Currently there aren’t any therapies approved by national or 

international regulatory bodies showing significant benefits towards reversal of fibrosis or 

effective immunomodulation in case of chronic liver diseases. Certain strategies have shown 

promise in clinical trials but none have been able to make it to the market, necessitating the 

need of alternate therapeutic strategies. miRNAs have been explored as diagnostic tools due 

to their differential expression in diseases and now are also being studied as therapeutic 

targets for the same reason. They are small non-coding RNAs, 19-23 bp long which regulate 

the expression of mRNAs by binding to their 3’-UTR. Multiple different miRNAs have been 

linked to the progression of inflammation and fibrosis in chronic liver diseases and miRNA-155 

takes the ball due to multiple downstream effectors like IL6, TNFα, IL13Rα, Smad2 etc. 

involved in the prolonging the inflammation. In this study, we developed a therapeutic 

strategy to tackle inflammation and fibrosis in case of liver injury exploiting miRNA-155 as a 

therapeutic target and decreasing its levels in the liver.  

In order to deliver the antimiR-155, HiPerFect reagent was used but discarded promptly due 

to its toxicity in high concentrations. Lipid nanoparticles, being one of the best non-viral 

delivery system for nucleic acids were explored for the antimiR-155 delivery. Three different 

LNP formulations were engineered based on different helper lipids – DSPC, DOPC and DOPE 

and characterization showed considerable differences in zeta potential with DOPC LNPs being 

the most negative, DSPC LNPs being neutral and DOPE LNPs laying between the two. The three 

formulations showed no effect on metabolic activity of different cell lines representing liver 

cell populations – RAW264.7, AML12, 3T3 and H5V cells. An uptake of the three formulations 

in different cell lines representing liver populations was done in order to understand cellular 

preference in uptake. It revealed that the DOPC LNPs were highly efficient in being taken up 

by all cell types, almost by a factor of 10, as compared to the other two. DOPC LNPs showed 

a selectivity for hepatocytes, DOPE LNPs showed a selectivity for M1 macrophages and DSPC 

LNPs showed selectivity for fibroblasts, followed by hepatocytes and macrophages. An in vivo 

organ biodistribution study in an acute liver injury model revealed DSPC LNPs to have the 

highest accumulation in the liver as compared to DOPC and DOPE LNPs. DSPC LNPs were 

chosen for the delivery of antimiR-155 for an in vivo therapeutic efficacy study in a semi-

chronic liver injury model. The bodyweight distribution did not show any significant changes 

over the period of the study in any of the groups. The bodyweight to liver ratio however 

showed a trend of reduction in the antimiR-155 LNP and naked antimiR-155 treatment groups. 

FACS analysis showed the NC-LNP treatment group to have the highest amount of infiltrated 

monocytes and the lowest amount of Kupffer cells, pointing to the highest level of 

inflammation. The antimiR-155 LNP and naked antimiR-155 treatment groups showed a 

higher level of Kupffer cells and a decreasing trend for infiltrated monocytes, showing signs of 

amelioration of inflammatory response, more prominent for the latter than the former. 
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Immunohistological staining revealed that NC-LNP treated group had the highest amount of 

macrophages, corroborating the results from FACS analysis. The antimiR-155 LNP and naked 

antimiR-155 showed a decreasing trend for macrophage population pointing to their 

therapeutic efficacy. iNOS levels, correlating to M1 macrophage population, were again 

highest in NC-LNP and the CCl4 treated groups, with antimiR-155 LNPs and naked antimiR-155 

treatments showing a decreasing trend. Collagen 1 levels, correlating to the severity of fibrosis 

showed highest levels in NC-LNP treated group with a decreasing trend in antimiR-155 LNP 

and naked antimiR-155 levels, with the latter showing lower levels. The therapeutic efficacy 

of the antimiR-155 treatment was prominent but the naked antimiR-155 overshadowed the 

antimiR-155 LNP treatment. This can be attributed to the 2′OMe 5′inZEN, 3′ZEN modification 

offering exceptional stability to the antimiR. Further studies are required to characterize the 

side effects associated with naked antimiR-155 administration. Thus, antimiR-155 delivered 

using DSPC LNPs presents as a promising therapy for targeting inflammation and fibrosis in 

context of chronic liver diseases.  
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7. Future perspective and recommendations 

In this study, DSPC LNPs were employed to deliver antimiR-155 to liver via passive targeting in 

order to test their therapeutic efficacy in context of chronic liver injuries. While testing for the 

selective uptake of the different LNP formulations, the DSPC LNPs had the highest uptake in 

the 3T3 cells, representing the hepatic stellate cells. In order to characterize the effects and 

possible therapeutic efficacy of antimiR-155 delivery to 3T3 cells, an in vitro efficacy study 

should be conducted. The study should take into account the factors involved in the 

homeostasis of ECM like MMP1 and TIMP1, and measure their differential regulation in TGFβ 

activated 3T3 cells to characterize the dysregulation. The effects of antimiR-155-DSPC LNP 

treatment should be observed based on the same factors in order to see if it directly makes a 

significant difference or is the therapeutic efficacy of the treatment, in context of hepatic 

stellate cells limited to a downstream effect of immunomodulation. 

During the analysis of the in vivo efficacy study for the antimiR-155 LNPs, the naked antimiR-

155 treatment group performed better, which can be attributed to the 2′OMe 5′inZEN, 3′ZEN 

modification offering exceptional stability to it. Lennox et al. showed miRNA mimics with this 

modification to be stable while incubated in liver cell extracts for up to 4 days. In order to test 

for the biodistribution as well as the stability and half-life of the naked antimiR-155, an in vivo 

study needs to be conducted with fluorescently tagged antimiR-155. This can be achieved with 

fluorescent light-up aptamers (FLAPS). The study would be time dependent with mice 

sacrificed after regular intervals from the administration of a single dose of the antimiR-155. 

The organ as well as the cellular biodistribution would be analyzed using in vivo imaging and 

FACS as well as immunohistochemistry combined with FLAPS. This would give us information 

about the possible systemic effects of naked antimiR-155 administration and the circulation 

half-life in vivo. 

Lastly, I would like to recommend testing different doses of the antimiR-155 LNP treatment in 

the semi-chronic liver injury mouse model. Right now, the antimiR-155 LNP treatment did 

show effects in decreasing inflammation and fibrosis but they weren’t significant. Thus, a dose 

dependent study with concentrations going up to 5mg antimiR-155/kg bodyweight (upper 

limit for MC3 lipid tested without side effects) would give us insight into what the optimal 

dosage should be for the best possible effect for ameliorating inflammation and fibrosis in the 

context of chronic liver diseases. The same parameters used in the study described in this 

thesis could be used to analyze the effects. 
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8. Appendix A - Testing Mesenchymal stem cell derived extracellular 

vesicles for mitigating inflammation in RAW264.7 macrophages 
 

8.1. Introduction 

Extracellular vesicles are an umbrella term used to describe nanovesicles of various sizes – 

exosomes (30—120nm), microvesicles (MVs) (50 nm–1µm), and apoptotic bodies (500–1000 

nm). They are released from many different cell populations in the body depending on the 

cellular stimulus(147,148). These vesicles have been known to carry cytokines, genetic 

material as well as other cargo to facilitate juxtracrine and paracrine signaling, and have been 

demonstrated to play a pivotal role in physiological and pathological processes like immune 

surveillance, tissue repair, tumorigenesis etc. depending on their cargo(149–151). EVs, due to 

their biocompatible nature and the natural ability to carry RNA, are an attractive bio-

nanovesicle platform for drug and gene delivery(148).  

Mesenchymal stem cells (MSCs) are multipotent adult stromal cells, capable of differentiating 

into multiple different lineages, found in various tissues in the body including bone marrow, 

adipose tissue, etc. They are known to play a role in the mitigation of immune response and 

restoration of damage and thus, have garnered an interest in the field of regenerative 

medicine based on their multipotency as well as their trans differentiation properties using 

different stimuli(152,153). Although MSCs play a pivotal role in tissue repair, they have a low 

grafting efficiency and poor survival when introduced in to the injured tissue. They also carry 

the potential for malignant transformation, limiting their therapeutic uses(154). However, 

studies have shown that the exosomes released from the mesenchymal stem cells, under 

specific stimuli play a larger role in the regenerative properties than their trans differentiation 

properties. These extracellular vesicles (EVs) have also been shown to ameliorate the 

inflammation caused by M1 pro-inflammatory macrophages by polarizing them to the M2 

anti-inflammatory phenotype via the transactivation of ARG1 and STAT3(155). The cargo 

characterization of exosomes from activated MSCs have shown miRNA-34a-5p and miRNA-

146a-5p (miRNAs involved in M2 polarization) to be present in them and thus, there is a 

potential that the MSC EVs could be exploited as carriers for antimiR-155(156). Considering 

their anti-inflammatory as well as regenerative potential, therapies with EVs from MSCs could 

be an effective strategy for immunomodulation by factors present in them and doubling down 

as delivery agents for antimiR-155. 

8.2. Methods 
8.2.1 Adipose tissue derived Mesenchymal stem cell isolation and culturing 

The protocol describes is adapted from Chen et al(157). The epididymal tissue was resected 

and excised from healthy C57BL/6J mice. It was washed with saline and stored incubated in 

DMEM with 10%FBS and 1% Pen/Strep for 15 minutes. The tissue was put in a petri dish, 

washed with HBSS and cut into small pieces using a scalpel and scissors. The tissue pieces 

were put into a new vial. The tissue containing vial was centrifuged at 200g for 10 minutes 
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and the supernatant was discarded. 2mg/ml collagenase type 1 made in HBSS, was added to 

the vial to cover the tissue completely and the vial was vortexed to have maximum surface 

area exposed to the enzymatic digestion. The vials were incubated at 37°C for 1h with constant 

shaking. The cell suspension was then pushed through a 70µm cell strainer. The strained cells 

were suspended in PBS and centrifuged at 400g for 10 minutes at 4°C. The supernatant was 

removed and the cells resuspended in PBS again. The centrifugation and resuspension were 

repeated thrice and after the final time, the cells were resuspended in 5ml of DMEM 

supplemented with 10%FBS, 1%Pen/Strep and 5ng/ml FGF-2 and incubated in a T25 flask. The 

third to fifth passage cells were used for experiments. 

 

Figure 39: Schematic representation of isolation of EVs from AMSCs: The epididymal tissue is resected, cut into small pieces 
and homogenized. The tissue homogenate is digested using collagenase 1 for 1h at 37°C and passed through a cell strainer. 
The cells are washed and incubated in a culture flask with DMEM supplemented with 10% FBS + 1% P/S and 5ng/ml FGF-2 

8.2.2. Isolation of EVs from AMSCs 

The media was collected from culture wells seeded with 100,000 AMSCs after 24 hours of 

incubation at 37°C. The media was centrifuged at 300g for 10 minutes to pellet down the cell 

debris and the supernatant was transferred to a new falcon. The supernatant was centrifuged 

again at 2800g for 10 minutes for removing smaller debris particles and the supernatant was 

transferred to a new falcon. The supernatant was concentrated using Amicon Ultra-4, 10k 

tubes from Millipore at 2000g for 20 minutes. The concentrated media contained the 

extracellular vesicles. 

8.2.3. AMSC derived EV treatment of RAW264.7 macrophages 

100,000 adipose derived mesenchymal stem cells were seeded per well in 12 well plates, 

supplemented with DMEM (10%FBS + 1%P/S + 5ng/ml FGF2). On Day 2, the media was 

changed to starvation media (no FBS) and stimulants are added based on the conditions 

mentioned in Table 9. For conditions 3 and 4, transfection was conducted using Lipofectamine 
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reagent from ThermoFisher Scientific: Three reaction tubes were labelled as 1,2 and 3. In 1, 

45µl of OptiMEM media and 2.5µl of Lipofectamine 3000 reagent was added for every well 

that needed to be transfected. In 2, 45µl of OptiMEM, 2µg of antimiR-155 and 4µl of P3000 

reagent (2µl/µg nucleic acid to be transfected) were added. In tube 3, the contents of tubes 1 

and 2 were mixed in equal proportions and incubated for 10 minutes at room temperature. 

90-100µl of the contents of tube 3 were poured into each well and incubated at 37°C for at 

least 2 day. On Day 3, 250,000 RAW cells per well were seeded in 8, 24 well plates, 

supplemented with RPMI (10%FBS and 1%P/S). On Day 4, the media of the RAW cells was 

refreshed and stimulants were added to it based on Table 10. The cells were incubated for 6h 

at 37°C. After 48h of antimir-155 transfection into the AMSC, the EVs were collected based on 

the protocol mentioned earlier. After the 6h incubation of RAW cells, the media was aspirated 

and refreshed, while being supplemented with 55µl of concentrated EVs based on the table. 

The 24 well plates were incubated for 24h at 37°C. 300µl media was collected from each well 

for protein analysis and the cells were subjected to TRIzol based cell lysis for transcript 

analysis. Protein and transcript analysis samples were stored at -20°C. 

Table 9: Conditions corresponding to different stimulants added to AMSC populations 

Condition Media and stimulants 

1 Starvation media 

2 Starvation media + 20ng/ml TNFα + 20ng/ml INFγ 

3 Starvation media + AntimiR 155 transfection 

4 Starvation media + 20ng/ml TNFα + 20ng/ml INFγ + AntimiR 155 transfection 

 

Table 10: Conditions, stimulants and treatments for RAW264.7 macrophages 

Condition Stimulants added EV treatment 

M0 N/A Control M0 – N/A 

M2 10ng/ml IL-4 + 10ng/ml IL-13 Control M2 – N/A 

M1 100ng/ml LPS + 20ng/ml TNFα Control M1 – N/A 

M1 100ng/ml LPS + 20ng/ml TNFα concentrated untreated media 

M1 100ng/ml LPS + 20ng/ml TNFα concentrated media from starved AMSCs 

M1 100ng/ml LPS + 20ng/ml TNFα concentrated media from TNFα and INFγ 

stimulated AMSCs 

M1 100ng/ml LPS + 20ng/ml TNFα concentrated media from antimiR-155 

transfected AMSCs 

M1 100ng/ml LPS + 20ng/ml TNFα concentrated media from antimiR-155 

transfected and TNFα and INFγ stimulated 

AMSCs 
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8.3 Results and Discussion 

8.3.1. Transcript analysis 

In our study of treatment of RAW264.7 macrophages with AMSC derived EVs, we saw some 

interesting results for transcript analysis. Six genes were looked at in order to ascertain the 

immunomodulatory effect of the treatment based on literature, namely – TNFα, IL6, IL1β, 

MRC1, ARG1 and IL10. The former three being associated to pro inflammatory behaviors and 

the latter with anti-inflammatory(158–160). The quantitative profile for their expression can 

be seen in Figure 40.  

TNFα and IL6 are well characterized inflammatory markers. The levels of TNFα have been 

shown to decrease by AMSC derived exosome treatment by Zhao et al. but in our experiment 

as seen in Figure 40 (a), the EV treatment made no substantial difference(155). Although there 

was a considerable variation in the results, no discernable trend suggested the treatments 

working in direction of reducing TNFα levels. It could be due to low concentration of the EVs 

or the carry-over of proinflammatory cytokines from the AMSC treatment media. The EVs 

were concentrated and filtered but the cytokines can’t be completely removed from it.  

IL6 on the other hand did show a decrease in the M1 macrophages treated with stimulated 

AMSC derived EVs, both, with and without antimiR-155 transfection as observed in Figure 40 

(b). The EVs derived from stimulated AMSCs without transfection showed the best results, 

with the lowest IL6 levels than any of the other M1 populations(156,160,161). Thus, speaking 

in strictly decreasing pro-inflammatory characteristics, the EVs derived from stimulated 

AMSCs worked better than the ones from stimulated, antimiR-155 transfected AMSCs. 

IL1β is another essential marker used for pro-inflammatory behavior characterization(159). 

Referring to Figure 40 (c), the EV treatments did show a trend of decrease in the IL1β levels, 

except the population treated with stimulated and transfected AMSC derived EVs, where the 

level went beyond the untreated M1 population(156). This could be due to change in cargo of 

the EVs. There has been research suggesting that different stimuli cause the cargo of the EVs 

to change, which changes how they affect the other cell populations(162). 

Apart from the pro-inflammatory markers, the anti-inflammatory makers were taken into 

account as well. MRC1 or mannose receptor C type 1, ARG1 or arginase 1 and IL10, all three 

of them show similar trends in their graphs as observed in Figure 40 (d), (e) and (f)(155,161). 

The M1 population treated with stimulated and transfected AMSC derived EVs shows the 

highest levels of these transcripts, even higher than those found in the M2 macrophage 

population(151,163). This suggests a progressive change in the behavior of the M1 

macrophage population. These levels are significantly higher than almost all the other M1 

macrophage treatment conditions, pointing to the initiation of an anti-inflammatory 

microenvironment being propagated.  
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Figure 40: Transcript levels for proinflammatory and anti-inflammatory genes in M0, M1 and M2 polarized RAW264.7 
macrophages treated with AMSC derived EVs (a) TNFα levels (b) IL6 levels (c) IL1β levels (d) MRC1 levels (e) ARG1 levels (f) 
IL10 levels; M0-unstimulated RAW264.7 macrophages, M2-anti-inflammatory macrophages stimulated with 10ng/ml IL-4 + 
10ng/ml IL-13, M1-proinflammatory RAW264.7 macrophages stimulated with100ng/ml LPS + 20ng/ml TNFα, M1-media – 
M1 macrophages treated with concentrated media, M1-EVs – M1 macrophages treated with EVs from unstimulated AMSCs, 
M1-stimulated EVs – M1 macrophages treated with TNFα and INFγ stimulated AMSC derived EVs, M1-antimiR155 EVs – M1 
macrophages treated with antimiR-155 transfected AMSC derived EVs, M1-stimulated antimiR155 EVs – M1 macrophages 
treated with antimiR-155 transfected and TNFα+INFγ stimulated AMSC derived EVs | Significance levels tested using one way 
ANOVA * p<0.05 
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8.3.2. Protein level analysis 

Transcription and translation products do not have a linear relationship and in order to look 

at the protein levels of TNFα, IL6 and IL10, ELISA was performed, the results for which can be 

seen in Figure 41.  

 

Figure 41: Protein expression levels of TNFα, IL6 and IL10 measured using ELISA (a) TNFα levels (b) IL6 levels (c) IL10 levels; ; 
M0-unstimulated RAW264.7 macrophages, M2-anti-inflammatory macrophages stimulated with 10ng/ml IL-4 + 10ng/ml IL-
13, M1-proinflammatory RAW264.7 macrophages stimulated with100ng/ml LPS + 20ng/ml TNFα, M1-media – M1 
macrophages treated with concentrated media, M1-EVs – M1 macrophages treated with EVs from unstimulated AMSCs, M1-
stimulated EVs – M1 macrophages treated with TNFα and INFγ stimulated AMSC derived EVs, M1-antimiR155 EVs – M1 
macrophages treated with antimiR-155 transfected AMSC derived EVs, M1-stimulated antimiR155 EVs – M1 macrophages 
treated with antimiR-155 transfected and TNFα+INFγ stimulated AMSC derived EVs | Significance levels tested using one way 
ANOVA * p<0.05 

TNFα and IL6, both showed no difference in the different M1 populations, but were certainly 

higher than that of M0 and M2 phenotype. This could be due to the M1 macrophages 

responding to the EVs as foreign bodies and increasing their translation of the 

proinflammatory proteins, even though the IL6 transcript levels were low. For IL10, there were 

barely any differences in the levels for any of the populations. There was no significant 

difference observed over the span of the three ELISA assays conducted for the proteins. This 

could be due to the time of treatment not being enough. If the treatment was prolonged, the 

effects might be more pronounced at the translational level as in the transcript levels(164). 

Another possible explanation could be the interference due to EVs other than the exosomes. 

In order to characterize that, exosome isolation should be conducted and the experiment 

should be repeated with the treatment with them. The AMSCs were assumed to be a pure 

population but there is a chance that they weren’t and the secondary population could 

contribute to the EV population, negating the therapeutic effect of the AMSC EVs. The AMSCs 
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should be stained with MSC markers like CD90 and CD105, sorted through FACS for a pure 

population and used for the production of EVs(165). 

8.4. Conclusion 

EVs were isolated from different AMSC population transfected with antimiR-155 and/or 

stimulated with pro-inflammatory cytokines (TNFα and INFγ) in order to assess the 

therapeutic efficacy of their treatment in RAW264.7 cells in context of inflammation. At the 

transcript level, TNFα did not show any effect of the treatment in any of the RAW264,7 

populations. IL6 transcript levels were lowered in groups treated with EVs derived from AMSCs 

which were stimulated with TNFα and INFγ as compared to the transfected AMSC EV 

treatment, pointing to a better efficacy. IL1β transcript levels showed a decrease in all EV 

treatments except the ones derived from AMSCs stimulated with TNFα and INFγ as well as 

transfected with antimiR-155, possibly due to a drastic change in cargo with two major stimuli. 

The anti-inflammatory markers, MRC1, ARG1 and IL10 showed a similar trend of the highest 

levels to be found in the group treated with EVs derived from AMSCs stimulated with TNFα 

and INFγ as well as transfected with antimiR-155. These levels are significantly higher than 

almost all the other M1 macrophage treatment conditions, pointing to the initiation of an anti-

inflammatory microenvironment being propagated. Unfortunately, the same results were not 

replicated at the protein level, where no differences were observed for TNFα, IL6 and IL10 

levels in any of the M1 macrophage populations. Thus, the antimiR-155 transfection of AMSCs 

did play a role in the propagation of an anti-inflammatory microenvironment but the results 

are not conclusive and more experiments would be needed to make any concrete statements 

about the treatment strategy. 
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9. Appendix B – Protocol for RNA isolation from cells using TRIzol reagent 

 

Figure 42: Schematic representation of RNA isolation using TRIzol reagent: Cells are suspended in TRIzol for homogenization 
and rupturing, followed by the addition of chloroform to form a second phase. The aqueous phase with RNA is transferred to 
a new tube. The tube is centrifuged and supernatant is discarded. The pellet is air dried and resuspended in RNase free 
water(71,166) 

Figure 19: Schematic for RNA isolation using TRIzol reagent 

1. The media is removed from the wells and TRIzol™ reagent is added. 300μl TRIzol™ 

reagent is used for 250,000 cells. 

2. The lysate is pipetted up and down several times to homogenize and transferred to 

Eppendorfs. 

3. Incubated for 5 minutes to allow complete dissociation of the nucleoproteins complex 

followed by addition of 60μl chloroform. 

4. Incubated for 2–3 minutes and centrifuged the sample for 15 minutes at 12,000 × g at 

4°C 

5. Transferred the aqueous phase containing the RNA to a new tube by angling the tube 

at 45° and pipetted the solution out. 

6. Added 150μl isopropanol on top of isolated RNA and Incubated for 10 minutes at 4°C  

7. Centrifuged for 10 minutes at 12,000g at 4°C. 

8. The supernatant is discarded with a micropipette 

9. The pellet is resuspended in 300μl of 75% ethanol 

10. The sample briefly vortexed, then centrifuged for 5 minutes at 7500 × g at 4°C. 

11. The supernatant is discarded with a micropipettor. 

12. The RNA is air dried for 10 minutes 

13. The pellet is resuspended in 50 μL of RNase-free water. 

14. Incubated in a water bath or heat block set at 55–60°C for 10–15 minutes and stored 

at -80°C 
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10. Appendix C – Protocol for cDNA synthesis and qPCR 

cDNA synthesis protocol 

1. The RNA concentration is quantified using the Nanodrop 

2. 1000ng of RNA is used as the template for each sample and calculations are made to 

suspend 1000ng in 15ul. The volume is made up by the addition of RNase free water 

3. The reverse transcription mix is prepared containing 4µl of reverse transcriptase 

reaction mix and 1µl of iScript reverse transcriptase enzyme for each sample 

4. The mix is added to separate PCR tubes along with the RNA, with a total volume of 

20µl 

5. cDNA synthesis is run on preset conditions 

6. The cDNA is stored at -20°C 

 

qPCR protocol 

1. The cDNA is diluted to a concentration of 10ng/µl 

2. A master mix is made for each sample based on the Table 11 

Table 11: Components of the master mix for qPCR 

Sample 1X 

H2O 1.9ul 

Primers (Fr,Re) 0.05ul (each) 

SYBR Green 4ul 

 

3. The master mix is added to the 384 well PCR plate depending on the plate design 

4. 2µl of cDNA is added to each of the wells from the respective PCR tubes to make the 

total volume of the wells to be 6µl 

5. The plate is covered with a plastic adhesive sheet and spun to mix all the components 

6. The qPCR is initiated based on preset conditions using the thermocycler 

7. The data is visualized and quantified by the Bio-Rad program 
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11. Appendix D – Protocol for ELISA  

 

1. 96 well Maxisorp plate is coated with 100µl of capture antibody/well overnight at 

room temperature 

2. The next day, the wells are washed thrice with 200µl of 0.05% Tween in PBS 

3. 200µl of 1% BSA in PBS is added for blocking and incubated for 1h at room temperature 

4. The samples for testing are diluted using a solution of 1% BSA in PBS 

5. The standard solutions for the calibration curve are made based by serially diluting the 

standard protein 8x, obtained along with the kit 

6. The wells are washed thrice with 200µl of 0.05% Tween in PBS and the samples along 

with standards are added in a total volume of 100µl/well and incubated for 2h at room 

temperature 

7. After the incubation, the wells are washed thrice with 200µl of 0.05% Tween in PBS 

8. The detection antibody is diluted in 1% BSA in PBS and 100µl of it is put in the wells 

and incubated for 2h 

9. The wells are washed thrice with 200µl of 0.05% Tween in PBS after the incubation  

10. Working solution of streptavidin-HRP is made by diluting it with 1% BSA in PBS and 

100µl of it is added to the wells for 20 minutes 

11. The wells are washed thrice with 200µl of 0.05% Tween in PBS and 100Âµl of TMB 

substrate is added to each of them and incubated in the dark at room temperature for 

20 minutes 

12. The reaction is stop by adding 50µl of 10% 1.8M H2SO4 to the wells 

13. The plate is visualized by a plate reader at 450nm and the calculations are performed 

based on the standard curve as well as the dilution of the sample 
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