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Abstract 
RNA therapeutics is a new class of targeted therapies that has entered the clinic in the 
last decade. Lipid nanoparticles (LNPs) and conjugation to N-acetylgalactosamine have 
proven to be efficient strategies to deliver RNA payload to the liver. Successful delivery 
of sensitive RNA molecules to other target tissues or tumors remains one of the key 
challenges with the development of new RNA-based treatments. Extrahepatic delivery 
is still poor, limiting the therapeutic efficacy. One of the central hurdles to delivery is 
the intracellular accumulation of RNA therapeutics and delivery vehicles in endocytic 
vesicles following uptake, without an effective way to exit into the cytoplasm and 
engage with the therapeutic targets. Knowledge of this rate-limiting process have 
remained poor, hampering rational efforts to overcome it.  

This thesis has aimed to devise and leverage techniques to study the endosomal escape 
of small interfering RNA (siRNA) and messenger RNA (mRNA) from endosomal 
compartments into the cytosol — to advance the understanding of the escape process, 
the interactions between RNA delivery vehicles and endosomes that potentially trigger 
membrane disruption, and the dose-response relationship between the small amount 
of siRNA molecules released and the biological response.  

The sensitive membrane-damage sensor Galectin- was used to probe individual release 
events, showing that endosomal escape of both siRNA and mRNA formulated in LNPs 
is very inefficient. Only a fraction of LNPs triggered endosomal damage, only a 
minority of damage events led to productive release of RNA payload, and most of the 
payload remained trapped in the damaged endosomes. The endosomal release of lipid-
modified siRNA was enhanced by simultaneous treatment with membrane-damaging 
small molecule drugs, that promoted efficient escape of siRNA payload on a single-
vesicle level. In addition, a microscopy-based approach was developed to quantify the 
number of siRNA molecules delivered to the cytosol while also monitoring the resulting 
knockdown of a reporter gene. From experimental data combined with mathematical 
modelling, the cytosolic IC of two siRNA sequences with a known difference in 
potency was determined to be ~ and ~, molecules, respectively. Finally, a novel 
dual-labeled LNP was developed, composed of fluorescently labeled ionizable lipid 
(BODIPY-MC) and RNA. Dual-labeled LNPs were used to visualize the interaction 
between ionizable lipid from the LNP and the endosomal membrane, resulting in 
damage to the lipid bilayer.  

This thesis presents detailed investigations of the endosomal escape of RNA 
therapeutics, providing new insights into the cellular and biophysical barriers limiting 
payload release and how they could potentially be overcome. The work is of high 
relevance for ongoing efforts to develop new RNA-based therapies with rational 
strategies. 
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Populärvetenskaplig sammanfattning 
Läkemedel baserade på molekyler av den naturliga nukleinsyran RNA utgör en ny 
grupp av målriktade terapier som har nått klinisk användning under det senaste 
årtiondet. Leverans av RNA-läkemedel med hjälp av lipidbaserade nanopartiklar (LNP) 
eller att kombinera RNA med specifika bärarmolekyler har visat sig vara effektiva 
strategier för att nå målceller i levern. Däremot är leveransen till andra vävnaderna och 
cancerceller i tumörer fortfarande väldigt ineffektiv, vilket är den största utmaningarna 
med att utveckla nya RNA-baserade behandlingar. Ett av de mest centrala hindren för 
effektiv leverans har visat sig vara ackumulering av RNA-molekyler inne i målcellerna, 
där de förvaras i små membranomslutna blåsor, så kallade endosomer, utan att på ett 
framgångsrikt sätt kunna nå vidare in i cellen och få möjlighet att utöva sina 
läkemedelseffekter. Kunskapen kring denna flaskhals i leveransprocessen är fortfarande 
mycket begränsad, vilket hindrar rationella ansträngningar att försöka övervinna den. 

Avhandlingsarbetet som presenteras här har syftat till att framarbeta tekniker för att 
studera frisättningen av RNA-läkemedel från endosomer inne i cellen, för att kunna 
belysa aspekter av hur denna del av leversanskedjan fungerar och beskriva sambandet 
mellan mängden RNA-molekyler som frigörs och läkemedelseffekten. 

En sensor för skadade endosomer, Galectin-, kunde användas för att studera 
frisättningen av små interfererande RNA (siRNA) och budbärar-RNA (mRNA), som 
förpackats i lipidnanopartiklar. Frisättningen var mycket ineffektiv — endast en 
bråkdel av partiklarna utlöste en skada hos endosomerna, och bara en minoritet av 
skadorna gav frisättning av RNA. Samtidig behandling med membranskadande små 
molekyler kunde förbättra den endosomala frisättningen av siRNA som kopplats direkt 
till bärarmolekylen kolesterol. Vidare utvecklades en ny LNP, med två fluorescerande 
komponenter (RNA och lipid). Lipidnanopartikeln gjorde det möjligt att undersöka 
interaktionen mellan partikelns lipider och endosomernas lipidmembran, vilket kunde 
kopplas till uppkomsten av membranskador. Slutligen utarbetades en 
mikroskopibaserad metod för att mäta antalet siRNA-molekyler som frisattes inne i 
enskilda celler, och vid samma tillfälle utvärdera den biologiska effekten som detta 
medförde. Utifrån experimentella data och matematisk modellering visades att det antal 
siRNA-molekyler som behövde frisättas för att uppnå halva maximala biologiska 
effekten var ~ respektive ~  molekyler för två siRNA-sekvenser med olika 
effektivitet. 

Den här avhandlingen presenterar detaljerade studier av den endosomala frisättningen 
av flera olika RNA-molekyler som utgör grunden för nya målriktade behandlingar, och 
ger nya insikter kring barriären som endosomernas membran utgör och hur den 
potentiellt skulle kunna övervinnas. Fynden har hög relevans för det pågående arbetet 
med att utifrån rationella strategier utveckla nya RNA-baserade terapier. 
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Introduction 

Cancer and targeted therapies 

Cancers develop through stepwise transition of normal cells and tissues via pathways of 
tumorigenesis, malignant progression, and adaptive response to treatment. Gene 
mutation, genomic instability and tissue inflammation are important and early 
hallmarks of tumorigenesis, that in combination with other mechanisms promote 
aberrant and accelerated cell proliferation, changes in tissue architecture and potentially 
dissemination of malignant cells to distant sites and organs,.  

As a result of substantial efforts in cancer and tumor biology research, that have 
progressively advanced treatment options in clinical oncology — in combination with 
introduction of screening programs and improved detection, diagnosis, surgery and 
chemoradiotherapy regimens — the curation and survival rates for many cancers have 
improved considerably in the last decades. As an example, overall cancer survival rates 
have approximately doubled since the s in several high-income countries including 
Sweden, where the -year survival rate for cancers of the thyroid, breast, prostate, testis 
and melanoma is now approximately  or more –. Still, there is dire need of new 
oncological treatment options to further increase the chances of cure and survival for 
many cancers where improvements have been modest, including cancers of the 
pancreas, lung, liver, bile duct, and esophagus,. 

In addition, emerging trends with increasing global cancer incidence and prevalence 
will bring an even greater need of new treatment options in the coming decades. Two 
important developments driving this change is an increasing incidence of early-onset 
cancers, and an increasing number and prevalence of late-onset cancers in expanding 
elderly populations. 

Increasing incidence of early-onset cancer 

Emerging evidence indicate an increasing incidence of malignancies in various organs 
— including breast, esophagus, bile duct, gallbladder, head and neck, kidney, liver, 
bone marrow, pancreas, prostate, stomach and thyroid — in adults < years of age in 
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many parts of the world since the s,. Cancer in adults < years of age are often 
called ‘early-onset’, whereas cancers diagnosed > years of age are often called ‘late-
onset’. The extended use of cancer screening programmes has partially contributed to 
the increased incidence of early-onset cancers, through improved and earlier detection 
— especially in breast, prostate and thyroid cancer. However, a genuine trend of 
incidence increase of early-onset cancers is still supported by available data. 

Differences between early- and late-onset malignancies with respect to epidemiology 
and clinical, pathological, and molecular characteristics are becoming increasingly 
recognized,. Certain early-onset cancer types are more likely to be of an advanced 
stage with worse survival outcomes than their later-onset counterparts–. Risk factor 
exposure in early life and young adulthood are likely to have an etiological role in early-
onset cancer development, and the early life ‘exposome’ — including factors as lifestyle, 
diet, obesity, microbiome, environmental exposures and reproductive factors, 
— has changed considerably in the last – years. Most cases of early-onset 
malignancies appear to be sporadic. An increased prevalence of germline genetic 
variations in hereditary high-penetrance cancer-related genes associated with early onset 
malignancies, perhaps owing to advances in medical treatment and survival, could in 
theory contribute to the observed phenomenon. As of now, however, no evidence exists 
to support this kind of a genetic cause, and most likely another few decades would be 
required for this progression to be detectable. 

Increasing cancer in the elderly 

The proportion of the world’s population over  years of age will nearly double 
between  and  (from  to ), and the number of people aged  years 
or older is expected to triple. Increasing age is an important non-modifiable risk factor 
for cancer. Approximately  of all cancers are diagnosed in persons  years of age 
or older–. As a consequence of expanding and aging global populations — with 
addition of other environmental and lifestyle factors — the number of people that are 
diagnosed with cancer is estimated to increase in the coming decades. A recent report 
from the World Health Organization’s International Agency for Research on Cancer 
estimated a projected  global increase in new cancer cases in  compared to 
. Consequently, the number of cancer deaths worldwide is expected to double. 
Since overall medical and socioeconomical progress contributes to decrease death from 
other causes and diseases, the relative impact on mortality from cancer is likely to 
increase. 

An increasing number of cancer cases in combination with expanding treatment 
options and progressively improved survival will considerably expand the number of 
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elderly people living with cancer and receiving oncological treatment. This will pose 
tremendous challenges on both national and global levels, as even high-income 
countries with low-threshold healthcare systems are predicted to struggle with shortage 
of healthcare professionals like surgeons, radiation oncologists, medical oncologists, 
pathologists, in addition to limited resources for in-patient and out-patient care and 
treatment, and escalating costs of anticancer therapeutics. In addition, with available 
chemotherapeutics, older patients — more likely to have comorbidities, disabilities or 
geriatric syndromes — have greater risk of experiencing adverse effects and toxicity, 
leading to hospitalization, treatment discontinuation and greater overall harm than 
benefit from treatment–.  

Need for novel targeted therapies 

While the immediate societal goals should be to improve known and modifiable risk 
factors both in the early- and later-life environment to decrease risk of cancer 
development, as highlighted above, new and effective treatment options are of great 
need for the treatment of both early-onset and later-onset cancer. 

With some exceptions, curation is typically not feasible when cancer has recurred or 
metastasized. Even so, palliative oncological treatment — aiming to balance 
anticancer effects and adverse treatment effects to improve quality of life and extend 
survival (sometimes for many years) — is generally pursued if comorbidities are limited. 
Both available curative and palliative treatment options are currently limited by 
acquired tumor resistance and risk of excessive toxicity. Traditional cytotoxic 
chemotherapeutics are considered to be less tolerable — especially in the elderly or 
patients with significant comorbidities — as they target ubiquitous cellular processes 
necessary for cell proliferation (e.g. microtubule function and stability, or DNA 
structure and replication) that also affects normal tissues and organs. 

Mutations that are recurrent in cancers are considered to be drivers of the oncogenic 
phenotype. Cancer cells may depend on these drivers for survival and proliferation, and 
their inhibition then often leads to cell death. The elucidation of genetic defects that 
underlie various cancers has uncovered a plethora of possible drug targets and resulted 
in a large number of approved targeted cancer therapies. Between  and , the 
U.S. Food and Drug Administration (FDA) authorized  targeted drugs for  
genomic indications for  types of cancer, including small molecule inhibitors 
(tyrosine kinase inhibitors, hormone therapies, CDK/ inhibitors, proteasome 
inhibitors, PARP inhibitors, angiogenesis inhibitors), monoclonal antibodies including 
immune checkpoint inhibitors, and antibody–drug conjugates. 
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Figure 1. Cancer treatment and tumor environment shape the evolutionary tumor adaptation 
Many environmental and genetic factors play a role in cancer initiation and shape the step-by-step 
evolutionary adaptation of emerging cancer clones (represented by colored bubbles). Clonal proliferation is 
altered by directly mutagenic factors (grey arrows) and non-mutagenic factors (dark blue arrows). Created 
with BioRender.com. 

Targeted therapies, in general, cause effective antitumoral responses with less toxicity 
compared to chemotherapies. However, tumors typically acquire resistance to most 
targeted therapies — especially in advanced cancers and when administered as single 
agents. In the case of intrinsic resistance, patients fail to respond to therapies from start, 
due to for example multiple activating mutations in the same pathway, or 
compensatory upstream signaling. This is exemplified by the lack of objective treatment 
response with the selective BRAF inhibitor vemurafenib in colorectal cancers with the 
same VE mutation as seen in melanoma, where treatment generally have substantial 
initial clinical response,. In the case of acquired resistance, the antitumoral response 
inflicted by the targeting agent is reduced during treatment and is ultimately overcome 
by resistant cancer cells. Broadly, intrinsic and acquired resistance mechanisms can have 
genetic or non-genetic origin — i.e. resulting from gene mutation or alterations in gene 
expression.  
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Genetic resistance can result from ‘on-target’ mutations that alter the site of the drug 
target itself — a mechanism that is common with small molecule inhibitors but also 
affects therapeutic monoclonal antibodies–. In addition to on-target mutations, 
treatment resistance can also result from gain-of-function mutations that activate 
parallel signaling pathways or reactivate the same oncogenic pathway upstream or 
downstream of the drug target. Non-genetic resistance mechanisms include non-
mutational transcriptional changes (e.g. target splicing alterations), epigenetic changes 
and activation of transcriptional programmes (e.g. epithelial to mesenchymal transition, 
EMT), and tumor microenvironment adaptations. 

With an immediate need for additional treatment options in many cancer settings, the 
growing challenges facing medical oncology in the coming decades, and the limited 
success of available targeted therapies, there is a substantial need for novel targeted 
therapies to help bridge the gap. 

RNA therapeutics 

RNA interference and microRNA 

Discovery of RNA interference 
RNA interference was first described in mammalian cells by Tuschl and colleagues in 
. This finding was a result of decades of cumulative work on endogenous gene 
regulatory mechanisms and evolving techniques to manipulate protein expression by 
exogenous oligonucleotides and RNA. Three years earlier, Andrew Fire, Craig Mello 
and colleagues discovered inheritable silencing of genes in C. elegans by the 
introduction of double-stranded RNA (dsRNA). The reduction in gene expression — 
referred to as RNA interference (RNAi) — could not be replicated with homologous 
single-stranded RNA (ssRNA). This provided evidence of a different basis of gene 
regulation than what was mediated by antisense RNAs already known and studied at 
the time. Indeed, endogenous small non-coding antisense RNAs with sequence 
complementarity to known targets had already been identified and were proposed to 
inhibit mRNA translation into protein,. As it turned out, this class of non-coding 
regulatory RNAs — now known as microRNAs (miRNA) — rely on the same RNAi 
machinery as exogenously introduced dsRNA for gene silencing. 
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Figure 2. The RNA therapeutics toolkit 
The RNA and oligonucleotide toolkit is a versatile collection of therapeutic molecules. ASO – Antisense 
oligoucleotide; siRNA – small interfering RNA; mRNA – messenger RNA. 

The RNA interference machinery 
Primary microRNAs (pri-miRNA) are transcribed RNA polymerase II or III and are 
recognized by DiGeorge Syndrome Critical Region  (DGCR), a nuclear protein 
named after its association with DiGeorge syndrome–. DGCR forms the 
Microprocessor complex together with the catalytic enzyme Drosha, having a RNase 
III domain,. Transcripts are trimmed by the complex to generate pre-miRNAs — 
precursor miRNAs that contain ~ nucleotides (nt) forming a hairpin loop duplex 
typically containing interspersed mismatched regions and a two-nucleotide 
′ overhang. Pre-miRNAs can be modified through nuclear RNA editing, that can 
alter e.g. downstream cytoplasmic processing or target specificity. A small subset of 
pre-miRNAs known as mirtrons bypass the Microprocessing complex and are instead 
spliced directly from introns. 

Pre-miRNA are exported from the nucleus to the cytoplasm by the nucleocytoplasmic 
shuttler Exportin-, that recognize the ′ nucleotide overhang left by Drosha,. Here, 
pre-miRNA are further processed into miRNA–miRNA duplexes of ~ nt in length 
by a protein complex containing Dicer, TAR RNA-binding protein (TRBP) and 
PACT.– The cleaved duplexes can then associate with members of the Argonaute 
protein family (Ago) as a part of the precursor RNA-induced silencing complex 
(pre-RISC). One of the duplex strands (passenger strand) is removed after binding 
into pre-RISC, while the active guide strand remains in the mature RISC and act as a 
template to bind complementary target mRNA sequences via Watson-Crick base 
pairing, typically at the ′ untranslated region (UTR). Binding of the target mRNA 
repress the initiation of translation–, which is followed by mRNA decay and 
degradation in several steps and by different pathways,. RISC can also regulate gene 
expression by Ago-mediated cleavage of mRNA and subsequent ′-to-′ or ′-to-′ 
degradation, as will be discussed for siRNA below,. However, in mammalian cells,  
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Figure 3. Small interfering RNAs hijack the endogenous microRNA pathway for RNA interference 
Cells use RNA interference as a way of post-transcriptional gene expression regulation. Endogenous 
microRNAs (miRNAs) are transcribed in the nucleus and processed before exported to the cytosol. After 
Dicer-mediated cleavage they are loaded into the pre-RISC (RNA induced silencing complex). (1) Exogenous 
siRNA that are delivered to the cytosol can be loaded into pre-RISC without processing. (2) After formation 
of the pre-RISC complex, the siRNA can harness the endogenous RNAi mechanisms used by miRNA. The 
sense strand is removed and degraded, while the antisense strand remains bound to Ago2 in RISC. 
(3) Guided by the antisense strand, RISC can bind target mRNAs in the cytosol that have a complementary 
sequence. (4) The bound mRNA is cleaved by Ago2 and then released from the complex. (5) The antisense 
strand remains loaded into RISC, and the complex can repeat the mRNA binding and degradation process. 
As the target mRNA is degraded, its translation into protein is inhibited and the gene expression is knocked 
down as turnover of existing protein continues. Created with BioRender.com. 
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the sequence complementarity of miRNAs to target mRNAs is typically not high 
enough to repress mRNA translation through AGO-dependent cleavage. 

The field of microRNA biology has expanded enormously in the three decades since 
the first miRNA was discovered. Ubiquitous roles of miRNAs have not only been 
uncovered in gene expression regulation that is fundamental for homeostatic cellular 
processes, but also in the development of many diseases and particularly in cancer. 
Indeed, functional studies have shown that miRNA dysregulation in many cases is at 
the core of cancer development and progression, where miRNA act either as tumor 
suppressors or oncogenes (oncomiRs). For example, microRNA- (miR-) was one 
of the first oncomiRs found to be upregulated in a variety of cancers, including breast 
cancer, colorectal cancer and gliomas. Many of its target genes are associated with key 
functions in cancer, for example the tumor suppressors PTEN (phosphatase and tensin 
homolog) and PDCD (programmed cell death protein ). 

Consequently, miRNA-focused therapeutics have been pursued to interfere with 
dysregulated miRNA activity in disease. Therapies in this area can be divided into 
miRNA mimics and inhibitors of miRNAs (antimiRs). Developed with the aim to 
replenish lost miRNA expression and function, miRNA mimics are synthetic dsRNA 
molecules designed to match the corresponding native miRNA sequence. AntimiRs, 
on the other hand, are single-stranded antisense oligonucleotides (ASOs) designed to 
bind to and inhibit miRNAs like oncomiRs. AntimiRs can be synthesized with ribose 
or phosphate backbone modifications, like ′-O-methylation or phosphorothioate 
bonds (so called antagomiRs), or modified with locked nucleic acids (LNAs), as 
described in more detail below. Several miRNA therapeutics have reached clinical 
development and trials. In the context of cancer, examples include mimics of the tumor 
suppressor miRNAs miR- (in advanced melanoma) and miR- (in recurrent 
malignant pleural mesothelioma and non-small cell lung cancer), and an 
antimiR/antagomiR targeting miR- (in cutaneous T cell lymphoma). 

siRNA 

In addition to the miRNA biogenesis pathway, the RNAi machinery also engages in 
the processing of longer dsRNAs. Dicer, TRBP and PACT process long dsRNA into 
shorter dsDNA, typically – nt in length. The processed fragments — known as 
small interfering RNAs (siRNA) — have ′ dinucleotide overhangs, with ′ OH and 
′ phosphate groups,. The guide (or antisense) strand, that mediate silencing by 
incorporating into RISC, is typically designed to have full complementarity to the 
target mRNA. The thermodynamic properties of the RNA duplex determine which 
of the two strands that remain loaded in RISC, and which strand that is degraded–.  
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After binding to the target mRNA, the Argonaute- (Ago) endonuclease cleaves the 
complimentary sense mRNA at a location – bases from the ′ end of the antisense 
strand binding site,. Cleavage is typically followed by further degradation of the 
mRNA and unloading of the fragments from RISC. RISC with the loaded siRNA guide 
strand is then able to repeat the cycle of target mRNA binding and cleavage. The 
half-life of mature siRNA–RISC complexes has been estimated to – days in rodents, 
during which time it can degrade thousands of target mRNA copies,. 

Exogenous inhibitory RNAs can enter the RNAi pathway at different levels to mediate 
gene silencing. Recombinant RNAs can be designed to mimic pri-miRNA (exogenous 
miRNA) or pre-miRNA (typically referred to as small hairpin RNA, shRNA). The 
most common approach is to utilize – nt siRNA, mimicking Dicer products and 
bypassing trimming before RISC loading. In some cases, longer – nt siRNA that 
require Dicer processing (Dicer-ready siRNA) can have a higher silencing potency,. 

The sequence-specific translation inhibition mediated by RISC makes rational siRNA 
design possible. Important considerations are the target sequence selection, chemical 
modifications of the ribose and phosphate backbone, RNA length and nature of the 
′ and ′ ends. 

Target selection and off-target effects 
In general, target selection for therapeutic gene silencing (so called knockdown) shares 
some considerations with conventional drug target selection. In certain aspects, 
however, siRNA and other RNA or oligonucleotide therapies have additional layers of 
complexity providing both opportunities and challenges as a new therapeutic modality. 

The process of siRNA lead discovery typically starts with in silico evaluation of all 
possible siRNAs against an intended target transcript, to predict specificity and 
potency. From this, a subset of selected siRNAs can be synthesized and screened in cell 
culture to evaluate on- and off-target effects. This is followed by in vivo 
pharmacodynamic studies in rodents, identifying a small number of compounds that 
are advanced into non-human primate studies. 

The RNAi machinery is expressed in all cell and tissue types, expanding the number of 
druggable targets to virtually any gene — a substantial improvement compared to the 
enzymes and receptors that are typically targetable with conventional small molecule 
drugs. However, all target mRNAs are not equally amenable to RNA interference. 
First, high mRNA turnover is unfavorable for effective RNAi-mediated gene 
silencing. Second, work has shown that cellular origin can have an impact on the 
accessibility of potential mRNA targets to RNAi. This was shown when evaluating 
knockdown efficiency and comparing the fraction of ApoE mRNA with nuclear or 
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cytoplasmic in neuronal and glial cells. Intracellular localization of targets mRNA is 
thus an additional and tissue-dependent aspect that must be considered in target 
selection. 

Sequence-specific off target effects are conferred by partial sequence complementarity 
of the siRNA with an mRNA other than the intended target, where the gene expression 
is suppressed by translation repression similar to miRNA activity,. Early selection 
and identification of highly potent siRNA sequences is central. In addition to 
sequence-dependency, the risk of off-target effects is influenced by siRNA 
concentration and can be reduced by chemical modifications.  

Most gene products are non-redundant in normal cell biology and physiology, with 
potential risk of toxicity from efficient, near-total target knockdown. For example, 
high-level knockdown of PCSK — proprotein convertase subtilisin/kexin type , an 
enzyme mediating the degradation of the LDL receptor — is well tolerated, as could 
be expected considering the rare existence of nonsense mutations in the PCSK gene in 
some individuals. This mutation results in very low blood cholesterol levels but no 
other symptoms. In cancer, prioritized targets could likely include receptor-linked 
kinases in activated signaling pathways (e.g. K-Ras or the Ras-Raf-MEK-ERK 
pathway), oncogenic transcription factors (e.g. c-Myc), components important for cell 
division or DNA repair. Here, it is less clear what the risk of adverse toxicity in normal 
tissues might be from high and durable knockdown of such targets. On the other hand, 
current options in oncology treatment include for example ‘dirty’ small molecule kinase 
inhibitors, and chemotherapeutics and radiation therapy targeting DNA, DNA repair 
and cell division — typically with limited sparing of normal tissue — that still have 
acceptable tolerability. In addition, the extent (depth) and durability of gene 
knockdown required for therapeutic benefit is an important aspect of target selection, 
with implications for the clinical doses needed and likely also risk of toxicity. 
Importantly, with cancer — on the contrary to treatment of for example metabolic 
disease — considering the lowest level of knockdown achieved across tumor cells is 
necessary, as disease is more likely to progress no matter the highest level of knockdown 
if a subset of cells still falls below the threshold for biologically relevant target inhibition. 

In the context of target selection and the effects from knockdown in the tissue or organ 
where the effect is desirable versus normal tissue, targeted delivery of RNA therapeutics 
is an additional approach to circumvent or limit potential adverse effects, as is 
discussed in more detail below. 

Since siRNA act in a DNA/RNA-sequence dependent manner completely different 
from conventional small molecule drugs, the development of treatment resistance by 
for example acquired target mutations is likely to behave differently and might be less 
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common with siRNA than conventional small molecule drugs. In addition, combining 
two or more siRNA with different target sequences in one gene could provide an 
opportunity to limit acquired resistance through target mutation. On the same note, 
combining several siRNA with different target genes could be one strategy to evade 
acquired resistance development typically observed with for example tyrosine kinase 
inhibitors (TKIs), where tumor cells upregulate or acquired additional activating 
mutations in alternative signaling pathways to maintain cell proliferation and tumor 
growth. On the other hand, as discussed above, potential changes in the site of splicing 
and primary localization of target mRNAs, or a general inhibition of the RNAi 
machinery could result in potential loss of efficacy or resistance in cancer cells during 
tumor evolution, which could be an adaptation to RNAi therapy hard to work around.  

Immune stimulation 
Systemic administration of synthetic siRNA can activate the innate immune system, 
with resulting high levels of proinflammatory cytokines including interleukin- (IL-), 
interferons (INFs) and tumor necrosis factor alpha (TNF⍺),. Innate immune 
response to siRNA is mediated by pathways that are either dependent or independent 
on the activation of Toll-like receptors (TLRs).  

Three TLRs — TLR, TLR and TLR — can be activated by siRNA and 
predominantly reside in endosomal compartments, where they recognize nucleic acids 
released from invading viruses and pathogens,. In addition, TLR can be expressed 
on the cell surface in certain cell types. TLR and TLR respond to ssRNA, and their 
activation can be more dependent on the RNA nucleotide sequence, while the dsRNA-
sensing TLR is less sequence-dependent.,. 

Several additional TLR-independent pathways can contribute to innate siRNA-
mediated immune activation. Cytoplasmic RNA can be recognized by the dsRNA-
binding protein kinase (PKR) or retinoic acid inducible gene  (RIG-) protein. RIG-
activation is mediated by uncapped ′-triphosphate ends on either ssRNA or dsRNA, 
which induce a type I interferon response through activation of IRF and NF-κΒ,. 
PKR is activated by binding long dsRNA, signaling through pathways that at least in 
part overlap with RIG- to activate INF-response. 

In addition, asymmetric blunt-end siRNA duplexes can also activate RIG-,. 
Chemical modification of RNA (and other oligonucleotides) has greatly reduced the 
immunostimulatory effects associated with synthetic exogenous RNAs, as is discussed 
below. 
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Chemical modifications 
The extensive work and advancements in oligonucleotide chemistry have been 
instrumental in bringing oligonucleotide and RNA therapeutics into the clinic. 
Chemical modifications of siRNA that mimic or maintain the structure of the A-form 
duplex helix is critical to ensure efficient loading into Ago and RISC. More than 
 naturally occurring chemical RNA modifications have been identified, including 
′-O-methylation (′-OMe) and complex decoration of nucleobase. Modifications at 
the ′-O-position of the sugar-phosphate are among the best studied in the context of 
ASOs and siRNAs. Introduction of ′-OMe-modified nucleotides inhibits TLR- and 
TLR-dependent RNA recognition and immune response, and improves chemical 
and catalytic stability. The ′-fluoro (′-F) modification is a close mimic of natural 
RNA as well as DNA, increasing the resistance to degradation by nucleases. 
Additional modifications involving the ′ position are bicyclic sugars that contain a 
′-′-O-methylene bridge (known as locked nucleic acids, LNA) and ′-methoxyethyl 
(MOE) modifications. 

In addition to the ′ modifications, phosphate backbone modifications have been 
instrumental in development of siRNA. Phosphorothioate (PS) modifications were first 
used in ASO chemistry, where the substitution of one oxygen of the phosphate group 
with a sulphur atom conferred an improved resistance to phosphodiesterases and 
increased hydrophobicity. PS modifications are tolerated by TRBP when introduced 
at the ends of each strand, as TRBP binds siRNA in the middle of the molecule. 
Another approach made possible by the siRNA–TRBP binding is to reduce the ′ end 
of the passenger strand in combination with including an additional – 
PS modifications on the ′ end of the guide strand,. Additional sugar-phosphate 
modifications include phosphotriate, phosphorodiamidate morpholino (PMO) and 
peptide nucleic acid (PNA) backbones. PMO and PNA modifications have neutral 
backbone structure that are very different from the natural suger-phosphate backbone. 

More recent developments in oligonucleotide chemistry include the incorporation of 
additional terminal PS modifications, where the stabilization of the ′ end of both 
strands protects against the dominant ′ exonuclease activity present in the 
endolysosomal compartment. Sequence-dependent optimization of the ′-F and 
′-OMe modification pattern is another way to reduce the overall ′-F content while 
maintaining siRNA activity and improving nuclease stability. Glycol nucleic acids 
(GNA) and ′-(E)-vinylphosphonate are additional chemical advancements, the latter 
showing promising results for certain extrahepatic tissues like the central nervous 
system (CNS). 
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Figure 4. Common oligonucleotide modifications 
Modification of nucleotides and phosphate backbone structure of oligonucleotides is important for improved 
stability, activity and reduced immunogenicity. RNA – ribonucleic acid; DNA – deoxyribonucleic acid;  
2′-O-Me – 2′-O-Methyl; 2′-F – 2′-Fluoro; 2′-O-MOE – 2′-O-Methoxyethyl; LNA – Locked Nucleic Acid. 

A potential safety liability of siRNA therapies is the risk of toxicity originating from 
unnatural chemical modification of the sugar-phosphate backbone, where ′-F and PS 
modifications are the most prevalent. Although concerns have been raised along the 
way — including late clinical trials of the first GalNAc-siRNA conjugate revusiran — 
mounting evidence from clinical studies of now approved oligonucleotide therapeutics 
cannot confirm any adverse toxicity related to the currently used RNA modifications. 

Clinical use of siRNA therapeutics 
At the start of this thesis project, no siRNA therapeutic had yet been approved for 
clinical use, and only two antisense oligonucleotide drugs had been approved. Since 
then, siRNA therapeutics have become new and important treatment options in diverse 
clinical setting. 

Patisiran (ONPATTRO) was the first siRNA therapeutic to receive approval for clinical 
use by FDA and the European Medicines Agency (EMA) in . The drug consists 
of a chemically modified siRNA directed against transthyretin (TTR), formulated in a 
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LNP, for the treatment of hereditary transthyretin amyloidosis (hATTR). In Sweden, 
hATTR is also known as ‘Skelleftesjukan’ from being particularly prevalent in the 
region near Skellefteå and Piteå in the north. Patisiran is administrated intravenously 
with a dosing of one infusion every third week. In the circulation, LNPs interact with 
serum proteins (in particular apolipoproteins), that promote efficient internalization by 
the low-density lipoprotein (LDL) receptor on hepatocytes. Through RNAi-
mediated knockdown of mutated TTR, protein misfolding and accumulating in tissues 
is inhibited, preventing the development of polyneuropathy and cardiomyopathy.  

The second siRNA therapeutic to reach the market was givosiran (GIVLAARI) in . 
It incorporates a stabilized (enhanced stabilization chemistry, ESC) siRNA targeting δ-aminolevulinic acid synthase  (ALAS), that have a central role in acute hepatic 
porphyria (AHP). Here, hepatic delivery is instead mediated by the conjugation to 
triantennary N-acetylgalactosamine (GalNAc), that bind to the asialoglycoprotein 
receptor (ASGPR) on hepatocytes for internalization. After RISC loading, givosiran 
mediates knockdown of ALAS, reducing the circulation levels of heme intermediates, δ-aminolevulinic acid and porphobilinogens that cause chronic symptoms including 
neurotoxicity and associated acute porphyria attacks. Givosiran is administrated 
subcutaneously once a month. 

Following the first-in class approval of LNP- and GalNAc-based siRNA therapies, four 
additional siRNA therapeutics have been approved, all relying on the GalNAc delivery 
strategy for targeting the liver: Inclisiran (LEQVIO) targets the PCSK gene mentioned 
above, where knockdown increases recycling of LDL-C receptors to the surface of 
hepatocytes, mediating enhanced LDL-C binding and reduced LDL plasma levels,. 
Two siRNA drugs (lumasiran and nedosiran) have been approved for the treatment 
of primary hyperoxaluria (PH) — a rare hereditary disease causing accumulation of 
hepatic glyoxylate — by knockdown of lactate dehydrogenase or glycolate oxidase in 
the liver. Lastly, vutrisiran is an siRNA drug based on ESC chemistry that targets TTR 
for treatment of hATTR similar to patisiran, but utilizing the GalNAc-technology for 
hepatic delivery instead of LNPs. 

Several additional siRNA therapeutics are currently in late clinical trials. Cemdisiran 
(GalNAc-conjugate targeting the complement  (C) protein in the liver, in 
complement mediated disease) and fitusiran (for hemophilia A and B) are both in 
phase  clinical trials. Active phase  clinical trials include siRNA treatment of 
hypertension, non-alcoholic steatohepatitis (NASH), Hepatitis B and D virus 
infection, alpha- antitrypsin liver disease and cerebral amyloid angiopathy. 

In the early days of RNAi drug development, new anticancer therapies based on siRNA 
were pursued by many biopharmaceutical companies. Notable early endeavors include 
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a phase , first-in-human trial of two LNP-formulated siRNA targeting vascular 
endothelial growth factor (VEGF) and kinesin spindle protein (KSP), in the treatment 
of metastatic liver disease. Although hopes were initially high, efforts were 
disappointing in early clinical trials and the LNP technology was still plagued by a 
narrow therapeutic index and inefficient delivery. Setbacks in early clinical 
development meant that siRNA-based cancer therapies were sidelined, and programs 
instead shifted focus to benign and genetically validated disease targets expressed in the 
liver. Now, after largely solving the siRNA chemistry and delivery required for 
treatment of diseases with hepatic origin, interest in development of anticancer siRNA 
and other oligonucleotide or RNA therapeutics is again rising. 

Anticancer siRNA therapies currently evaluated in early clinical trials include siRNA 
targeting EphA (in advanced solid tumors), K-RasGD (in pancreatic ductal 
carcinoma with KRASGD mutation,), HIF⍺ (in clear renal cell carcinoma), and 
TGF-β and COX- (in cutaneous squamous cell carcinoma,). 
Synthetic mRNA 

Already in , protein expression was induced in vivo in mouse skeletal muscle, after 
direct injection of mRNA. Similar to siRNA technology, the inherent instability and 
immunogenicity of mRNA — in addition to the challenge of delivery to target cells — 
were some of the reasons holding it back from transitioning into the clinic. 
Therapeutic mRNAs have been investigated in clinical phase  and  trials as vaccines 
targeting HIV-, influenza, Zika virus and other infectious diseases. The severe 
acute respiratory syndrome coronavirus  (SARS-CoV-) pandemic accelerated the 
mRNA therapeutic technology tremendously, with the successful development of two 
mRNA-based vaccines in record-breaking time, highlighting the potential of mRNA 
therapies and vaccines. 

Cancer therapies based on mRNA technology were pursued long before the success of 
the SARS-CoV- vaccines and have been boosted by recent developments. Several 
strategies exist where protein production from translation of synthetic and/or 
exogenous mRNA can be leveraged to control tumor progression or trigger and 
modulate immune response. Briefly, cancer cell proliferation can be inhibited by 
mRNA-encoded tumor suppressors. Immune response can be triggered by 
translation of tumor antigens or cytokines, produced by tumor cells or cells in the 
tumor microenvironment (TME). Moreover, mRNA-encoded genome editing 
proteins can disrupt tumor survival genes by targeted gene editing, as is discussed in 
more detail below. Although ultimately a cell-based therapy, chimeric antigen receptors 
for T cell engineering (CAR-T cell) is approved (since  in Sweden) for the 
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treatment of some lymphomas and acute lymphatic leukemia. CAR-T cell therapy is 
currently investigated for treatment of solid tumors as well, including 
glioblastoma,. Here, mRNA-encoded and transiently expressed CARs could offer 
advantages over strategies where genes are delivered by retroviral or lentiviral gene 
transfer, that puts the recipient cell at risk for genetic mutation. 

There are several approaches for improving the stability and translation efficiency while 
reducing the immunogenicity of therapeutic mRNA, including optimization of the 
′ end cap or ′ and ′ UTRs, modifications of the open reading frame (ORF) by 
codon optimization, and using natural but modified nucleosides like 
-methyluridine, -methylcytidinem, N-methyladenosin and pseudouridine (ψ),. 
Modification of the ′ poly(A) tail, and exclusion of double-stranded RNA 
contaminants also improve translation efficiency. 

Since mRNA is rapidly degraded by RNases in the bloodstream and cannot be delivered 
efficiently to target cells in a naked form, various delivery strategies have been used for 
mRNA delivery. Lipid formulation have typically been the most successful, and the 
currently approved SARS-CoV- mRNA vaccines rely on LNPs based on ionizable 
lipids. In addition to promoting delivery, these delivery carriers can also have an 
adjuvant effect that could be beneficial in the vaccine setting. 

mRNA tumor vaccines 
Tumor antigens can be selected to produce specially designed mRNA tumor vaccines, 
inducing antitumoral T cell or B cell response. Tumor antigens are typically 
considered tumor-associated self-antigens (TAAs) or tumor-specific antigens (TSAs). 
TAAs are present in normal tissue but overexpressed in tumor cells, while TSAs 
represent tumor neoantigens with high tumor specificity and potentially also 
immunogenicity. Therapeutic cancer vaccines are already used clinically; however, 
the current treatment options are not based on mRNA technology. One example is 
Imlygic (Talimogene laherparepvec) — an attenuated and genetically engineered 
herpes simplex virus type- (HSV-), used for treatment of inoperable, metastasized 
melanoma. Imlygic is injected into the tumor, where the virus replicates in tumor 
cells while producing immune stimulatory cytokines (granulocyte-macrophage colony-
stimulating factor, GM-CSF) and mediates the release of TAAs or TSAs that promote 
a systemic antitumoral immune response.  

Lessons from successful cancer vaccines and numerous preclinical and clinical studies 
of RNA-based vaccines have demonstrated the feasibility of mRNA vaccines in cancer 
treatment. In February , FDA granted breakthrough therapy designation to the 
investigational vaccine mRNA- (V) in combination with the anti-PD- 
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checkpoint inhibitor pembrolizumab, as an adjuvant treatment for patients with high-
risk melanoma following surgery. This novel personalized mRNA vaccine consists of 
a single synthetic mRNA, that is designed and produced based on the mutational 
signature of the patient’s tumor. The mRNA sequence is tailored to encode up to 
 neoantigens, with care also given to the patient’s human leukocyte antigen (HLA) 
type. The mRNA sequence thus provides a unique mutational signature to generate 
specific T cell response. In the phase b clinical trial on which FDA based its decision, 
the combination of mRNA- (V) and pembrolizumab showed a  decrease 
in the risk of post-surgical recurrence or death compared to pembrolizumab alone. The 
anti-PD- and tumor neoantigen mRNA combination is now being evaluated in a 
phase  trial. 

mRNA encoding cytokines and immunomodulatory factors 
As mediators of paracrine and autocrine signaling, cytokines are considered to be potent 
modulators of the TME. Recombinant cytokines have been used for the treatment 
of some cancers by systemic administration, including IL- (renal cell cancer ) and 
INF⍺ൢb (adjuvant treatment for resectable melanomaൡ൦ൣ). Typically, systemic 
administration of recombinant cytokines has shown low treatment efficacy, high 
safety concerns and was associated with major cost. Using mRNA technology offers 
several advantages over recombinant cytokines, including rapid and cost-effective 
production, higher signaling activity and extended half-life using LNP encapsulation 
both when administered systemically or locally in tumorsൡ൤൤. The use of LNP 
formulations also makes it possible to combine mRNA encoding two or more 
cooperative cytokines in one mixtureൡ൦൤. 

One interesting candidate mRNA therapeutic is mRNA- — a ‘triplet’ mRNA 
encoding OX ligand (OXL) together with IL- and IL-ɣ acting as 
proinflammatory cytokines. Direct injection of the LNP-formulated mRNA into 
solid tumors causes expression of OXL on the surface of cells in the tumor niche, as 
well as cytokine production. OXL is also known as the tumor necrosis factor ligand 
superfamily member  (TNFSF), and activation of its cognate receptor expressed on 
T cells provides a co-stimulatory signal promoting proliferation and survival of 
activated T cells. Promising results have been reported from an ongoing phase  clinical 
study in patients with advanced solid malignancies, with or without the PD-L 
inhibitor durvalumab as a combination treatment. A previous phase / clinical trial 
with a related mRNA candidate — mRNA- — that encoded OXL alone, was 
halted prematurely because the efficacy endpoints were not met for either treatment 
arm.  
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mRNA encoding tumor suppressors 
Cancer development and progression is typically associated with lost function of tumor 
suppressor genes. Thus, restoration of tumor suppressor function is a widely explored 
strategy for anticancer therapy, via the use of small-molecule inhibitors, protein delivery 
or DNA-based approaches. Delivery of mRNA encoding the key and in cancer often 
mutated tumor suppressors p (TP) and PTEN, using various nanoparticle 
formulations have been studied in several preclinical models with promising results, but 
positive results from late clinical trials are still lacking. One important difference 
when considering the delivery of mRNA encoding immune-modulatory 
or -stimulatory proteins like cytokines or antigens, as compared to mRNA encoding 
tumor suppressors, is what fraction of cells that needs to be targeted for a significant 
and durable effect. Production of cytokines and antigens for therapeutic tumor 
vaccination could very well be highly effective treatments (through the activation of 
immune response) even if only a fraction of tumor cells (or other cells in the TME 
depending on the strategy used) are targeted. To achieve restoration of tumor 
suppressor function, in principle all cancer cells need to be efficiently targeted if the 
treatment response is to be successful, if not considering immune-mediated secondary 
effects or strategies with repeated dosing — a significantly more challenging task. 
Adding to this is the relative inefficiency of particulate carriers like nanoparticles to 
efficiently penetrate often dense and hypovascularized tumors, the few numbers of 
mRNA molecules carried by each LNP– and the limited lifetime of delivered 
mRNA in target cells. 

Antisense oligonucleotides 

The front gate to the alley of antisense therapeutics was first unlocked in , when 
it was discovered that Rous sarcoma virus (RSV) translation and proliferation could be 
inhibited by a -mer DNA oligonucleotide in a sequence specific manner,. In 
brief, antisense oligonucleotides (ASOs) are single-stranded oligonucleotides designed 
to pair with complementary regions of an mRNA sequence via Watson-Crick base 
pairing, to inhibit translation or modify RNA splicing. After binding to its RNA 
target, ASOs can inhibit protein translation via steric block of the ribosomal 
machinery. Alternatively, they can recruit RNase H after binding to pre-mRNA or 
mRNA targets, to silence gene expression. This class of ASOs — known as gapmers —
consists of a core DNA sequence flanked by modified RNA mimics (typically LNAs, 
′-F or ′-OMe modified bases) that provide nuclease resistance. After ASO binding 
to form RNA–DNA duplexes, RNase H of the ubiquitously expressed RNase H  
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Figure 5. Mechanisms of antisense oligonucleotide target inhibition and modification 
Antisense oligonucleotides (ASOs) can downregulate gene expression by RNase H-mediated degradation of 
mRNA, alter the mRNA sequence or inhibit translation by changing splicing of pre-mRNA into mRNA, or 
inhibit translation via steric block of the ribosome. Created with BioRender.com. 

family hydrolyzes the target RNA strand with subsequent degradation of the 
fragments. A third category of ASOs function by altering mRNA splicing through 
for example exon inclusion or exon skipping — so called splice-switching 
oligonucleotides (SSOs). Depending on the intended strategy, designing ASOs to 
hybridize with splice sites, silencer elements or enhancer elements within pre-mRNA 
transcripts can make it possible to manipulate the splicing machinery to induce exon 
skipping, change the ratio of splice forms or restore splicing patterns. Additionally, 
ASOs can mediate target suppression by introducing out-of-frame deletions by 
modulation splicing, with subsequent nonsense-mediated decay of the transcript and 
gene silencing.  

In contrast to the RNAi machinery and siRNA, SSOs act in the nucleus to modulate 
splicing, and ASOs eliciting RNase H can mediate target degradation either in the 
nucleus or cytosplasm. Thus, ASO design that influences its subcellular localization 
after endosomal escape will also affect its potency. 

In similarity to siRNA, ASOs can be designed to bind non-coding RNAs and aberrant 
RNAs that cause disease, expanding targets beyond protein-encoding mRNA. 

ASOs have typically been synthesized and administered in the naked form. ASOs 
with a PS backbone become highly associated to plasma proteins with low affinity 
following intravenous administration. Plasma protein-binding reduces renal 
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filtration of naked ASOs and improves tissue uptake, primarily in the liver. Neutrally 
charged ASOs such as PNAs or PMOs bind weaker to plasma proteins, increasing renal 
filtration and lowering the dose delivered to target tissues.  

Following systemic administration, ASOs distributes broadly into most tissues, but in 
particular the liver, kidney, bone marrow, adipocytes and lymph nodes–. Despite 
being readily reachable after intravenous injection, ASO delivery to muscle is 
inefficient, probably related to the large amount of muscle tissue that needs to be 
targeted to achieve meaningful effect, and significant muscle-to-muscle variability. 
Since oligonucleotides do not cross the blood-brain barrier, approved ASOs rely on 
intrathecal administration to reach the CNS. After injection into the cerebrospinal fluid 
(CSF), ASOs distribute broadly and rapidly in the CNS and are internalized by neurons 
and glial cells, 

Several cell-surface receptors have been suggested to bind naked and/or plasma protein-
associated ASOs — including scavenger receptors, integrins and TLRs — to 
mediate their internalization via endocytosis. ASOs with PS backbones can shuttle 
continuously between the cytoplasm and nucleus by passive diffusion and active 
transport. Like other oligonucleotide therapeutics, ASOs need to escape from the 
endosomes to mediate biological response.  

Clinical use of ASOs 
Fomivirsen was the first ASO to be approved by FDA in , for the treatment of 
cytomegalovirus (CMV) retinitis through translation block. It was followed by 
mipomirsen (Kynamro) for familial hypercholesterolemia in , although 
mipomirsen was rejected by EMA in  and again in . After a couple of years, 
the introduction of new ASOs into the clinic picked up speed, as the SSO nusinersen 
(Spinraza) was approved in  for the treatment of spinal muscular dystrophy 
(SMA), highlighting the potential of oligonucleotide-based CNS therapies. Also in 
, the first SSO for the treatment of Duchenne muscular dystrophie (DMD) was 
approved by the FDA. To date, in total four SSOs that induce skipping of exon  
(eteplirsen), exon  (golodirsen and viltolarsen) or exon  (casimersen) for treatment 
of DMD have been approved by FDA. However, no SSOs for treatment of DMD 
have been authorized by EMA, ruling that the evidence put forward for the 
authorization of eteplirsen were not satisfactory for showing the medicine was effective, 
why it was refused in . In June , viltolarsen was granted orphan designation 
by EMA, and clinical trials are ongoing,. 

Eplontersen — a GalNAc-conjugated ASO targeting TTR in the liver — was 
approved by FDA late in  for the treatment hereditary transthyretin-mediated 
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amyloidosis, marking the first approval of a GalNAc-conjugated ASO and the first 
medicine for the treatment of TTR-related polyneuropathy that can be self-
administered via an auto-injector.  

Very recently (February ), the Committee for Medicinal Products for Human 
Use of EMA recommending granting of a marketing authorization (under exceptional 
circumstances) for tofersen (Qalsody) for the treatment of a type of amyotrophic lateral 
sclerosis (ALS) caused by a defective superoxide dismutase  (SOD) protein. 
Approved by FDA in , tofersen is administered intrathecally and binds to the 
mRNA of the encoding SOD, leading to its breakdown via RNase H. Mutations in 
the SOD gene account for ~ of all ALS cases, and more than  different SOD 
mutations have been reported. 

Lastly, ASO therapeutics are also pursued for individualized ‘n-of-’ treatments, where 
the antisense sequence is custom-tailored to treat (more-or-less) unique pathological 
variants. This was first shown by the development of Milasen by Timothy Yu and 
colleagues: a SSO for the treatment of Batten’s disease in a single patient — Mila. 
Since then, several additional patients have been treated with individualized ASOs, 
raising important technical, legal and ethical questions about drug development, 
authorization, safety and cost. 

RNA-based genome editing systems 

The discovery of the clustered regulatory interspaced short palindromic repeats 
(CRISPR)–Cas genome editing systems have launched a new era in gene therapy–. 
As of today, four classes of genome editing agents derived from CRISPR–Cas are 
available — nucleases, base editors, transposases/recombinases and prime editors. In 
addition to targeted alterations in genomic DNA sequences, CRISPR applications can 
also be used for RNA editing, transcriptional regulation, epigenetic 
modifications and nucleic acid detection. Genome editing technologies and 
applications are advancing rapidly, and this is largely a topic that is outside the scope 
of this thesis. However, since genome editing approaches typically deploy RNA as part 
of the targeting technology, or rely on delivery of parts of the ribonucleoprotein 
complex as mRNA, they represent invaluable tools in the RNA therapeutics toolkit. 
Additionally, it shares many delivery challenges with other oligonucleotide drugs. 

CRISPR-Cas nucleases 
Naturally occurring bacterial and archaeal CRISPR–Cas immune systems have been 
classified in groups and subtypes, depending on the number of proteins involved in 
nucleic acid cleavage and the type of Cas protein. Most Cas and Cas variants 
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possess RNA-guided DNA endonuclease activity, making them highly relevant for 
DNA editing. CRISPR–Cas activity require that a short sequence — protospacer 
adjacent motif (PAM) — exists near the target DNA site. Most Cas applications 
use a single guide RNA (sgRNA) to confer target sequence recognition. Recognition 
of target sites begins with binding of the Cas–guide RNA ribonucleoprotein complex 
to the PAM sequence, followed by formation of an RNA●DNA heteroduplex between 
the sgRNA and target DNA strand. After high complementarity RNA●DNA 
binding, Cas undergoes conformational changes that activate its nuclease domains, 
followed by hydrolysis of the phosphodiester backbone of DNA to create 
predominantly blunt-end double strand breaks (DSB). Following the generation of 
DSBs, DNA is repaired by either nonhomologous end-joining (NHEJ) or homology 
directed repair (HDR). NHEJ repair mechanisms (of which there are several 
versions) yields uncontrolled but predictable DNA insertions or deletions (indels), 
typically disrupting gene function. HDR is a competing repair pathway, that is less 
efficient and occurs primarily in dividing cells. It requires the presence of a donor 
DNA template to install targeted mutations or to knock in larger DNA sequences. 

Base editors 
Current base editors contain a catalytically impaired CRISPR–Cas nuclease that is 
unable to generate DSBs, fused to a single-stranded DNA deaminase. In some cases, 
the ribonucleoprotein complex also contains proteins that manipulate DNA repair 
pathways. Using a guide RNA targeting the desired DNA sequence, base editors 
precisely install targeted point mutations without generating DSBs and the need of 
donor DNA templates or HDR. Two main classes of base editors are available, namely 
adenine bas editors (ABEs), catalyzing the conversion of A●T base pairs to G●C base 
pairs; and cytosine base editors (CBEs), catalyzing C●G-to-T●A conversions. In this 
way, ABEs and CBEs together mediates all four possible transition mutations. 

Prime editors 
Prime editors represent a recent genome editing technology, that extents the type of 
point mutations from the transition mutations achievable with base editors, to include 
all six possible base pair conversions ( possible point mutations). In addition, 
prime editors enable small deletions and small insertion in a targeted and precise way. 
Prime editors are fusion proteins between partly inactivated Cas domains (Cas 
nickase, where the HNH nuclease domain is inactivated) and engineered reverse 
transcriptase domains. The prime editing fusion protein is targeted to the editing site 
by a prime editing guide RNA (pegRNA). The pegRNA is engineered so that it specifies 
the target site and encodes the desired edit. 
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Transposes and recombinases 
Even though Cas-promoted HDR can insert desirable genetic sequences at a specific 
genomic site, these strategies are limited to actively dividing cells, substantially limiting 
their usefulness for many applications. Recently, natural CRISPR-associated 
transposases and engineered transposase systems with fused Cas-domains have been 
reported,, that are able to integrate genomic cargos at DNA sites without HDR-
dependency. In addition, studies have also shown that engineered Cas-fused 
recombinases can modify substrates or delete target DNA in vitro, but so far with low 
efficiency and highly restricted target sequences. In summary, CRISPR-targeted 
transposases and recombinases represent recent and exciting opportunities in genome 
editing, that could achieve precise arrangements of large DNA sequences. 

Clinical use of RNA-based genome editing systems 
In late , the UK Medicines & Healthcare Products Agency approved the first 
CRISPR-Cas gene editing therapy followed shortly by FDA and EMA. The 
therapeutic — Casgevy — is a cell-based gene therapy for the treatment of sickle cell 
disease with serious symptoms. After isolation of CD+ hematopoietic stem cells from 
patients, CRISPR components are introduced ex vivo as a ribonucleoprotein complex 
by electroporation. Casgevy acts not by restoring normal adult hemoglobin — a 
tetrameric protein consisting of two ⍺-globin and two β globin chains, ⍺ൢβ, where 
the β-globin gene harbors the disease-causing mutation. Instead, Cas mediates 
disruption of BCLA, a gene encoding a repressor that acts directly on the fetal γ-globin gene promotor. Derepression of the γ-globin gene leads to formation of 
fetal hemoglobin, consisting of two ⍺-globin and two γ-globin chains (⍺ൢγ). 
Sufficient levels of circulating fetal hemoglobin ameliorates the effects of the mutated β-globin chain, reducing risk of serious disease episodes (vaso-occlusive crisis). 

Base editors have been used in clinical trials to generate universal CAR-T cells from 
healthy donor T cells, that were transduced with lentivirus to express a CAR with 
specificity for CD — a surface receptor protein expressed by cells in T cell acute 
lymphoblastic leukemia (ALL). Base editing was then used to inactivate three separate 
genes, encoding CD, CD and the β chain of ⍺β T cell receptor. The safety of the 
edited cells was investigated in a phase  study, in three children with recurrent ALL. 

Delivery of CRISPR-Cas systems for safe in vivo genome editing is a substantially 
more difficult prospect than ex vivo editing and subsequent transplantation of immune 
cells. Currently investigated in a first-in-human phase b open-label trial, the base 
editing therapy VERVE- uses mRNA encoding an adenine base editor and a guide 
RNA targeting PCSK, packaged in a LNP and delivered as a one-time intravenous 
infusion. After internalization by hepatocytes in the liver, the mRNA and gRNA 
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payload escapes to the cytosol where the mRNA is translated into functional ABEs that 
disrupt the PCSK splice donor site by A●T to G●C base pair conversion. The base 
editing inactivates the PCSK gene and lowers plasma LDL-C levels by increased 
expression of LDL receptors on the hepatocyte cell surface. Interim results from the 
study were presented at the American Heart Association’s Scientific Sessions in 
November . 

CRISPR-based technologies have gained substantial attention within cancer research as 
well, both as invaluable research tools but also methods or strategies for cancer 
treatments. As exemplified above, several phase I clinical trials are currently ongoing, 
where ex vivo CRISPR engineering of allogenic or autologous T cells is investigated to 
either disrupt immunosuppressive genes (e.g. PD-), or to integrate CAR elements into 
T cell receptor genes. However, although preclinical and translational strategies are 
being explored, direct targeting of tumors with CRISPR-Cas systems in vivo is a 
considerably harder task and not currently on the clinical horizon. 

The billion-year-old barrier 

Some two billion years ago, emerging eukaryotic cells evolved the ability to interact 
with the surrounding environment not only externally, but also after internalization of 
components from the outside to the inside of cells. Strict and well-regulated 
separation of internal cellular processes and material derived from the exterior world 
required a fundamental barrier, composed of specialized lipid membranes and the 
intricate network of diverse compartments they form. 

Structure and composition of endomembranes 

The elaborate endomembrane system is one of the most significant traits that 
distinguish eukaryotic from prokaryotic cells. The various compartments it 
encompasses exists in all major eukaryotic groups, indicating that the endomembrane 
system was present in the last eukaryote common ancestor, and that its origin could be 
linked to the origin of eukaryotes themselves. 

Theories for the origin of the endomembrane system have often derived it from plasma 
membrane invaginations, where the lumen of endosomes and the endoplasmic 
reticulum (ER) are topologically homologous to the external environment. Alternative 
theories have proposed that as the proteobacterial ancestor of eukaryotic mitochondria 
became  an  endosymbiont  in  its  archaeal  host,  it  was  still  able  to  produce  outer  
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Figure 6. The lipid bilayer composition 
Cellular membranes are complex lipid bilayer structures composed of different phospholipids, sphingolipids 
and cholesterol. The lipid species, the ratio between them and their localization to the inner and/or outer 
membrane leaftlet or nanodomains is important for membrane structure, fluidity and function, and varies 
between subcellular compartments and over time. The lipid bilayer is also housing a vast number of different 
proteins and carbohydrate structures with many and diverse functions. Created with BioRender.com. 

membrane vesicles — vesicles that are budded and secreted outward — that provided 
the initial seed of the eukaryotic endomembrane system. 

Whatever its evolutionary origin, compartmentalization provides eukaryotic cells with 
functionally specialized aqueous spaces that are separate from the cytosol. In addition, 
many vital biochemical processes take place on membrane surfaces, including for 
example lipid metabolism and oxidative phosphorylation, and the endomembrane 
system expands the total membrane area available for such processes vastly compared 
to the plasma membrane alone. Organelle membranes — including membranes of the 
endolysosomal system — have a lipid bilayer with specific composition that is 
impermeable to most hydrophilic molecules and macromolecules. Instead, membranes 
contain various transport proteins that are responsible for the transfer of metabolites 
between the luminal and cytosolic side of the bilayer. In addition, organelles have 
mechanisms for importing, incorporating and maintaining specific membrane proteins 
and component that confers its identity and specialized functions. 
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The major lipid constituents of cellular bilayer membranes are classified into 
glycerophospholipids (GPL), sphingolipids and sterols. In mammals, sterols are mainly 
represented by cholesterol. GPLs have a polar head group and two hydrophobic 
hydrocarbon tails, that are usually fatty acids of different lengths where one chain 
typically contains one or more cis-double bonds. Lipids in cellular membranes are 
amphiphatic, meaning they have a hydrophilic (polar) end and a hydrophobic 
(non-polar) end, that in combination with the molecule shape cause them to 
spontaneously form bilayer structures in aqueous environments. The same properties 
that drive formation of the lipid bilayer also provides self-healing properties, as a small 
disruption in the bilayer cause rearrangement of surrounding lipids to eliminate the 
interaction between the free membrane edge and neighboring water molecules. 

The fluidity of lipid bilayers is crucial to membrane functions. Membrane fluidity 
depends on its fine-tuned composition, determined by both chemical diversity (various 
structures of lipids) and compositional diversity (ratio of different lipids). The alkyl 
chain length and number of cis-double bonds (i.e. level of saturation) of phospholipids 
influence their packing and thus membrane fluidity and temperature-dependent 
properties. Incorporation of cholesterol into the bilayer enhances its permeability-
barrier properties, as the orientation and interaction of cholesterol with hydrocarbon 
chains within the bilayer makes the membrane less deformable and decreases its 
permeability to small water-soluble molecules. Complex compositional diversity of 
lipid membranes is seen over scales ranging from species, tissues, cells, organelles and 
even membrane leaflets (inner and outer halves of the bilayer) and membrane 
subdomains. 

The endolysosomal system 

The endolysosomal system is a highly dynamic and complex cellular network of 
membrane-enclosed intracellular compartments that handle trafficking, sorting and 
degradation of material internalized from the exterior environment via endocytosis. At 
several levels throughout this network, there is interplay and connections with other 
trafficking routes (e.g. with origin from the Golgi complex or ER) and interactions with 
specialized compartments like peroxisomes. The endocytic pathway is elusive, as the 
large number of entities collectively forming the compartments that it entails are 
scattered and undergo continuous but asynchronous fusion, fission, transformation and 
maturation at subcellular sites that typically are not very predictable. 



41 

 

Figure 7. Schematic representation of the endocytic pathway 
At its core, the endocytic pathway consists of a endocytosis–recycling loop and a degradative loop, that are 
connected via a feeder pathway where late endosomes (LE) is the key mediator. Created with 
BioRender.com. 

The endocytic pathway in a nutshell 
In a reductionistic representation, the core processes of the endocytic pathway can be 
described with just a few elements: 

o An endocytosis–recycling circuit shuttles components between the plasma 
membrane and early endocytic compartments. A typical mammalian cell cycles 
the equivalent of – of the surface area of the plasma membrane every 
hour through various kinds of endocytosis. Only a small fraction of all 
internalized material and fluid is directed toward the degradative system, while 
the majority is recycled back to the plasma membrane. 

o A degradative system, centered around lysosomes, is responsible for digestion 
of endocytosed macromolecules. 

o A feeder pathway connects the endocytosis–recycling circuit and the 
degradative system, where late endosomes (LE) are the mediator. The feeder 
pathway relies on stringent sorting and selection of membrane components 
and associated luminal cargoes that become destined for the degradative 
system. Bulk fluid and solutes that enters the endocytic/recycling loop are 
typically not specifically sorted, and thus spread throughout the endolysosomal 
compartments in a way that is dictated by overall fluid flux. 
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Endocytosis 
Endocytosis is the key cellular internalization process that transport a wide range of 
cargo molecules from the cell exterior and plasma membrane to small (– nm) 
intracellular vesicles. Several important endocytic pathways have been described in 
eukaryotic cells, where clathrin-dependent endocytosis is typically the most 
abundant. In addition to clathrin, over  other proteins are involved in the 
formation of clathrin coated vesicles. Although still completely understood, several 
endocytic adaptor proteins (AP, FCHO/) and scaffold proteins (EPS, EPSR) 
and other co-factors form endocytic sites on the plasma membrane in a cooperative 
manner, where they bind to cytosolic regions of different transmembrane cargo 
molecules to recruit them to the site of the plasma membrane that will produce the 
endocytic vesicle. Transmembrane proteins that bind external cargoes — i.e. 
receptor–ligand pairs — can be recruited into endocytic sites in a manner that is 
dependent or independent on ligand binding (receptor-mediated or constitutive 
endocytosis, respectively).  Receptor interaction with adaptor proteins is mediated by 
short linear sequence motifs or modifications such as phosphorylation or 
ubiquitylation. After recruitment of cargo to the endocytic site, the membrane is 
shaped into an invagination by the clathrin coat, actin filaments and scission proteins. 
With the help of BAR proteins, dynamin GTPases separate the vesicle from the plasma 
membrane by constricting the tubular neck of the invagination.  

In addition to the clathrin-dependent endocytic pathway, several clathrin-independent 
(CI) endocytic processes have been described. Although less abundant and still less 
characterized, CI pathways mediates cellular uptake of many extracellular receptors, 
ligands and pathogens. CI endocytosis can be dependent or independent on dynamin 
GTPase to form the endocytic vesicles. Caveolae-mediated endocytosis is the best 
characterized dynamin-dependent CI pathway. Caveolar invaginations are marked by 
the presence of caveolin proteins, and form intermediate compartments called 
caveosomes. RhoA GTPase-regulated endocytosis and fast endophilin-mediated 
endocytosis (FEME) are another example of CI dynamin-dependent endocytic 
pathways. 

CI pathways that are also dynamin-independent have been described, characterized by 
the either the Rho family GTPase CDC or the Arf family member ARF for their 
regulation. CDC-regulated endocytosis produces tubular clathrin- and dynamin-
independent carriers (CLICs), that after scission form intermediate glycosyl 
phosphatidylinositol-anchored protein- (GPI-AP) enriched early endosomes (GEECs). 
This route is typically referred to as the CLIC/GEEC pathway. 
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Interestingly, several cargos of the CI pathways — including GPI-anchored proteins — 
do not contain known cytoplasmic sorting motifs for recognition and recruitment to 
endocytic sites.. Alternative molecular events involved in cargo recruitment have now 
been identified. One such mechanism is the GL-Lect hypothesis, where extracellular 
clustering of glycosphingolipids and/or glycosylated proteins into nanodomains that 
bend the plasma membrane is mediated by secreted lectins (e.g. Galectin-///–). 
The GL-Lect mechanism appears to have an important role in the stimulation of the 
CLIC/GEEC pathway. Although less is known about cargo selection in different CI 
endocytic pathways, a range of protein-based (ubiquitylation, cytoplasmic motifs), 
lipid-based (clustering of lipid-tethered proteins) and combined lipid–protein 
mechanisms (e.g. flotillin-dependent endocytosis) have been proposed ,. 

Evidence suggest that the same endocytic cargo can be internalized by different 
mechanisms in different cell types; that the endocytic pathways can be switched under 
certain conditions; and that alternative redundant endocytic mechanisms can be used 
for some cargo molecules — all contributing to the difficulties to attain a large-scale 
integrated understanding of the CI endocytic pathways and their functional 
organization. 

Two specialty cases of cellular internalization deserve a brief discussion. First, 
phagocytic immune cells can engulf other cells or large particles (>. μm in diameter) 
via phagocytosis. Foreign objects are recognized by surface receptors, and actin-
dependent remodeling of the plasma membrane mediates the ingestion. Second, 
pinocytosis is also initiated by the actin-regulating machinery, that organize actin to 
form large cup-like structures (macropinosomes) that bring fluid material into the cell. 
In this process — where no specific sorting mechanism at the cell surface is operating 
— receptors located in the plasma membrane forming the macropinosomes are 
internalized without discrimination, together with solutes or macromolecules present 
in the extracellular fluid. The fate of internalized components is decided when 
macropinosomes fuse with various endolysosomal compartments, and components are 
sorted or diverted for recycling or degradation. 

Naturally, endocytosis is a key challenge in the delivery of macromolecules to target 
cells. Additionally, derangement of endocytic processes in cancer affects cellular 
properties like the plasma membrane surfaceome, receptor and cargo internalization, 
signaling, nutrient scavenging, cell polarity, and interactions with the immune system 
— all of which have therapeutic implications. Mechanistic details and strategies for 
leveraging endocytosis for delivery of therapeutic molecules is largely beyond the scope 
of this thesis but will be highlighted below when discussing relevant RNA delivery 
strategies. 
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Figure 8. Simplified schematic of the endocytic pathway 
Receptor-bound cargo is internalized by endocytosis and routed via endocytic vesicles to early endosomes. 
Cell surface receptors and internalized molecules can be recycled back to the extracellular environment 
directly from early endosomes or via specialized recycling endosomes. Internalized cargo and receptors are 
sorted in early endosomes before endosomal maturation generates late endosoms and multivesiclular bodies. 
Antegrade trafficking from the trans-Golgi network provides material for early, maturing and late 
endosomes, and molecules can be retrieved from these compartments to the Golgi apparatus via retrograde 
transport. Late endosomes eventually fuses with acidic lysosomes, containing hydrolases that degrade 
internalized material. Created with BioRender.com. 

Early endosomes and recycling endosomes 
Following endocytic uptake, newly formed small endocytic vesicles are thought to fuse 
and form early endosomes (EEs), that can then receive cargo from vesicles derived from 
both clathrin-dependent and -independent pathways. EEs are short-lived, typically 
only accepting incoming vesicles for about  min. During this time, some of the 
incoming cargo will be retained and accumulate over the lifetime of the EE, while lipid 
membrane and fluid is rapidly recycled away. To support the task of cargo selection 
and sorting, EEs have a complex structure with tubular and vacuolar domains, and 
membrane subdomains with different composition and specialized function. 
Recycling from EE to the plasma membrane can occur by a direct route from EEs (fast 
recycling), or by an indirect route via specialized recycling endosomes (REs, slow 
recycling). 



45 

Formation of intraluminal vesicles (IVLs) starts already in EEs, where the endosomal 
sorting complexes require for transport (ESCRT) organizes sorting of ubiquitylated 
membrane proteins into ILVs formed by membrane invagination and scission . 

Throughout the endocytic pathway, both antegrade and retrograde traffic between 
endosomes and the trans-Golgi network (TGN) are continuously ongoing processes, 
responsible for delivery and removal of components from EEs, maturing endosomes, 
LEs and newly formed lysosomes. 

Endosomal maturation and late endosomes 
Evidence supports at least two ways in which LEs are derived from EEs. First, the Rab 
GTPase Rab present on EE membranes recruit Rab, after which it is converted to 
the GDP-bound form and dissociates from the vesicle membrane. The process of 
Rab–Rab conversion has been observed on the scale of a few minutes. Second, LE 
can be derived from EE by fission events, where Rab is recruited to subdomains of 
Rab+ EE, followed by separation of the Rab domain from the rest of the endosome, 
that maintains its EE components. It is possible that different mechanisms for LE 
formation exists for different populations of EE and it could also be influenced by the 
cargo they contain. 

Late endosomes also have a role as carriers of components like degradative enzymes 
(hydrolases) and membrane proteins from the TGN to lysosomes. This influx is 
required for maintaining the activity and integrity of mature lysosomes. 

LEs undergo several changes after during their formation, referred to as endosomal 
maturation. This process involves exchange of membrane components; shift in fusion 
specificity toward LE, lysosomes and autophagosomes; increased formation of ILVs; 
relocation toward the perinuclear area; decrease in luminal pH and progressive 
acquisition of lysosomal components. Inclusion of lysosomal glycoproteins (like 
lysosome-associated membrane glycoproteins, LAMPs) provide resistance of the 
limiting membrane of LEs to hydrolases. 

Lysosomes 
Late endosomes formed in the peripheral cytoplasm are moved to the perinuclear area, 
where they mature, fuse and form larger bodies that undergo both transient fusion 
events (kiss-and-run) and full fusions with ‘prelysosomal’ vesicles (hybrid organelles 
between LEs and lysosomes) and lysosomes. Fusion of LEs with lysosomes delivers 
macromolecules destined for degradation to the final ‘dead-end’ station, but also 
provides many of the components necessary for maintaining lysosomal activity. Several 
pathways feed material to lysosomes for degradation, contributing to the heterogeneity 
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of lysosomal compartments and the collection of vacuoles they contain. Functionally 
mature lysosomes can be defined by four cardinal features: () A high degree of 
acidification, with a pH of .–.; () high levels of lysosomal hydrolases and 
() lysosomal membrane proteins; () the absence of mannose -phosphate receptors. 
Thus, the classical lysosomes with high hydrolase content and high buoyant density 
typically represent the compartment at a late stage of the degradative process. 

In addition to their role as a garbage disposal system within the cell, lysosomes have 
also been linked to triggering of cell death via lysosomal membrane permeabilization 
(LMP), coining the term ‘suicide bags’. Acidic lysosomes provide the perfect 
conditions for more than  degradative hydrolases. Hydrolytic activity of proteases 
that are released from lysosomes is counteracted by higher cytosolic pH and the 
presence of endogenous inhibitors. If the release is substantial, however, cytosolic 
defense mechanisms can become saturated and result in caspase-dependent 
or -independent apoptotic, pyroptotic or necrotic types of cell death — collectively 
defined as lysosome-dependent cell death. Considerable lysosome damage will trigger 
an autophagic response (lysophagy) to remove the lysosome, whereas limited damage 
or permeabilization is more likely to trigger repair responses that restore lysosome 
integrity and function, as is discussed in greater detail below. Although treatments that 
induce massive LMP have been associated with toxicity and apoptosis since the 
discovery of lysosome-dependent cell death, findings of lysosome-derived nuclear or 
cytosolic proteases and their involvement in homeostatic cellular processes suggest that 
limited, spatially and temporally restricted release of lysosomal hydrolases via LMP may 
be a regular occurrence that is compatible with cell survival–. For example, a recent 
study found that cathepsin B was released from lysosomes positioned near the 
chromatin metaphase plate to support chromosome segregation in normal mammalian 
cell division. 

pH is important for endosome function 
Acidification of endosomes is dependent on fusion with LEs and vesicles derived from 
the TGN, that carry the vacuolar H+-ATPase (V-ATPase). V-ATPase is a unique class 
of ATPase, that do not require coupled influx of permeant anions to transport H+ into 
the endosomal lumen. To compensate the electrogenic effects of continuous H+ 
influx across the endosomal membrane mediated by V-ATPase — that would otherwise 
result in an increasing positive charge and energetic barrier against maintenance of low 
pH — vesicular chloride channels that are activated by high H+ concentration conduct 
a passive Cl– ion current compensating the positive charge buildup and permit H+ 
influx against a concentration gradient. Additional changes in the ionic environments 
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have been characterized and are also linked to acidification, including mediators as 
Na+ /K+ ATPase and Ca+, Na+ and K+ ion channels. 

EEs are only weakly acidic, with a pH typically between .–.. Progressive 
acidification lowers the pH of LE to .–., and lysosomes to pH ~.. 
Acidification of the vesicle lumen throughout the endolysosomal system is required for 
a multitude of functions, including release of ligands from internalizing receptors 
(required for receptor recycling); maturation of LEs; optimal function for acidic 
lysosomal hydrolases, and oxidation reactions. Additionally, intralumenal pH is of 
key importance for several oligonucleotide or RNA delivery systems, including LNPs 
using ionizable lipids as discussed below. 

Regulators of endosome function 
The regulatory systems orchestrating the intricate endolysosomal network and 
endocytic pathways are extensive and highly complex, why only a very few key aspects 
of the regulation will be outlined here. 

As already introduced, Rab GTPases are master regulators of almost all membrane 
trafficking processes in eukaryotic cells. This includes the endocytic pathway, where 
they also serve as important organelle identity marker. Rab GTPases represent the 
largest family of small GTPases, and more than  members that localize to distinct 
intracellular membranes have been identified in humans. The function of Rab 
proteins is controlled by switching between two conformational states — a GTP-bound 
‘on’ state and GDP-bound ‘off’ state. Switching between the states is regulated by sets 
of guanine-nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs), 
GDP dissociation inhibitors (GDIs) and GDP displacement factors (GDFs). The 
attachment of one or two hydrophobic geranylgeranyl groups confers the reversible 
association of Rab GTPases with membranes. In the GTP-bound state, Rab GTPases 
recruit effector proteins that mediate the specialized functions which characterize the 
compartment the Rab proteins localize to. 

As mentioned above, the Rab switch with Rab to Rab conversion is a key step and 
driver of endosome maturation, and its regulation includes a large number of additional 
factors and complexes. Depending on the topic of interest, various Rab GTPases receive 
different level of attention. In the endocytic pathway, apart from the key regulators 
Rab and Rab, Rab mediates bidirectional trafficking between the TGN and early 
endosomes and Rab mediates transport from LE to the TGN. In the recycling 
pathway, Rab is involved in trafficking from EEs to REs, and Rab and Rab 
mediate recycling from REs to the plasma membrane. 
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A second class of fundamental regulators of endolysosomal function is membrane 
tethering complexes, that are a prerequisite for proper fusion of two membrane entities 
at the right time and place. Briefly, tethering of endocytic vesicles to EEs is mediated 
by the class C core vacuole/endosome tethering (CORVET) complex. Tethering and 
fusion of LE with lysosomes is instead dependent on the homotypic fusion and vacuole 
protein sorting (HOPS) complex.  

Phosphatidylinositol (PI) conversion is an additional key event in endosomal 
maturation, where local synthesis or conversion of the membrane lipids 
phosphatidylinositol--phosphate (PtdInsP) and phosphatidylinositol-,-phosphate 
(PtdIns(,)P) is regulated by specific kinases and phosphatases that allow tight 
control of compartmentalization through the downstream recruitment of a number of 
effector proteins with PI-binding domains (e.g FYVE, PX, PH, GRAM). PtdInsP is 
primarily found on the cytosolic leaflet of EE membranes, and its synthesis is initiated 
via Rab dependent mechanisms. PtdIns(,)P is important later in the degradative 
pathway, and its conversions from PtdInsP is mediated by the kinase PIKfyve, that 
binds PtdInsP with its FYVE domain. This links the production of PtdIns(,)P to 
membranes rich in PtdInsP. Additionally, the control of PI metabolism provides a 
way of crosstalk between Rab GTPases. 

Endosome motility is a key aspect of their function as an interacting network, and their 
movement is closely linked to their function and stage of maturation. Movement 
between the periphery and perinuclear areas of the cell is mediated by both dynein and 
kinesin motor proteins along microtubules radiating from the microtubule organizing 
center (MTOC). Kinesins and dynein provide opposing forces that move attached 
vesicles in opposite directions on microtubules, towards the periphery (microtubule 
plus end) or MTOC (microtubule minus end) respectively,. Net movement is 
toward the MTOC, and LEs and lysosomes typically enrich at the perinuclear region 
along this axis. 

Protein and lipid components regulating or otherwise residing on endosomes are only 
partially useful as molecular markers of endosome identity, because the majority of 
these components either follow the endosomes through multiple steps of 
transformation or is only transiently associated with the specific compartment 
organelle. 

Not only a shuttling network 
In addition to the simplistic view of the endolysosomal system as a routing and 
degradation system for endocytosed material, several additional and fundamental 
functions have been associated with it over the years. Species of lysosomes fuse with the 
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plasma membrane to repair it, and damages in the plasma membrane can be mended 
by endocytosis,. Various endosomal compartments also release nondegradable or 
other material to the cell exterior by exocytosis via recycling endosomes or 
lysosomes,. Invagination of the endosomal membrane leads to the formation of 
intraluminal vesicles (ILVs) in later endosomal compartments known as multivesicular 
bodies (MVBs), and ILVs that are released to the environment via fusion of MVBs with 
the plasma membrane is the source of exosomes. Not surprising considering the 
topological homology of the endolysosomal luminal space to the cell exterior, 
endosomes have numerous functions in fighting infections. In addition to providing a 
physical barrier restricting access to the inside of the cell, presence of pathogens can 
activate immune response via intralumenal receptors like Toll-like receptors (TLRs). 
Endosomes are also the site of antigenic peptide generation and binding to major 
histocompatibility complex class II (MHC-II) molecules. Lysosomes also have an 
important function as signaling hubs. As an example, the selective metabolic 
responses mediated by mechanistical target of rapamycin complex  (mTORC) is 
dependent on its physical recruitment to the lysosomal membrane. 

Get in, get out – The delivery problem and endosomal escape bottleneck 

Extracellular barriers 
The challenge of achieving biologically meaningful delivery of macromolecules like 
RNA to the right tissue and have them execute their specific therapeutic task inside the 
recipient cells is substantial. Several approaches can be used to administer therapeutic 
RNA, including intravenous infusion, subcutaneous or intramuscular injection, 
intrathecal injection, topical administration and direct injection in the target tissue (e.g. 
intratumoral injection). The preferred route of administration is dependent on the 
formulation and delivery strategy used for the specific RNA molecules, and the 
properties of the target tissue. 

RNA constructs and formulation that are administered systemically need to avoid renal 
filtration and excretion. Nanoparticles have a size that is above the limit of renal 
filtration. Conjugates of siRNA and carrier molecules typically face larger difficulties, 
but can be aided by for example binding to circulating lipoprotein particles or 
albumin. 

Nuclease stability and immune recognition is two additional challenges encountered 
both in the circulation, extracellular tissues and intracellular compartments, as 
discussed above. In addition to chemical modification of RNA molecules, formulation 
in nanoparticles typically confer nuclease resistance and hide RNA from immune 
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surveillance mechanisms. Nanoparticles or other delivery molecules typically need to 
maintain their integrity and stability until reaching the target tissue and being 
internalized by cells, and the carriers themselves can initiate immune response 
independent of the RNA payload. 

Extravasation and/or tissue penetration is another key challenge. The fenestrated 
endothelium of the liver and spleen promotes extravasation and accumulation of 
nanoparticles there after systemic administration. Sequestration of nanoparticles in the 
liver appears to be independent of many physiochemical properties, like size, shape and 
composition. Sequestration in the liver promotes clearance of nanoparticles by the 
reticuloendothelial system (RES) — liver-resident Kupffer cells and liver sinusoidal 
endothelial cells. Kupffer cells clear nanoparticles from the circulation through several 
endocytic pathways,.  

Subcutaneous administration is dependent on the redistribution of the RNA construct 
into the circulation before reaching the target tissue. Delivery to the CNS following 
intravenous or subcutaneous administration is severely hampered by the blood-brain 
barrier (BBB). With intrathecal administration, however, the cerebrospinal fluid and 
the continuous ventricular system of the brain facilitates local distribution of RNA and 
ASO in the CNS. Tumors are often characterized by disrupted vasculature architecture, 
that typically are more permissive to extravasation of fluid and macromolecules — a 
mechanism called enhanced permeation and retention (EPR). At the same time, 
aggressive tumors are also characterized by high cell proliferation with insufficient 
blood vessel formation, resulting in hypovascularized, dense and hypoxic tumor 
regions. These features have contributed to doubt over whether the EPR effect is 
meaningful in real clinical settings and most human tumors, especially since LNPs 
have largely failed to efficiently deliver cargo to tumors. Naturally, tumor architecture 
and compactness will also influence tissue distribution of non-particulate RNA 
constructs, both when administered systemically and locally. 

Efficient cellular uptake of the therapeutic molecules is a prerequisite for robust 
biological effect no matter the route of administration. Ligands targeting cell surface 
receptors can either be conjugated directly to RNA (siRNA) or be incorporated into 
engineered nanoparticles. Ignoring potential competing internalization mechanisms 
(e.g. accumulation in the liver by interaction with lipoprotein particles or sequestration 
and phagocytosis), receptor–ligand binding that mediates endocytosis will confer a 
mechanism of uptake specific to the cells that express the receptor. Delivery vehicles 
may, however, distribute and extravasate into the extracellular space in tissues even if 
cells do not express the specific receptor, with less of the therapeutic molecules 
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accumulating in the target tissue and increased risk of undesirable effects in non-target 
tissues due to potential internalization via less specific endocytic pathways. 

Intracellular barriers 
Substantial progress has been made in the delivery of RNAs to target tissues and cells 
in the last decades, where many of the developments have improved on the extracellular 
barriers outlined above. Also when considering intracellular barriers, oligonucleotide 
chemistry and tuning of delivery systems have provided several important 
advancements, like limiting immune activation, improving RISC incorporation and 
activity (with siRNA), or interaction with other cytosolic or nuclear targets, and 
enhancing endonuclease stability. With the increasing success of deploying strategies 
to achieve intracellular delivery of these macromolecules, the difficulties of overcoming 
the endolysosomal barrier and reach the cytosol have become exceedingly clear. 

Release of RNA payload from the endosomal system has typically been favorable before 
RNA is accumulated in lysosomes, where payload is at risk of degradation and 
maintaining membrane integrity likely is of high importance considering the acidic 
environment and hydrolases contained in lysosomes. At the other end, the majority of 
internalized bulk membrane and fluid is efficiently recycled back to the exterior of cells 
and the plasma membrane if not diverted to non-recycling compartments. This 
means that there likely is a window-of-opportunity during the endocytic trafficking 
pathway of any RNA payload where release is more likely to occur and more favorable 
to promote. Even if that is true in principle, improved stabilization chemistry of siRNA 
has provided convincing evidence that lysosomes do not necessarily have to be 
considered non-productive dead-ends in the endocytic route. Instead, the integrity of 
siRNA accumulating in lysosomes seems to be maintained for an extended period, 
making lysosomes an intracellular depot for release of siRNA cargo to the cytosol. 

Naked, non-formulated and non-conjugated RNA lack inherent mechanisms to 
efficiently cross the endosomal membrane. This inefficiency has been known for a 
long time and several efforts have been made to quantify or ‘guesstimate’ the fraction 
of internalized payload that eventually makes its way into the cytosol, where it can exert 
therapeutic effects. Delivery vehicles try to address this short-coming in several ways, 
and strategies to promote endosomal escape of RNA have been extensively investigated. 
In addition, cells have several systems that respond to membrane-perturbations and 
damage. Although their role in limiting the release and activity of RNA payload 
delivered with different carriers have been poorly characterized, it is possible that they 
reduce cargo release promoted by delivery vehicles, and plausible that their baseline 
activity maintains membrane integrity and reduces the rate of events where 
unfacilitated release could occur. 
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Figure 9. Carriers or modifications are required for efficient RNA delivery to tissues and cells 
Many and diverse strategies have been pursued to deliver RNA or oligonucleotide payload to target cells and 
facilitate uptake across the cell membrane. The most successful delivery vehicles so far have been lipid 
nanoparticles (LNPs) and conjugation of RNA/ASO to triantennary N-acetylgalactosamine. LNPs are often 
formulated with a mix of ionizable lipids, PEG-lipids, ’helper’ phosholipids and cholesterol. Triantennary 
GalNAc-conjugates have a targeting ligand synthesized from three N-acetylgalactosamine chains conjugated 
to the RNA or ASO payload. GalNAc binds to the asialoglycoprotein receptor expressed by hepatocytes in 
the liver, promoting internalization of the payload. Lipid-modicifation of siRNA is a third well explored 
strategy for siRNA delivery, where direct conjugation of cholesterol or similar hydrophobic lipid moieties to 
siRNA have been used. Created with BioRender.com. 

For RNA that is delivered and endocytosed in a particulate formulation, it is 
conceivable that disassembly of the particle is important for the subsequent escape of 
free RNA. Some degree of particle disintegration is likely also required to promote 
membrane disruption. Size of the payload could also be relevant for the release 
efficiency, as synthetic mRNA is typically considerably larger than siRNA. 

The various aspects of the endolysosomal barrier to RNA delivery outlined above have 
until recently remained largely uncharacterized, contributing to the endosomal escape 
‘black box’. Efforts to investigate and improve the understanding — on the subcellular, 
endosomal level — of why and how cytosolic delivery occurs or not, and what rationale 
strategies could be devised to modulate, assess and improve it is of key importance. 
Putting the best candidate constructs into the endosomal escape ‘black box’ and trying 
to make sense of what eventually comes out of it has, so far, not been successful enough. 
In part, difficulties have been related to a lack of suitable tools to probe properties of 
endosomal escape in detail. The current understanding of endosomal escape will be 
further discussed below for relevant delivery strategies. 

RNA delivery strategies 

The vast ocean of delivery approaches and vehicles that have been pursued for the 
intracellular delivery of macromolecular RNA payloads speaks to the difficulties of the 
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task. Here, special focus will be on RNA delivery strategies used in the papers included 
in this thesis; namely lipid-conjugation of siRNA and lipid nanoparticle formulation 
of mRNA or siRNA. Previous work pinpointing various aspects of endosomal escape 
will then be discussed in more detail. 

Lipid nanoparticles 

Big molecules in small particles 
Non-viral vectors for delivery of genetic material have been pursued to avoid the 
immunogenicity, inability to repeat dosing, limited packaging capacity and 
uncontrolled integration of genetic material (with risk of disrupting native gene 
functions) that have typically been the weaknesses of viral delivery vehicles in clinical 
settings. Although now a heterogenous group, two classes of biomaterials have mainly 
been explored in the synthesis of nanoparticles for biomedical applications — lipids 
and polymers. 

Nanoparticles based on cationic polymers are attractive due to their structural diversity 
and vast chemical space for polymer development. Particle architectures using low 
molecular weight polyethyleneimine (PEI) have been favored historically for delivery 
of genetic material, typically transfecting the lungs after systemic administration. 
Several new classes of cationic polymers with more beneficial or tailored properties have 
emerged, and their application holds special promise in for example nanoparticle 
formulation for inhalation or incorporation in hydrogels or other scaffolds,. 

Additional particle carriers for delivery of RNA with interesting therapeutic potential, 
that are not further discussed here, includes extracellular vesicles and engineered 
virus-like particles.  

Composition of lipid-nanoparticles 
As highlighted in previous sections, formulation of RNA payload into lipid 
nanoparticles (LNPs) have already proven to be successful in the clinical setting, 
sparking interest in their use also in extrahepatic delivery. Cationic lipids and ionizable 
lipids (iLs) are two varieties that have been extensively explored for RNA delivery. 

The head group of cationic lipids is positively charged, whereas iLs are protonated at 
low pH, but will remain neutral at physiological extracellular pH. Cationic lipids 
have been used to formulate lipid nanoparticles, but was also commercialized as 
transfection agents where mixing with nucleic acids will produce larger complexes 
(lipoplexes) via electrostatic interactions. One such transfection agent is Lipofectamine, 
a combination of ,-dioleoyl-sn-glycero--phosphoethanolamine (DOPE) and 
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,-dioleyloxy-N-[-(speminecarboxamido) ethyl]-N,N-dimethyl--propanaminium 
trifluoroacetate (DOSPA). 

Ionizable lipids have less interaction with anionic membranes that are encountered in 
the circulation, due to their neutral charge at physiological pH, improving the 
biocompatibility of LNPs. As the endosomal pH decreases following uptake, iLs 
become increasingly protonated and thus positively charged. Many iLs with different 
properties have been synthesized and used for LNP formulations. Typically, they have 
been synthesized with a structure that have three sections: an amine head group, a linker 
group, and hydrophobic tails. The iL ,-dilinoleyloxy-N,N-dimethyl--
aminopropane (DLin-DMA) was originally synthesized for siRNA delivery. 
Optimization of the linker group and hydrophobic tails resulted in ,-dilinoleyl--
dimethylaminoethyl-[,]-dioxolane (DLin-KC-DMA), and further modifications 
of the amine head group led to (Z,Z,Z,Z)-heptatriaconta-,,,-tetraen--
yl -(dimethylamino) butanoate, otherwise known as DLin-MC-DMA or MC for 
short. MC is a cornerstone component of patisiran and several additional 
investigational LNPs. Other well-known iLs are Lipid H (SM-) and 
ALC- — the iL components of the Moderna mRNA- (Spikevax) and 
Pfizer–BioNTech BNTb (Comirnaty) COVID- vaccines, respectively.  

In addition to iL (or cationic lipids), LNPs are typically formulated with three 
additional lipid components; namely phospholipids, cholesterol and polyethylene 
glycol- (PEG) functionalized lipids.  

Phospholipids can be for example phosphatidylethanolamine or phosphatidyl-choline, 
and functions as helper lipids in particle formulation. The modified 
phosphatidylcholine ,-distearoyl-sn-glycero--phosphocholine (DSPC) has 
saturated tails and a cylindrical geometry that allows it to form a lamellar phase, aiding 
in stabilizing the structure of the LNP.  

Cholesterol can improve LNP stability by modulating particle integrity and rigidity, 
and various cholesterol derivatives with different molecular geometry affect LNP 
biodistribution. Cholesterol derivatives can also confer a polyhedral shape to LNPs 
(as opposed to spherical shape) with lipid partitioning and multilamellarity. 

PEG-lipids help control many properties of LNPs, including particle size, tendency to 
aggregate and their zeta potential (i.e the electrical potential of the particle at the 
slipping plane — a plane that represents the interface separating mobile fluid around 
the particle from fluid that remains attached its surface). PEG-lipids also prevents 
opsonization and clearance by the RES when in the circulation, thus extending the 
particle half-life. Additionally, PEG-lipids serve as anchors that can be used to 
conjugate ligands to the surface of the particle. 
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Lipid nanoparticles are synthesized via coassembly of the lipid and RNA components, 
typically by rapid solvent mixing. High flow-rate microfluidic mixing is considered the 
frontrunner for LNP synthesis methods, providing consistency and scalability. It 
involves rapid combination of organic phases (containing lipid mixture) and aqueous 
phases (containing nucleic acid payload), yielding LNPs with high homogeneity and at 
a high encapsulation efficiency. The lipid species used in formulation and their ratio is 
important in determining LNP size, and to a likely lesser degree the size of the payload 
and the method of synthesis. Many LNPs have an average size of – nm, 
although both smaller and larger particles might have certain beneficial 
characteristics. Tuning the lipid composition of LNPs is one way that organ 
selectivity could be improved when developing new extrahepatic delivery vehicles, and 
substantial efforts are being made to this end–. 

LNPs — How do they work? 
LNPs interact with plasma apolipoproteins in the circulation, acquiring a protein 
corona where apolipoprotein E (ApoE) serves a special role for ionizable lipid-based 
LNPs. ApoE promotes the trafficking of LNPs through the fenestrated endothelium in 
the liver and binds to LDL receptors on target hepatocytes to trigger receptor-mediated 
endocytosis. In a broader view, different LNPs can be internalized by several 
mechanisms, influenced by their composition and specific properties. Clathrin-
dependent LDL receptor-mediated endocytosis is the main pathway for LNP uptake in 
liver hepatocytes, although micropinocytosis and clathrin-independent endocytic 
routes can mediate uptake of other LNPs in other cells.  

It has become evident that only a small proportion of all internalized LNP payload is 
able to escape the endolysosomal compartment and reach the cytoplasm–. 
Investigations of the intracellular trafficking of LNPs have shown that ~ of 
internalized siRNA is recycled back to the cell exterior from LEs or lysosomes, and this 
recycling was dependent on vesicle transport between LEs and Golgi or ER, and 
exosome secretion mediated by Raba and Rab, respectively. Inhibition of Rab — 
controlling recycling from REs — did not affect intracellular LNP retention . 
Although various LNPs could be routed toward the recycling or degradative circuit in 
different extent, fast recycling of LNPs would likely limit their therapeutic potential, 
since the endosomal compartments they reside in during trafficking during recycling 
are not acidic enough to mediate a high degree of ionization of the iLs.  

By using an LNP containing two siRNA with different fluorescent probes, making it 
possible to monitor the integrity of the particles via Förster resonance energy transfer 
(FRET), it was found that LNPs disassembled rapidly within the first hour after 
internalization.  Several studies found that release occurs from early endosomal 
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compartments. A live-cell fluorescence microscopy investigation characterized the 
releasing vesicles as mainly Rab+, where most vesicles had lost the early endosome 
antigen  (EEA) and a minority already acquired Rab. No release was observed 
from endosomes with lysosome-associated membrane protein  (LAMP, i.e. mature 
LE and lysosomes), suggesting that release only occurred during a narrow ~ min 
window-of-opportunity during the endocytic pathway.  

In one study, approximately  of LNPs were localized in endosomes marked by 
either the Rab effector Rabankyrin-, EEA or LAMP ~ h after cells were exposed 
to LNPs, indicating that LNPs could reside in hybrid endosomes having markers of 
both early and late endosomal compartments.   

Several studies have used modeling of endocytic trafficking of RNA LNPs — combined 
with either pharmacological modulation of endocytic trafficking, or quantitative 
information of the amount of RNA payload in various endocytic compartments — 
to infer correlation between location of payload and downstream biological activity (i.e. 
endosomal escape). The studies implied a role of early endosomal compartments in 
payload release, specifically APPL+ EEA+ and Rab+ compartments (APPL is an 
effector protein of Rab). Here, location of mRNA in Rab+ endosomes had the 
highest correlation with biological activity, indicating a possible role in release. One of 
the studies also found that mRNA LNPs (formulated with the three iLs L, MC or 
ACU, and used at a moderately high concentration, . μg mL–) appeared to 
accumulate in large EEA+ endosomes to various extent. High endosomal LNP content 
was associated with higher endosomal pH in these structures, and the authors predicted 
that the endosomal escape from such “arrested” endosomes was negligible. 

Intriguingly, the exact nature of the LNP-induced membrane perturbations allowing 
for intralumenal RNA payload to escape is still not clear. Protonation of the iLs and 
their interaction and likely mixing with the endosomal lipid bilayer, transitioning into 
an inverted hexagonal (HII) lipid phase, is widely considered a key step preceding cargo 
release,. However, several biophysical models of membrane–LNP interaction can 
be considered. For example, it is proposed that mixing of ionizable lipid and RNA with 
the endosomal membrane could serve as a conduit for RNA translocating to the cytosol 
without the need of large membrane defects. Alternatively, it is also plausible that 
release of RNA payload occurs through disruptions (‘holes’) in the endosomal 
membrane following its destabilization by iLs when transitioning to the HII phase.  
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Figure 10. Schematic illustration of common structures in cationic lipid–DNA assemblies 
Left: Normal hexagonal phase (HI), with elongated lipid micelles arranged on a hexagonal lattice and the 
DNA rods arranged on a honeycomb lattice in the interstices between the lipid micelles. Center: Lamellar 
phase (Lα), with alternating lipid bilayers and DNA monolayers sandwiched between them. Right: Inverted 
hexagonal phase (HII) with lipid-inverted micelles coating the DNA arranged on a hexagonal lattice. 
Reproduced from Gaspar, Ricardo et al. “Lipid-Nucleic Acid Complexes: Physicochemical Aspects and 
Prospects for Cancer Treatment.” Molecules (Basel, Switzerland) vol. 25,21 5006. 28 Oct. 2020, 
doi:10.3390/molecules25215006. Distributed under Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/). 

Tuning the pKa values of iLs,,– as well as the properties of the lipidic tails,–

 and the ratio of lipid components,– influence the efficiency of endosomal 
escape, but it is currently not known what part of the endosomal escape process that is 
modulated by such tinkering or how to evaluate individual steps in detail other than 
measuring downstream results. 

The likely most important physicochemical determinant for the property of iLs is their 
apparent acid dissociation constant (pKa). In practical terms, the pKa of a cationic 
ionizable lipid describes the relationship between H+ concentration (i.e. pH) and the 
level of lipid ionization. When pH is equal to the pKa of the iL, at any given time, half 
of lipids are ionized and half remain neutral. The apparent pKa is the likely pKa at the 
LNP surface, where the interaction with additional LNP constituents influences the 
properties of the iL. Considering Dlin-MC-DMA as an example, it contains one 
ionizable amine group in the lipid head, with an apparent pKa of .. Thus, half of 
MC molecules will appear protonated (positively charged) at pH . and half will 
appear neutrally charged. The iLs that are currently approved for clinical use all have 
an apparent pKa between –, so that they remain largely neutral in circulation (pH 
~.) and become increasingly charged after internalization, as the pH of the 
endolysosomal compartments decrease. 

In addition to the pKa, the molecular shape of the iLs is also of importance, as it has a 
large effect on the local chemical environment in the LNP due to its influence on lipid 
packing. Ionizable lipids with large head groups and saturated hydrophobic tails tend 
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to adopt a cylindrical structure, whereas iLs with small head groups and tails containing 
unsaturated hydrocarbons tens to adopt a conical structure. 

Recent work has also investigated the role of LNP structure and core–shell 
composition, highlighting the complexity and importance of lipid–lipid as well as 
lipid–RNA interactions in the structure and efficacy of LNPs. For example, surface-
active components like PEG-lipids and DSPC are mostly phase separated from iLs and 
cholesterol that predominantly form the core phase. The internal structure of LNPs 
can transition into different phases in a pH-dependent manner, where for example 
bicontinuous cubic and inverse hexagonal internal structures are suggested to facilitate 
release of the payload,–.  

In a general context, the transition from a fluid lamellar lipid bilayer phase (L⍺) to an 
inverted hexagonal phase (HII) and the properties of membrane structures they form 
have been studied extensively–. Lipids with conical shape induce a negative 
curvature strain on membranes and favor organization into the HII phase, whereas 
cylindrical lipids favor a lamellar bilayer phase. Mixing of cationic and anionic lipids 
(derived from LNP iLs and the endosomal bilayer, respectively) also promotes 
transition into the HII phase,. 

Several interesting studies using model endosomal membranes have characterized pH-
dependent binding and activity of LNPs with great detail,. This approach revealed 
that LNPs undergo stepwise collapse and disintegration after binding to the membrane 
mimic — on the scale of seconds to minutes — before sudden release of mRNA payload 
into the acidic environment, that occurred over tens to hundreds of milliseconds. A 
fraction of mRNA that was released from LNPs remained attached to the membrane 
mimic, likely because it had formed deprotonation-resistant salt complexes with the 
MC iL. 

It is evident that disruption of normal endosomal membrane bilayer structure is 
promoted by the LNP as pH decreases in the endosome. However, even though in vitro 
an in silico models of LNP structure and LNP–endosomal membrane interactions are 
providing more insight into the this process, the exact molecular mechanisms, change 
of lipid bilayer structure and ultimately disruption or permeabilization that enable 
egress of RNA into the cytosol is still elusive. 

siRNA conjugates 

An alternative carrier approach for delivery of primarily siRNA and antisense 
oligonucleotides (ASOs) is direct conjugation to small carrier molecules with suitable 
properties, for example receptor ligands, lipids, peptides, aptamers, 
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antibodies or carbohydrates. Oligonucleotide conjugates encompass a substantial 
variety of customized molecular constructs with diverse and specialized functions. As 
for lipid-based LNPs, siRNA-conjugates are hindered from engaging cytosolic targets 
by the endosomal membrane barrier following uptake, with only a minute fraction of 
the internalized molecules reaching the cytosol. 

GalNAc-conjugated siRNA 
To date, the most successful examples of conjugated oligonucleotides are based on 
triantennary N-acetylgalactosamine (GalNAc), where both siRNA– and ASO-
based therapeutics are now approved and used clinically to treat diseases by targeting 
the liver. As already introduced above, efficient internalization of GalNAc-siRNA in 
hepatocytes is mediated by the cell surface receptor asialoglycoprotein receptor 
(ASGPR). 

The GalNAc–ASGPR delivery pathway has properties that are considered unique for 
macromolecular drug delivery. The native role of ASGPR in hepatocytes is to bind 
glycoproteins (missing a terminal sialic acid) in the blood and promote their 
internalization via clathrin-dependent endocytosis. Intracellularly, the glycoprotein 
ligand dissociates form the receptor and is trafficked for lysosomal degradation, while 
ASGPR is recycled to the cell surface already after – min, where it can repeat the 
internalization of new ligands. ASGPR is highly abundant on the cell surface of 
hepatocytes, with > receptors per cell. In theory, this enables internalization of 
several million siRNA molecules every hour. Similar to endogenous ASGPR ligands, 
GalNAc-siRNA accumulate in late endosomal and lysosomal compartments within 
hours after administration in vivo. 

Other known internalizing ligand–receptor systems have considerably lower cell surface 
receptor abundance (– receptors per cell), and much slower (~ min) and less 
efficient receptor recycling. This means that if all available target receptor would be 
engaged with ligand-enabled siRNA in the tissue of interest, only ~, molecules 
would be internalized in a few hours. With GalNAc-siRNA, the large number of 
molecules taken up by cells is enough to mediate efficient gene silencing, even though 
only a very limited fraction of all internalized molecules escape the endosomes into the 
cytosol. With most other known ligand-receptor systems, intracellular accumulation is 
typically not efficient enough to achieve robust biological activity in vivo with such a 
low spontaneous rate of endosomal release. 

Lipid-modified siRNA conjugates 
Cholesterol and lipids were the first molecules proposed for conjugation to 
oligonucleotides to improve their cellular delivery and cholesterol is still one of the most 
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well-studied lipophilic moieties in this context. Constituting – of cellular 
membranes, cholesterol spontaneously intercalates into lipid membranes when added 
to cells in vitro, driving internalization of the siRNA via endocytosis,. Following 
intravenous or subcutaneous administration in vivo, cholesterol-conjugated 
oligonucleotides bind lipoproteins in plasma and incorporate into low-density 
lipoprotein (LDL) and high-density lipoprotein (HDL) particles. Internalization of 
cholesterol-conjugates from the circulation can then be achieved by clathrin-dependent 
receptor-mediated endocytosis by the LDL receptor and scavenger receptor class B 
member  (SR-B) receptor, recognizing LDL and HDL particles, respectively,. 
This mechanism is likely the most important route for internalization after systemic 
administration, whereas several in vitro studies have found that uptake was only 
partially reduced (–) when clathrin-dependent endocytosis was inhibited,. 
Indeed, the efficiency of cholesterol-siRNA in vitro is substantially reduced when the 
compound is administered to cells in cell culture medium supplemented with serum, 
suggesting non-receptor-mediated endocytic pathways are likely to be more important 
in vitro. The relative importance of the different endocytic pathways after local 
delivery to the CNS is less characterized, although — like plasma — cerebrospinal fluid 
contains lipoprotein particles responsible for extracellular lipid transport that could 
likely carry lipophilic siRNA to target cells. Since the brain has the second-highest 
lipid content of all human tissues (second only to adipose tissue), accounting for ~ 
of its dry weight, it is conceivable that direct carrier-free distribution and penetration 
of lipophilic siRNA throughout the brain parenchyma is a significant contributing 
delivery pathway.  

Lipid-conjugation of siRNA prolong cardiovascular circulation and promote 
extrahepatic target delivery and biological efficacy, both when administrated 
systemically and locally,–. Following subcutaneous injection in mice, cholesterol-
siRNA accumulated most effectively in the liver, adrenal glands, spleen and skin at the 
injection site, but distributed to almost all organs in varying extent. The main factor 
influencing the biodistribution of lipid-modified conjugates after systemic 
administration is their lipophilicity, largely influenced by the length of the lipid alkyl 
chain, that determines the binding of the construct to plasma lipoproteins,. Lipid-
conjugated siRNA with lower lipophilicity — for example conjugates with derivatives 
of retinoic acid, lithocholic acid or docosahexaenoic acid (DHA) — showed enhanced 
accumulation in some organs after subcutaneous injection compared to cholesterol-
siRNA. 

Direct conjugation of siRNA to the common ionizable lipid DLin-MC-DMA 
improved endosomal escape while maintaining RNAi activity. The tissue distribution 
in vivo was similar to cholesterol-siRNA, likely due to a similar degree of 
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hydrophobicity. High tissue accumulation, however, resulted in non-specific gene 
expression changes indicative of toxicity. 

So far, no lipid-modified siRNA has been reported to efficiently cross the BBB without 
additional treatment enhancing extravasation. Instead, local delivery into the CNS 
niche (e.g. intracerebroventricular, intraparenchymal, intrathecal or intratumoral 
injection) has been explored as a primary administration route, analogous to already 
approved ASO therapies. Conjugation of siRNA to docosahexaenoic acid (DHA) and 
docosanoic acid (DCA) have been explored in several in vivo studies investigating 
distribution and target inhibition systemically and in the CNS–. DHA is the most 
common polyunsaturated fatty acid in mammalian brains, and administration of high 
doses DHA-siRNA was well tolerated without triggering neuronal cell death or 
immune response. Following systemic administration, DCA-conjugates showed 
improved extrahepatic accumulation compared to cholesterol-conjugates. 
Phosphocholine (PC)–DCA-conjugated siRNA targeting sFLIT for the treatment of 
preeclampsia is currently investigated in a phase I clinical trial. 

Chemically stabilized and lipid-modified siRNAs are also being explored as novel 
therapeutics in neurodegenerative disease. In this context, hydrophobic siRNAs 
conjugated to the ′-O-hexadecyl (C) lipid is being widely investigated both in 
preclinical and clinical settings. For example, a C-conjugated siRNA targeting 
amyloid precursor protein (APP) have shown promising data for the treatment of 
Alzheimer’s disease and cerebral amyloid angiopathy. Interestingly, chemically 
stabilized divalent siRNAs — that are not combined with any additional carrier 
molecule — have also demonstrated impressive results in the CNS,. 

Cholesterol-conjugation has been used to deliver siRNA to tumors in vivo using both 
systemic and intratumoral administration,,. Lipophilic-siRNA conjugates show 
promise in targeting brain tumors, where efficient tumor accumulation and penetration 
can be achieved, that with higher doses mediates significant target gene inhibition,. 
Interestingly, for many cancers — including glioblastoma — reprogramming of lipid 
metabolism has become a newly recognized hallmark, linked to cancer development 
and progression–. Some characteristics of altered lipid homeostasis include 
increased de novo lipogenesis, increased fatty acid uptake and oxidation (for energy 
production) and lipid accumulation. This tumor phenotype may provide an 
opportunity for the use of lipid-modified siRNA for cancer treatment. 

Receptor-targeting siRNA conjugates 
As mentioned above, many additional kinds of siRNA conjugates have been developed 
and investigated over the years. Peptide-conjugation of siRNA can provide different 
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and multiple functions, for example binding to cell surface proteins, glycoproteins or 
lipids to enable uptake by endocytosis (targeted peptides); facilitate membrane 
penetration by various other mechanisms (cell penetrating peptides, CPPs); and lyse 
or form pores in membranes. Peptides can be chemically synthesized, offering a high 
degree of customization and diversity that makes this class of conjugates interesting for 
extrahepatic RNA delivery. 

Other interesting receptor-targeting siRNA conjugates includes folic acid conjugates; 
Centyrin-conjugates targeting for example epidermal growth factor receptor 
(EGFR), prostate-specific membrane antigen (PSMA), B cell maturation antigen 
(BCMA) or epithelial cell adhesion molecule (EpCAM); various antibody-siRNA 
conjugates (e.g. anti-transferrin receptor –siRNA); and nanobody-siRNA 
conjugates. Aptamer–siRNA conjugates represent an additional interesting 
opportunity for targeted siRNA delivery, where siRNA is combined with a synthetic 
oligoribonucleotide with a complex tertiary structure typically designed to bind cell 
surface receptors with high affinity. Such aptamer-siRNA chimeras (AsiCs) have been 
designed to bind to for example PSMA (evaluated in a prostate cancer xenograft 
model), and EpCAM (evaluated in a triple-negative breast cancer xenograft model) 
— both examples using siRNA targeting Plk, a serine/threonine-protein kinase often 
overexpressed in cancers where it has oncogenic roles in mitosis and cell cycle 
regulation. 

Endosomal escape of siRNA-conjugates — Hic Sunt Dracones 
Even though intracellular transport, storage or metabolism of many of the molecules 
or ligands used for siRNA conjugation have been characterized in detail, the 
intracellular fate of conjugated siRNA — including lipid-modified siRNA and 
clinically approved GalNAc-siRNA — is still poorly understood. In particular, the 
spontaneous endosomal escape process is so far, in principle, completely unknown and 
uncharacterized.  

Brown et al. showed that metabolic stability of chemically modified siRNA is critical 
for their potency and activity duration, by improving the survival in highly acidic (and 
degradative) subcellular compartments. They also demonstrated that functional siRNA 
could be liberated from late endosomal compartments up to three weeks after GalNAc-
siRNA administration in vivo, by using a GalNAc-conjugated endolytic peptide. This 
work provided convincing evidence that highly acidic compartments (lysosomes) serve 
as an intracellular depot of GalNAc-siRNA from where escape to the cytosol can be 
induced. It is reasonable to believe that, since accumulation of GalNAc-siRNA is 
observed primarily in late endosomes and lysosomes, these compartments are also 
responsible for the slow spontaneous release of payload. Direct observation of this 
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spontaneous release that would enable characterization of the releasing compartments 
is, however, still lacking. 

Other findings have provided additional clues on how endosomal escape of conjugated 
siRNA may occur. Clinical data show that GalNAc-siRNA takes – weeks to achieve 
a robust knockdown response. As both the delivery to hepatocytes and the RNAi-
mediated target downregulation itself once siRNA is finally present in the cytosol is 
substantially faster than that, the pharmacodynamics suggest a very slow rate of baseline 
endosomal escape. 

An in vitro CRISPR-Cas screen performed in HepB cells recently identified several 
regulators of GalNAc-conjugated siRNA activity. One hit — the Rab GTPase Rab 
— was validated as an important regulator of the cytosolic delivery of siRNA delivered 
by conjugation to GalNAc, cholesterol, or an anti-ASGPR antibody, but not 
Lipofectamine (lipoplex) transfection. A substantial improvement in siRNA activity 
was achieved in Rab knockout cells, improving IC values more than -fold. The 
mechanistic link to improved endosomal escape remains, however, unclear.  

Rab has many and diverse functions in intracellular trafficking that could influence 
siRNA delivery and activity, including roles in lipid droplet (LD) formation, inhibition 
of COP-I-independent retrograde Golgi–ER trafficking, and regulation of ER 
structure, secretory granules and peroxisomes. The involvement of Rab in the 
downregulation of retrograde transport from Golgi to ER makes this pathway 
interesting to consider when trying to identify compartments that release payload into 
the cytosol. Interestingly, earlier studies suggested that pharmacological inhibition of 
retrograde transport between EEs and the TGN resulted in improved activity of a ASO 
and SSO, thus providing (at least in part) conflicting findings. It is, however, not 
certain that the escape pathway facilitated by Rab inhibition (i.e. the endosomal 
compartment mediating release) is the same as is responsible for the majority of payload 
release when Rab activity is unperturbed. Even so, identifying conditions where 
release of payload is enhanced (other than treatments that directly damage endosomal 
membranes) will provide better opportunities to investigate endosomal escape of 
siRNA conjugates, since baseline events are seemingly very rare. 

It is conceivable that conjugated siRNA escape from endosomes via short lived, 
spontaneous small disruptions in the lipid bilayer, that likely occur infrequently but 
repeatedly over time. One example of when such events could arise is during fusion 
or fission of various endosomal compartments with homotypic or heterotypic 
membranes. It is also possible that such events could be more common in endosomes 
with certain compartment identities, and that localization of siRNA payload there 
would favor endosomal escape and biological activity. Since lipid-modified conjugates 
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to various extent interact with endosomal membranes, it is also conceivable that the 
precise nature of endosomal disruptions and the identity of compartments mediating 
their release is different from other conjugates like GalNAc-siRNA. 

Lysosomes are known to be of major importance for the regulation of cellular 
cholesterol homeostasis, and contain several membrane integral transporter proteins for 
cholesterol (e.g. NPC, NPC, LIMP-). Studies have shown that NPC is an 
important regulator of the recycling pathway of LNPs and cationic delivery polymers, 
and that NPC deficiency or inhibition increases intracellular accumulation of LNPs 
and improves target gene silencing,. It is not clear if and how homeostatic 
trafficking, storage and metabolic processes involving cholesterol and other lipids could 
be linked to spontaneous cytosolic delivery of lipid-modified siRNA. 

The transmembrane protein SIDT was identified to be involved in uptake of lipid-
conjugated siRNA after binding of lipoprotein particles to the cell surface, by 
mechanisms proposed to be independent of clathrin-mediated endocytosis. Uptake 
of cholesterol-siRNA and other siRNA conjugates with chemically distinct lipid 
moieties was impaired after SIDT inhibition, leading to the suggestion that the 
transporter recognized the oligoribonucleotide and not the lipophilic component of the 
construct. Others have, however, shown that SIDT interacts with steroid molecules 
via a cholesterol-binding domain, and that its subcellular localization depends on the 
presence or absence of cholesterol in cellular membranes. The SIDT homolog 
SIDT have also been implicated in cellular cholesterol transport and was shown to 
preferentially localize to endolysosomal compartments. Several studies performed in 
C. elegans and Drosophila showed that dsRNA or their mimics could be transferred 
across cellular membranes by the SIDT/SIDT ortholog SID-, and evidence 
suggested that it functions as a dsRNA channel–. It was also shown that 
overexpression of SIDT in mammalian cells enhanced siRNA uptake and gene 
silencing. More recently, one group have reported that both SIDT and SIDT 
transported internalized exogenous dsRNA into the cytoplasm, where it activated 
immune signaling pathways involved in antiviral response,. The studies used the 
immunostimulatory viral dsRNA mimic poly(I:C) — a mismatched dsRNA with one 
strand being a polymer of inosinic acid and the second strand a polymer if cytidylic 
acid. Another recent paper, however, reported a role of SIDT in the entrapment of 
ASOs in lysosomes, where it was suggested to limit ASO activity via effects on 
intracellular localization of lysosomes. Taken together, additional and confirmatory 
data is still required to elucidate the activity of SID- orthologs in mammalian cells — 
including any true role as functional transmembrane RNA channels or transporters. 
Indeed, if such an active process mediating endolysosomal-to-cytosolic translocation of 
RNA was present, it is hard to imagine why practically all naked and conjugated siRNA 
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and other exogenous RNA constructs synthesized and evaluated would be so inefficient 
in exploiting this route or provide more convincing direct evidence of its existence. 

Pinpointing endosomal escape 

As introduced above, a range of methods have been deployed to investigate the 
intracellular fate of therapeutic oligonucleotides and RNA after internalization —
including hints of the endosomal escape process, the fraction of internalized payload 
that is released to the cytosol and the dose-response relationship between the cytosolic 
oligonucleotides or RNAs and biological response,. Some of the key findings and 
methods deployed with relevance for this thesis is discussed below. To this end, 
strategies used to take on the endosomal escape investigations will be divided into 
separate categories depending on their general approach, as () direct observation of 
payload in the cytosol; () indirect observation of payload-proxy in the cytosol; 
() release of payload from individual endosomes or particles; () detection of possible 
release events from individual endosomes or particles. 

An additional and previously more common strategy to infer information about 
endosomal escape have been to investigate colocalization — or rather lack thereof — 
of payload with selected endosomal markers and stainings (typically of LEs and 
lysosomes). Inference of this kind is, for many reasons, highly uncertain — for example 
due to difficulties to correctly evaluate (quantify) colocalization, selection of timepoints 
for evaluation, differences in marker expression or staining specificity, and variations in 
intracellular trafficking induces by the delivery vehicle or cargo itself or additional 
treatments used. Moreover, studies of this kind do not provide insight into the 
endosomal escape process itself. 

. Direct detection of payload in the cytosol 
Reports on direct detection and quantification of oligonucleotide or RNA payloads in 
the cytosol includes a wide range of delivery strategies, in vitro and (rarely) in vivo 
models, payloads and detection methods. In addition to detection and quantification 
per se, many have used this metric with additional data to estimate endosomal release 
efficiency or biological activity (dose-response) in various ways. 

An early method reported in  by Overhoff et al. described quantitative detection 
of siRNA in cell extracts based on liquid hybridization of internalized siRNA strands 
with a probe labeled with a radioactive isotope of phosphorus (phosphorus-, P), 
followed by electrophoresis and quantitative radiographic detection. The method had 
a detection limit in the order of – amol when evaluating siRNA in buffer and 
 amol with siRNA in cellular extracts. Combined with measurements of ICAM- 
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protein knockdown, a dose-response relationship between the total intracellular amount 
of a lipoplex-formulated siRNA and target knockdown could be established. This 
showed that only ~– intracellular siRNAs were needed to reach half-maximal 
target inhibition (IC). 

Liu et al. used a simple but informative in vitro approach to determine the number of 
cytosolic siRNA molecules required for knockdown of a protein target. 
Electroporation was used to achieve direct cytoplasmic delivery of either siRNA 
targeting GFP or fluorescently labeled siRNA. The number of siRNA molecules 
delivered was determined using flow cytometry and a calibration curve generated by 
reference beads. When compared to GFP knockdown, this showed that ~ siRNA 
molecules were required to reach ~ target knockdown. 

Gilleron et al. used a combination of quantitative fluorescence imaging and electron 
microscopy of MC-based LNPs containing siRNA conjugated to either fluorophores 
or colloidal gold particles to measure the endosomal release of siRNA to the cytosol . 
Only approximately – of intracellular siRNA was located in the cytosol of HeLa 
cells in vitro or in mouse hepatocytes in vivo  h after LNP administration. The rate of 
siRNA–gold release to the cytosol followed sigmoidal kinetics, indicating that the 
release likely occurred at a specific stage in the endocytic route rather than from all 
compartments with similar efficiency. 

Stalder et al. used Ago immune precipitation to quantify the number of siRNAs 
loaded into RISC after lipoplex-mediated delivery and related this to the transfected 
dose and target mRNA knockdown measured by reverse-transcription quantitative 
polymerase chain reaction (RT-qPCR) . They found that — for several highly potent 
siRNAs — only – siRNA-loaded RISC complexes were required to reach IC.  

Rehman et al. used fluorescently labeled - or -mer single-stranded oligonucleotides 
formulated in lipoplexes (with cationic transfection lipid) or polyplexes (with linear 
polyethyleneimine, LPEI) to capture release of payload to the cytosol using live-cell 
fluorescence microscopy. The authors quantified the relative intensity of the 
oligonucleotide signal in the cytosol and nuclei following its redistribution but did not 
pursue any downstream analysis making dose-response characterizations possible. 

Wittrup et al. deployed a high-dynamic range live-cell fluorescence microscopy 
approach that enabled the detection of release events where lipoplex-formulated siRNA 
escaped into the cytosol. Using a reference standard to translate siRNA fluorescence 
intensity to concentration, the cytosolic siRNA concentration was correlated to the 
knockdown of a destabilized GFP reporter (d-eGFP) — establishing a cytosolic dose-
response relationship. In this study, however, release events of ~, siRNA 
molecules, that were just at the detection limit, typically resulted in complete target 
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gene knockdown, making the dose-response characterization less accurate. With siRNA 
LNPs, however, this approach was not sensitive enough to capture cytosolic release 
events. 

Additional studies have investigated the release of siRNA from LNPs with light 
microscopy, but often using high LNP doses well above the therapeutic range, raising 
questions concerning dose-dependent differences in intracellular trafficking and 
endosomal release mechanisms–. For example, Basha et al. detected cytosolic 
distribution of siRNA delivered with DLin-KC-DMA LNPs using  μg mL– 
siRNA.  

Patel et al. instead used single-molecule fluorescence in-situ hybridization (smFISH) of 
mRNA delivered with LNPs with various sterol components to detect and quantify 
cytosolic amounts of mRNA. mRNA molecules that had been released into the 
cytosol was identified and quantified in fixed samples through object-based image 
analysis, where an mRNA-electroporated reference sample was used as a fluorescence 
intensity benchmark to tell apart single (presumed cytosolic) and multiple (non-
cytosolic) mRNAs. The efficiency of endosomal escape was estimated by comparing 
the ratio between the number of cytosolic mRNA molecules and number of detected 
LNPs inside cells. Although an impressive methodology, achieving quantitative 
accuracy to reliably detect single cytosolic mRNAs and derive efficiency estimates of 
endosomal escape events from this approach likely requires further technological 
advancements. 

Maugeri et al. investigated the fate of mRNA delivered with LNPs formulated with 
DLin-MC-DMA or DLin-DMA. Interestingly, mRNA delivered with LNPs were 
transferred to and secreted in extracellular vesicles at a : molar ratio between iL and 
mRNA. Additionally, it was reported that < of total mRNA delivered by LNPs was 
detected in the cytosol. Detailed information on how this number was derived was, 
however, not clearly provided. 

Several studies have quantified cytosolic amounts of delivered ASOs. Nanoscale 
secondary ion mass spectrometry (NanoSIMS) was used to investigate uptake and 
intracellular localization of GalNAc-conjugated ASO, showing that – of 
internalized ASOs is released from endosomes in hepatocytes in vivo.  

Van der Bent et al. measured the nuclear concentration of an SSO delivered with 
nanoparticles formulated with cell-penetrating peptides, and correlated this with the 
effects of altered target mRNA splicing in a model of myotonic dystrophy, using a 
combination of live-cell fluorescence correlations spectroscopy (FCS) and 
immunofluorescence microscopy. Similarly, FCS was also used by Buntz et al. to 
calculate the absolute number of LNA-gapmers — delivered naked by microinjection 
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— that was required for target inhibition, providing another example of an approach 
to determine the cytosolic dose-response of an oligonucleotide. Adaptations of FCS 
have also been used to study the incorporation of siRNA into RISC. 

Very few studies have reported cytosolic measurements of ligand-conjugated siRNAs 
following endocytic uptake. Investigating the biological basis for extended 
pharmacological duration of GalNAc-siRNA activity, Brown et al. showed that only 
. of internalized GalNAc-siRNA was located in the cytoplasm of hepatocytes after 
in vivo administration at any given time. 

Importantly, as the selection of findings summarized above shows, direct detection and 
quantification of payload in the cytosol or nucleus after endosomal escape can be used 
to evaluate the efficiency of release — i.e. the amount and/or fraction of total 
internalized payload released (the latter only if reliable estimates of total intracellular 
payload amounts can be obtained) — but also establish cytosolic dose-response 
relationships if it is combined with a read-out of biological effect. In summary, several 
points of evidence suggest that the fraction of RNA payload released with LNPs is 
around –. With ligand-conjugated siRNA, studies have mainly focused on 
GalNAc-siRNA, indicating a likely release efficiency well below  — and maybe even 
below .. 

. Indirect observation of proxy molecules in the cytosol 
Since direct observation of amounts of oligonucleotide or RNA payload in the cytosol 
that are functionally relevant (i.e. typically within the dose-response range) is 
technically challenging, complimentary methods to evaluate cytosolic (or subsequent 
nuclear) delivery have been pursued as well. Some of these approaches are also useful 
for investigations of endosomal damage on its own, for example to evaluate membrane-
damaging small molecules or constructs, or to investigate lysosomal membrane 
permeabilization in various settings. 

Permeabilization of lysosomes can be assessed by enzymatic detection of lysosomal 
hydrolases like β-N-acetyl-glycosaminidase (NAG) or cathepsin in cytosolic extracts. 
Typically, the detection requires permeabilization of the plasma membrane (with a 
detergent like digitonin) to extract cytosolic contents while at the same time avoiding 
permeabilization and extraction of the lysosomal fraction during analysis. 
Immunocytochemical staining of cathepsin B or L can also be used to detect 
redistribution from vesicular to diffuse cytosolic distribution. Similarly, 
permeabilization of endosomal membranes can be detected using fluorescently labeled 
dextran — polysaccharide molecules that can be synthesized with varying lengths and 
with fluorescent molecules for fluorescence microscopy imaging. Since dextran is 
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synthesized in different sizes, they can also be used to probe the size of disruptions 
mediating escape to the cytosol. Dextran is typically considered to be a passive fluid 
phase passengers of the endolysosomal system after uptake by primarily non-specific 
pinocytosis. Distribution, recycling and accumulation of dextran inside cells will for 
that reason be controlled by the net flux of fluid along the endocytic pathway. This 
is of high relevance when trying to detect its release to the cytosol when targeting 
different endosomal compartments to trigger escape. Since accumulation of dextran in 
lysosomes and late endosomes is the primary endpoint in the endocytic route, release 
of dextran to the cytosol have been mostly evaluated as a read-out for lysosomal 
membrane permeabilization. Importantly, as with direct detection of RNA payload 
in the cytosol, small amounts of cytosolic dextran will be hard to detect due to signal-
to-noise limitations of standard fluorescence microscopy methods. 

More recent methods measure signal that depends on the interaction between 
exogenous molecules (typically internalized by endocytosis) and protein expression in 
the cytosol or nucleus. Examples includes split-protein complementation assays–, 
biotin ligase assays, glucocorticoid receptor transcriptional reporter assays, and 
assays based on enzyme-specific fluorogenic probes. The chloroalkane penetration 
assay (CAPA) is another recent assay, where release of internalized chloroalkane-labeled 
molecules inhibits binding sites on overexpressed cytosolic HaloTags. After staining 
cells with a chloroalkane-labeled dye (reacting with the remaining HaloTag sites), the 
total fluorescence is inversely proportional to the amount of the inhibiting 
chloroalkane-labeled molecule that was delivered to the cytosol. 

Importantly, each of the assays above come with various caveats, that are of critical 
importance when trying to translate detection of a proxy molecule in the cytosol to the 
endosomal escape of RNA payload. For example, biochemical reactions used for 
detection are not necessarily linear. Differences in size between proxy molecules and 
RNA is another important aspect that needs to be accounted for, as is differences in 
intracellular trafficking. Even if endosomal localization and size is comparable between 
proxy molecules and RNA payload, efficiency of endosomal escape is likely to vary 
between the two. Reasons for this could be due to the RNA delivery strategy used, 
where escape of ligand-conjugated RNA is dependent on their dissociation from the 
internalizing receptor and might be affected by membrane binding (possibly of 
importance for lipid-modified siRNA), or disintegration of LNPs to enable 
translocation of encapsulated RNA payload. Consequently, drawing conclusions on the 
endosomal escape efficiency of RNA payloads based on the detection of proxy 
molecules and other indirect assays should be done cautiously. One way to improve on 
indirect detection assays is to incorporate the proxy molecule in the same delivery 
vehicle as the RNA payload or direct conjugation of a detectable proxy to the 
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payload. Even so, some of the concerns above remain unaddressed — e.g. differences 
in LNP disintegration kinetics between RNA and proxy, size differences and possible 
divergent trafficking routes after LNP dissociation, and non-linear detection and 
integrity concerns for conjugated constructs. 

. Direct observation of payload release from individual endosomes or particles 
Seeing water leaving a bursting balloon is a more convincing observation of its release 
than later detecting a damp area on the ground. Direct observation of escape of 
macromolecules from individual endosomes or particles is, however, typically a 
substantial technical challenge. 

Gilleron at el. found that vesicular compartments accumulating siRNA LNPs appeared 
stable over at least – minutes, and that the number of siRNA-containing 
compartments did not vary during ~ min observation. The authors suggested that 
this implied that siRNA delivered by LNPs at therapeutic doses are not released due to 
massive bursting of individual endosomes or permeabilization of the endosomal 
membrane. 

Using considerably larger lipoplex-formulated siRNA particles, Wittrup et al. were able 
to detect changes in the fluorescence intensity of individual lipoplex particles or 
endosomes, perfectly linked in time to detectable cytosolic dispersion of siRNA. 
Interestingly, the fluorescence intensity of releasing particles typically gradually 
increased – min before release and then suddenly dropped. As fluorophores in close 
proximity are self-quenched, this phenomenon was interpreted as disintegration of the 
lipoplex and dequenching of the fluorescent molecules. With siRNA LNPs, however, 
unaided detection of siRNA release from individual endosomes was not feasible due to 
the large number of LNPs per cell, fast vesicles movement, and signal-to-noise 
limitations. The authors then identified that a family of cytosolic proteins — galectins 
— were recruited to the releasing lipoplexes and also many endosomes containing 
siRNA LNPs. When evaluating only endosomes showing recruitment of galectin after 
LNP incubation, the appearance of Galectin- coincided with a sudden decrease in 
siRNA fluorescence from individual endosomes, indicative of endosomal escape. The 
fluorescence intensity of releasing endosomes decreased ~, suggesting that on 
average half of the endosomal siRNA payload was released. This finding identified 
galectins as responders to membrane damage events where lipoplex and LNP-
formulated siRNA could escape to from endosomes, and that burst-like release of 
siRNA was a readily detectable endosomal escape pathway promoted by LNPs. 

More recent work by Paramasivam et al. used multicolor single-molecule localization 
microscopy (SMLM) to investigate the fate of mRNA LNPs in endosomes. 
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Visualization of fluorescently labeled mRNA in relation to transferrin and epidermal 
growth factor (EGF) in EEs was achieved with nanometer resolution in fixed cells using 
immunocytochemical staining, where incomplete colocalization of the detected 
fluorophores was interpreted as likely endosomal escape. However, without temporal 
or quantitative information — or the use of an additional marker of for example 
membrane perturbation — such characterization is hard to interpret or use for 
evaluating the efficiency and dynamics of endosomal escape. 

Direct observation of payload release from individual endosomes enables unique 
characterization of the endosomal escape process, in terms of for example release 
kinetics and apparent release efficiency on a single-vesicle level. It is also possible to 
address the frequency of potential release events — especially by indirect methods as 
discussed below. With currently available methods, however, it is typically not feasible 
to reliable quantify the total amount of payload released to the cytosol over a relevant 
period by only observing releasing endosomes or the entire pool of vesicular 
intracellular payload.  

. Indirect detection of possible release events 
As already introduced above, now almost a decade ago, galectins emerged as a tool to 
study the release of RNA and oligonucleotide payloads in diverse settings, and this has 
now become one of the ‘gold-standard’ approaches to investigate endosomal escape. 
Galectin recruitment is, however, only an indirect observation of one step in the release 
process — the formation of a detectable membrane disruption — and therefore not 
equivalent with endosomal escape of RNA payload. Although it can be of high value as 
for example a screening tool, evaluating galectin response on its own might not be 
sufficient to precisely determine the endosomal escape efficiency if this is not combined 
with additional information. 

Following the publication of Paper I in this thesis, Munson et al. reported on a high-
throughput imaging assay for quantifying uptake, endosomal escape and functional 
delivery of mRNA using nanoparticles formulated with a range of ionizable lipids, 
polymers and PEG-lipids, based on Galectin- (Gal-) as an endosomal escape 
reporter. The comprehensive investigation highlighted the capabilities of 
nanoparticle screens utilizing Gal-, and also evaluated the effect of several small 
molecule compounds triggering Gal- response. Bost et al. similarly used Gal- to 
screen a selection of small molecule compounds to identify candidates that caused 
endolysosomal membrane damage and improved the activity of an SSO. 

Kilchrist et al. used Gal- as a marker to show endosome disruption and predict 
biological activity of siRNA delivered by rationally designed polymer nanoparticles. 
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The authors also provided in vivo proof of principle for using Gal- to detect endosome 
disruption in tumor tissue, following systemic nanoparticle administration in an 
orthotopic breast cancer tumor model in nude mice. Similarly, Herrera et al. used Gal- 
as a reporter to investigate endosomal damage promoted by mRNA LNPs with various 
phytosterols in place of cholesterol. 

Several other investigations have used detection of galectin response as a marker of 
endosome damage and/or endosomal escape using a range of different nanoparticle 
carriers and also cell penetrating peptides (CPP),–. As with most of the papers 
discussed, however, they do not provide additional insight into the endosomal escape 
process itself on a mechanistic or single-event level. 

In addition to the detection of endosomal damage or possible release events by galectin 
recruitment, capturing changes in the endosomal localization of other reporters or 
proxy molecules can be of value. Response can be analyzed en masse (evaluating all 
detectable particles or endosomes simultaneously without event synchronization) if the 
trigger is efficient enough. Skowyra et al. provided two elegant examples of this, where 
potent membrane-disruptive small molecule treatment caused loss of a cathepsin-
sensitive dye (Magic Red) and shifted the response of a ratiometric pH-sensing dextran 
assay. Here again, it is critical to assess the size difference between the proxy molecules 
and a payload of interest. Additionally, even if membrane disruption would allow the 
escape of lysosomal dyes or other reporters with a mechanism comparable to RNA 
payload, since many of the most used ‘lysosomal’ dyes are bases that accumulate in 
acidic compartments by protonation, loss of the H+ gradient (increase in endosomal 
pH) by membrane permeabilization could be enough to lose endosomal contents. 
Similarly, elucidating the releasing potential of damaged compartments by monitoring 
pH-sensitive probes alone is likewise problematic. 

Strategies where internalized proxy molecules with comparable size to RNA is evaluated 
in individual endosomes to detect endosomal escape is conceivable, as is shown in Paper 
I of this thesis using  kDa dextran. As discussed above, however, in addition to 
molecular size, the delivery vehicle could significantly alter the endosomal escape 
efficiency compared to a naked and inert proxy molecule like dextran. Additionally, 
evaluating the potential release of proxy molecules in individual endosomes is in many 
settings probably as technically challenging as directly observing a payload of interest. 
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Endolysosomal membrane damage and response 

Cellular systems responding to endosomal membrane damage 

Cellular strategies to maintain the integrity of endosomal membranes and detect when 
damage occurs have likely emerged with the formation of the endolysosomal system 
itself, but also evolved to counteract and respond to invading pathogens. Important 
features of some of these cellular systems are highlighted below. 

Galectins 
The galectin protein family encompasses lectins with conserved β-galactoside-binding 
sites located within their characteristic carbohydrate recognition domains (CRDs). 
They are synthesized as cytosolic proteins, but only reach their galactoside ligands after 
non-classical secretion or when galactosides inside cells are exposed to the cytosol. In 
addition, galectins interact with several binding partners that do not contain 
galactosides. Fifteen galectin family members have been described in mammals, out of 
which twelve are found in humans (Gal- - - - - - - - - - - and -. 
Galectins can be classified according to their conserved structure. For example, Gal- - 
and - contain one CRD and are classified as ‘prototypical’, whereas Gal- - - and - 
are tandem-repeat proteins with two CRDs. The chimeric Gal- contains one CRD 
and one unique N-terminal non-CRD region. 

The galactoside-binding site of galectin CRDs is a conserved sequence motif of 
~ amino acids, that are flanked by different weaker binding motifs giving each galectin 
CRD sub-type its unique specificity and affinity. The CRDs also contain binding 
sites for non-carbohydrate ligands in the cytosol and nucleus. Gal- contains a similar 
accessory CRD site that binds to its own N-terminal domain, whereas Gal- - and - 
all have accessory CRD sites that promote dimerization. Most galectins can crosslink 
glycoconjugate ligands and promote their aggregation. Binding of ligands to Gal- and 
- can promote their dimerization or oligomerization, respectively,. Additionally, 
galectins with two CRDs form non-covalent dimers, increasing the valency of galectin 
complexes that are important for many biological functions. 

Galectins have been found to interact with a number of cytosolic and nuclear binding 
ligands, including H-Ras and K-Ras, basal bodies, centrosomes, nucleus mitotic 
apparatus protein (NuMa), β-catenin and the Wnt signaling pathway, and the 
apoptosis regulator Bcl. Gal- also interacts with ALG--interacting protein X 
(ALIX), a component in the ESCRT system discussed below. 
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Figure 11. Galectins can be classified according to their conserved structure 
Galectins are classified into three groups based on their structural features: ‘prototype’ galectins (e.g. Gal-1) 
contain one carbohydrate recognition domain (CRD) and formes homodimers; ‘tandem repeat-type’ 
galectins (e.g. Gal-4, Gal-8 and Gal-9) contain two distinct CRD in tandem, connected by a linker peptide; 
and the ‘chimera-type’ Gal-3 that have a special proline- and glycine-rich N-terminal domain fused to the C-
terminal CRD. Adopted from Troncoso, María F et al. “The universe of galectin-binding partners and their 
functions in health and disease.” The Journal of biological chemistry vol. 299,12 (2023): 105400. 
doi:10.1016/j.jbc.2023.105400. Distributed under Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/). 

Paz et al. reported first evidence of galectins responding to intracellular membrane 
damage, showing that Gal- was recruited to vacuoles containing Shigella as they were 
lysed. It was later shown that Gal- was recruited to vacuoles lysed by Salmonella, 
and Gal-, -, and - to adenovirus-containing endosomes. Since then, galectins have 
been implicated in response to membrane damage induced by various mechanisms in 
addition to invading pathogens, for example protein aggregates formed in 
neurodegenerative diseases, various small molecule drugs, laser-induced 
photodamage and physical stimuli like silica crystals and osmotic shock. Several 
galectin family members were also recruited to endosomes releasing lipoplex- or LNP-
formulated siRNA. Gal- and - were strongly recruited to the releasing endosomes, 
whereas Gal- recruitment was weaker and Gal- and - were barely recruited. This 
galectin response is triggered as galactoside glycoconjugates on the luminal side of the 
endosomal membrane bilayer as it is exposed to the cytosol, enabling galectin CRDs to 
bind them. 

One functional role of galectin recruitment to damaged vesicles is to promote selective 
autophagy. This is demonstrated by the interaction of the C-terminal CRD of Gal- 
with NDP — a pathogen-specific autophagy receptor — after its N-terminal domain 
have bound to its glycoconjugate ligand. Gal- interacts with another class of 
selective autophagy receptor, the tripartite motif containing protein TRIM. Efforts 
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to elucidate any potential role of galectins in immediate inhibition of endosomal 
leakage after membrane disruption have, so far, been few and not conclusive,. 

As can be expected from the large number of additional both intra- and extracellular 
galectin-binding factors, galectins are involved in a plethora of cellular and 
physiological processes — including inflammation, immune response, signaling and 
cell migration — with implications in diseases like fibrosis, cardiovascular disease and 
cancer. As discussed above, they can also mediate endocytosis via the CLIC/GLEEC 
pathway through mechanisms proposed by the GL-Lect hypothesis. 

The ESCRT machinery 
The endosomal sorting complexes required for transport (ESCRT) is an intricate 
heteromultimeric protein machinery that mediates processes that rely on inverse 
membrane remodeling or involution. The ESCRT machinery can be subdivided into 
three subcomplexes that are functionally distinct, ESCRT-I -II and -III. A multitude 
of cellular processes rely on ESCRT activity. This includes membrane scission, 
cytokinetic abscission after cell division, neuronal pruning, vesicle budding from 
plasma membrane, plasma membrane repair, viral replication and budding, nuclear 
envelope maintenance, endosomal sorting and ILV biogenesis, autophagy, classical-
topology membrane shaping, and — importantly — repair of endolysosomal 
membranes. 

Several and diverse treatments causing lysosomal membrane damage detected by 
galectins are now known to also trigger ESCRT recruitment, including various 
chemical compounds and silica crystals,. The function of ESCRT-I and the subunit 
TSG at damaged lysosomes is important for later recruitment of ESCRT-III 
subunits to the site, that are believed to mediate the actual repair. ALIX is also found 
at lysosomes early after damage, and likely cooperates with TSG in recruiting 
ESCRT-III. In contrast to galectins — that bind galactosides present on the luminal 
side of the bilayer — ESCRT instead assembles on the cytosolic face in the endosome. 
The initial recruitment of ESCRT components thus rely on alternative mechanisms, 
that do not require as large membrane defects as galectin recruitment,. The initial 
cues triggering ESCRT assembly on damaged lysosomes are still not well characterized. 
Efflux of lysosomal Ca+ is likely involved,, as ALIX cooperates with the 
Ca+-binding protein ALG- and influx of Ca+ into the cytosol via disruptions in the 
plasma membrane activates ESCRT-mediated repair there. Other studies have, 
however, indicated that TSG appears to have a more important role in the 
lysosomal context,, and also shown examples of lysosome-associated proteins 
capable of recruiting ESCRT components,. Additionally, interactions between 
Gal- and ALIX have been proposed to mediate ESCRT-III recruitment. ESCRT 
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can also be activated by changes in membrane tension of intracellular organelles, and 
one hypothesis is that membrane tension relaxation as a consequence of membrane 
damage could triggering ESCRT recruitment. 

The exact mechanism whereby ESCRT proteins seal the damaged lysosomal membrane 
is also still not known. A proposed and plausible explanation is budding of the damaged 
membrane site into the lumen and subsequent scission that seals the limiting membrane 
and generates an intraluminal vesicle-like structure containing the disrupted membrane 
area. However, the lysosomal repair response does not seem to require the same 
ESCRT subunits as ILV biogenesis, indicating that a different mechanism might be 
used. 

ESCRT and galectin response to lysosomal damage appears to be well coordinated, 
where ESCRT likely acts as a first level of defense that can sense smaller membrane 
defects and initiate repair. Recruitment of Gal- to such damaged lysosomes appears 
not to be dependent on TSG or ALIX, indicating that galectins can promote 
removal of the damaged endosomal via autophagy independently if the membrane 
defect is larger or cannot be resolved by the ESCRT machinery ,. 

Autophagy 
Autophagy is a cellular strategy for continuous rejuvenation of the intracellular 
organelles, lipids, proteins and carbohydrates under basal conditions, but can also be 
quickly regulated in response to external or internal stress. During autophagy, a 
double-membrane structure known as the autophagosome forms around the material 
to be degraded, followed by fusion of the autophagosome with degradative lysosomes. 
The turnover of damaged organelles or removal of invading pathogens or protein 
aggregates is a finely regulated and highly selective process, that requires cargo 
recognition by the autophagy machinery and adaptor proteins that recruit it. There are 
several targets of this selective autophagy, including mitochondria (mitophagy), 
ribosomes (ribophagy), ER (reticulophagy), peroxisomes (pexophagy), pathogens 
(xenophagy) and protein aggregates (aggrephagy). One of several dozens of proteins 
forming the autophagy machinery is microtubule-associated protein light chain  
(MAP-LC, or more commonly only LC) — a ubiquitin-like protein involved in the 
early autophagic response and typically resides on the growing double-membrane 
structuring (phagophore) that after full closure forms the autophagosome. 

Lysosomes with substantial membrane defects are removed by selective autophagy, 
called lysophagy,. Recognition of the specific cargo is required for selective 
autophagy. This can be achieved by cargo ubiquitylation by ubiquitin ligases, which 
promotes their recognition by specifically targeted autophagy receptor proteins. As 
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mentioned, Gal- that bind to damaged endosomes can recruit the autophagy receptor 
NDP, and Gal- can promote autophagy by its interaction with the E ubiquitin 
ligase TRIM. Gal-–NDP interaction is thought to be most important in 
autophagic response to bacterial infection, whereas Gal-–TRIM interaction is 
seemingly of more importance in promoting lysophagy. Two receptor proteins — p 
and TAXBP — have been reported to regulate lysophagy initiation. In addition to 
TRIM, the E ubiquitin ligase FBXO also promotes lysophagy . 

Transfection agents are known to induce autophagy,. LC was observed to localize 
to endosomes within a few minutes after release of lipoplex- or LNP-formulated 
siRNA. The compartment (autophagosome) with the sequestered endosome and 
remaining lipoplex decreased in pH – min later, suggesting fusion with a lysosome. 
Interestingly, LC recruitment after endosome damage from lipoplexes was more 
dependent on Gal- and NDP than on Gal-. Additionally, LNP-induced damage 
was found to initiate non-canonical autophagy via conjugation of ATG to single 
membranes (CASM), where LC recruitment was dependent upon Tectonin beta-
propeller repeat containing  (TECPR). A subset of endosomes showing TECPR 
recruitment were EEA+, suggesting that this autophagy pathway is not restricted to 
lysosomes.  

Few studies have investigated functional roles of autophagy in RNA delivery, that 
conceivably could act to reduce the amount of payload released upon endosome 
damage. One study found no evidence of improved cytosolic release of lipoplex–siRNA 
after inhibition of Gal-, Gal- or NDP. This could suggest that the autophagic 
response is too slow to limit any additional release, that might already be counteracted 
by other systems responding earlier. On the contrary, knockdown of the autophagy 
regulating protein ATG, rendering cells unable to generate autophagosomes, was 
found to increase lipoplex- and polyplex-mediated DNA delivery ~-fold. This 
indicates that multiple pathways might be activated to initiate autophagy or lysophagy 
in response to membrane damage induced by lipid-based delivery strategies. 
Additionally, autophagy is also regulated and altered in response to a multitude of 
stress-inducing conditions and drug treatments, that typically also can have joint effects 
on endolysosomal trafficking pathways, making it hard to pinpoint the functional 
role of this damage response mechanism for the efficiency of RNA delivery. 

Stress granules 
Recent studies have described a role of stress granules in the recognition and response 
to lysosomal membrane damage,. Stress granules are micron-sized RNA–protein 
condensates that form in mammalian cells upon translational arrest and subsequent 
polysome disassembly, which releases exposed RNA into the cytoplasm where it 
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interacts with a complex network of RNA-binding proteins (RBPs). Studies have 
indicated a central role of the proteins GBP and its homologue GBP for RNA-
dependent condensate formation,. It was shown that stress granules can form 
rapidly at endomembrane damage sites to enable membrane repair through both 
ESCRT-dependent and -independent pathways. Ca+-mediated activation of ALIX 
has been proposed to trigger formation of stress granules at the site of membrane 
damage. The formed complexes acted as plugs to limit the release of intraluminal 
contents and to stabilizes ruptured membranes in an in vitro model. However, the 
role of stress-granule formation in blocking the release of larger intralumenal lysosomal 
molecules in cellulo needs to be characterized, as well as the activity and regulation of 
this system in different tissues and cell types, in order to determine its relevance in the 
context of endosomal escape of oligonucleotides. 

Hints of additional lysosomal membrane repair pathways 
Additional cellular systems responding to lysosomal membrane damage and contribute 
to their repair have been identified recently, that appear to be at least in part 
independent of ESCRT. This includes Ca+-activated scrambling and turnover of 
sphingomyelin on the cytosolic side of the lysosomal membrane, directed transfer of 
cholesterol and phosphatidylserine to lysosomal membranes via damaged-induced 
ER–lysosomal contact sites, and recruitment of Annexins that possibly promote 
repair via cross-linking functions and membrane curvature modulation,. The 
coordination of these systems remains to be elucidated, as well as their link to the 
ESCRT machinery. Importantly, it is also not known to what extent these responses 
contribute to limiting the release of larger lysosomal contents — and potentially 
oligonucleotide payloads — or if they are also operating at earlier endosomal 
compartment than lysosomes. 

Disrupting endolysosomal membranes to enhance RNA delivery  

Permeabilization of cellular membranes by for example chemical compounds or other 
strategies have been researched for decades, with focus on anything from developing 
laboratory techniques to therapeutic treatment effects. As the endosomal escape 
bottleneck have emerged as a fundamental barrier against delivery of nucleic acids to 
target cells, a wide range of strategies have been explored to enhance the release by 
disrupting the integrity of endosomal membranes. A research area that shares an interest 
in the permeabilization of primarily lysosomes is the field of lysosome-dependent cell 
death, as introduced earlier. 
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Membrane-destabilizing small molecule drugs 
Small molecule drugs with membrane-destabilizing properties have been explored 
extensively in the context of lysosomal membrane permeabilization (LMP) and drug 
delivery. One of the most prototypical drugs capable of inducing LMP is chloroquine 
(CQ) — a drug approved for treatment of malaria, but it also has antiviral and anti-
inflammatory properties. On the downside, it has a relatively narrow therapeutic index 
with risk of serious toxicity if overdosed. CQ belongs to a group of lysosomotropic 
weak bases, that elevate the endosomal/lysosomal pH by entering cells and acid 
compartment by passive diffusion in their unprotonated form. Once protonated in 
the acidic environment, the compounds can no longer cross the lipid bilayer due to 
their charge and tend to accumulate intraluminally in increasing concentration, while 
also increasing luminal pH. Many intracellular effects of CQ have been reported, but 
in the context of LMP, the insertion of a hydrophobic motif into the endosomal 
membrane is believed to be the primary mode of action that disrupts the bilayer at a 
critical concentration. The ability of chloroquine to enhance delivery of nucleic acids 
to cells in vitro was first reported more than  years ago. 

Chloroquine belongs to a broader group of membrane-destabilizing chemical 
compounds called cationic amphiphilic drugs (CADs). Hundreds of CADs are known, 
of which many are approved drugs for treatment of for example allergies and psychiatric 
disorders. They are characterized by a hydrophobic ring structure and a hydrophilic 
side chain containing a cationic amine group. The amine group is protonated at low 
pH, promoting their accumulation in acidic compartments as described above. 
Association of CADs with the lipid bilayer neutralizes negative membrane charge, 
which is necessary for several lysosomal lipases residing on the luminal membrane, that 
are subsequently displaced and degraded in the lysosomal lumen. One lipase that is 
considered central in the action of CADs is the glycoprotein acid sphingomyelinase 
(ASMase), that catalyzes the hydrolysis of sphingomyelin to ceramide and 
phosphorylcholine. The stability of lysosomal membranes has been shown to depend 
on sphingomyelin–ceramide metabolism, and excessive sphingomyelin in the lysosomal 
membrane after inhibition of ASMase causes LMP,. Interestingly, studies have 
shown that lysosomes of cancer cells often are more vulnerable and prone to LMP from 
CAD treatment. At least with some compounds and a selection of tumor types, this 
could provide a wider therapeutic index for triggering lysosomal damage in cancer cells 
compared to normal tissues. 

Many other kinds of chemical compounds also trigger endosomal membrane damage 
by different mechanisms. One example is the leucine dipeptide L-leucyl-L-leucine 
O-methyl ester (LLOMe), that rapidly accumulates in acidic endosomes where it is 
polymerized by cathepsin C and increases the bilayer curvature strain until the 
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membrane is permeabilized,. Saponins and triterpenes are examples of yet another 
class of compounds capable of permeabilizing various cellular and endosomal 
membranes. In this case, however, they are believed to incorporate directly into the 
bilayer, where their accumulation ultimately creates pores in the membrane. 

Lysosomes are key hubs for cellular iron homeostasis and storage. Excessive intracellular 
ferrous (Fe+) iron and reactive oxygen species (ROS) like hydrogen peroxide (HO) 
can form hydroxyl radicals via Fenton reactions, leading to (among other things) lipid 
peroxidation. Oxidation of unsaturated lipids in the bilayer of endosomes alters 
membrane fluidity and stability, and extensive lipid peroxidation has been shown to 
cause endosomal membrane permeabilization,. Strategies using delivery vehicles 
that promote lipid peroxidation (e.g. iron-containing nanoparticles) or delivery 
vehicles responding to ROS production intracellularly have been explored in effort 
to enhance payload delivery. 

A typical feature of many lysosomotropic drugs is that they promote lysosomal 
swelling. This was also described early on for delivery systems based on cationic 
polymers. The most established explanation for this phenotypic change is the so 
called ‘proton sponge effect’, that has been proposed to promote disruption of acidic 
intracellular compartments like lysosomes. Polyplexes or lysosomotropic small 
molecules that reach the endolysosomal compartments (via endocytosis or passive 
diffusion, respectively) buffer H+ that are provided by the V-ATPase H+ pump. The 
buffering capacity of the compounds limit the acidification of the endosomal lumen, 
maintaining a high V-ATPase activity. The continued transport of H+ into the 
endosomes is coupled to the entry of Cl–, to maintain the intraluminal charge balance. 
Increased intraluminal ionic concentration promotes water influx to maintain the 
endosomal osmolarity, causing an osmotic pressure that leads to endosomal swelling 
and — supposedly — disruption. The relative importance of the proton sponge effect 
in various cases have been debated ever since it was first proposed, where reports of 
separate mechanisms of action as well as other inconsistencies have argued against it. 
The current understanding is that a combination of osmotic pressure, polymer swelling 
due to charge repulsion upon protonation and membrane destabilization arising from 
interaction between the charged polymer and lipid bilayer all contribute to membrane 
disruption. As highlighted above for the selected lysosomotropic small molecule 
drugs, other mechanisms than intraluminal H+ buffering and osmotic swelling likely 
contribute significantly to promoting membrane damage. 

Several compound library screening efforts have been carried out, looking for small 
molecule drugs capable of increasing the biological activity of RNA or ASO payloads 
delivered by various means,– — where some also used galectins as a marker of 
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endosome damage,. Additional library screens have focused on identifying 
compounds that trigger LMP in the context of lysosome-dependent cell death,. 
Although many small molecule compounds have been identified that enhance 
endosomal release and biological activity of RNA and ASO payload in vitro —
sometimes with surprisingly acceptable toxicity in relation to the number of induced 
endosomal damages — so far, no candidate have proven to be truly successful in vivo. 
Many reasons likely contribute to this, but a narrow therapeutic index and toxicity are 
probably the most important limitations. However, strategies where membrane-
destabilizing molecules are incorporated into delivery vehicles or directly conjugated to 
oligonucleotides could potentially be effective in enhancing endosomal escape while 
also showing improved tolerability. 

Polymers and peptides to enhance RNA delivery 
Strategies using peptides or polymers to trigger endosomal escape of oligonucleotides is 
an alternative approach to small molecules. One example is the dynamic polyconjugate 
(DPC) system, that was evaluated in clinical trials to improve the release of siRNA in 
hepatocytes. It is based on a two-molecule technology, where a cholesterol-siRNA and 
a membrane-active polymer conjugated to GalNAc is administered in combination. 
The membrane-active polymer was derived from the pore-forming melittin peptide — 
the main component of honeybee (Apis mellifera) venom. The melittin-conjugate 
was engineered to have pH-sensitive protecting groups, to limit its activity to acidic 
intracellular compartments. Although this approach was successful in enhancing 
endosomal escape and biological activity of siRNA, clinical trials showed toxicity and 
safety concerns leading to the discontinuation of clinical programs using the melittin-
based DPC technology. 

Peptides promoting escape of oligonucleotides can also be conjugated to the payload 
itself, or be incorporated into nanoparticle delivery vehicles, to limit non-productive 
membrane disruption. Many examples of such peptide/protein transduction domains 
(PTDs) or cell-penetrating peptides (CPPs) exists, including arginine-rich peptides like 
the TAT-PTD, Penetratin/Antp and R; pH sensitive hydrophobic and fusogenic 
peptides, like derivatives of influenza virus hemagglutinin- (HA) and many 
others; derivates of the stearyl-TP peptide (e.g. PepFects, NickFects) and similar 
peptides that might rely more on the proton sponge effect. Close to , 
PTDs/CPPs have been reported, but approved therapies are still lacking. Hurdles 
that remain include issues related to stability, immunogenicity, toxicity, lack of 
specificity, and limited efficacy in facilitating both intracellular delivery and endosomal 
escape. 
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Rationale and overall aim 

Although there have been considerable advancements in oligonucleotide and RNA 
chemistry and state-of-the-art delivery strategies in the last decades, intracellular 
entrapment of internalized therapeutic molecules in endosomes is still one of the major 
remaining hurdles hampering the potency of this new class of therapeutics. Very little 
is known in detail about the endosomal release process of siRNA and mRNA — except 
that it is very inefficient. Contributing to this knowledge gap has been a general lack of 
appropriate strategies and tools to evaluate endosomal release of oligonucleotide 
payload and investigate the link between endosomal escape efficiency and biological 
activity. 

To bridge the current knowledge gap, this thesis has aimed to illuminate previously 
unknown aspects of endosomal escape of RNA therapeutics and the intracellular 
barriers they need to overcome. The development of new strategies to monitor and 
probe aspects of endosomal escape is a requirement for properly understanding it. 
Characterizing the release of payload will enable comparative analysis of the escape 
process in isolation, for example when comparing different delivery approaches or RNA 
constructs. Thus, understanding the criteria and processes involved in payload release 
will also make rational efforts to improve it feasible. Ultimately, overcoming the 
endosomal release bottleneck is key in order to take RNA therapeutics beyond the liver. 
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Specific aims 

The specific aims of the papers included in this thesis were: 

 

I. To investigate if membrane-destabilizing small molecule drugs could be used 
to trigger endosomal escape of lipid-conjugated siRNA in vitro.  

To establish a microscopy-based approach to visualize and evaluate endosomal 
escape in live cells.  

 

II. To determine the cytosolic siRNA dose-response between the number of 
siRNA molecules delivered to the cytosol and knockdown of a reporter gene 
in vitro. 

 

III. To investigate the endosomal escape kinetics of mRNA and siRNA delivered 
with LNPs in vitro.  

To investigate the disintegration of LNPs inside endosomes and the interaction 
between LNP constituents and the endosomal membrane bilayer. 

 

IV. To study cellular membrane damage-responsive systems during treatment with 
lipid-conjugated siRNA in vitro, in effort to identify the basis for spontaneous 
endosomal escape. 
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Methods 

Cell culture 

Two-dimensional cell culture 

The experiments included in the papers of this thesis were performed in vitro, primarily 
in HeLa cells (cervical cancer origin) and to lesser extent MCF cells (breast cancer 
origin). HeLa cells are widely accepted and used as a model cancer cell line to study 
fundamental biological and cancer-related processes, that have resulted in 
groundbreaking scientific developments over the years since the cell line was 
established. Although many fundamental cellular processes are likely to exist in other 
cell lines or patient tumors, their importance and implications may very well vary from 
case to case, making it hard to draw general conclusions from very specific observations 
or exact measurements. 

Cells were cultivated in Dulbecco’s Modified Eagle Medium (DMEM) (Cytiva 
HyClone Laboratories, South Logan, UT, USA) supplemented with  fetal bovine 
serum (FBS, Gibco),  U mL– penicillin and  mg mL– streptomycin (Gibco) 
and  mM glutamine (Gibco) at  °C and  CO. For live cell microscopy 
experiments with cholesterol-siRNA, cells were incubated in OptiMEM during 
simultaneous incubation with cholesterol-siRNA. For all other cases, imaging medium 
consisting of FluoroBrite DMEM (Gibco), supplemented with  FBS,  mM 
glutamine and  mM HEPES (Thermo Fisher Scientific, Waltham, MA, USA) was 
used. Cell culture medium or imaging medium was supplemented with . μg mL– 
recombinant ApoE (Sigma), prepared according to the manufacturer’s protocol, for all 
LNP experiments.  For microscopy experiments, – ×  cells were plated per well in 
-well Lab-Tek II Chamber Slides (Nunc, Rochester, NY, USA) one day before 
experiments. A Neon Transfection System (Thermo Fisher Scientific) was used for 
plasmid and siRNA transfection.  ×  cells were used with the -μL tips and cell-
type specific protocol provided by the manufacturer. Transfected cells were used in 
experiments between  and  h after transfection.  
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Three-dimensional cancer cell spheroids 

Growing cells in two-dimensional monolayer cultures poorly recapitulates many 
properties of tumors and to some extent also cancer cell biology. More complex models 
may be more successful in reconstituting real-life tumor biology. In Paper I, a simple 
D cell culture approach was used, where  ×  HeLa or × MCF cells stably 
expressing fluorescently labeled Gal- were seeded in -well spheroid microplates 
(Corning, Kennebunk, ME, USA) in complete DMEM. For the evaluation of Gal- 
foci formation by small molecule drug treatment, the medium was removed from the 
wells after three days. Complete DMEM supplemented with small molecule drugs was 
added for  h, followed by fixation with  paraformaldehyde (PFA) and preparation 
for fluorescence microscopy. A similar protocol was used for evaluating the effect on 
d-EGFP knockdown from small molecule drug treatment in D spheroids. 

Materials 

Galectin- 
In all papers included in this thesis, fluorescently labeled Gal- was used as a marker of 
endosome disruption. HeLa or MC cells stably expressing Gal- fused to yellow 
fluorescent protein (YFP) were established by transfection followed by antibiotic 
selection and the establishment of monoclonal cell populations by single-cell seeding. 
Other fluorescent fusion proteins of various galectins were used as well, as described in 
the individual papers. 

d-EGFP reporter system 
In Paper I–IV, a robust and versatile enhanced green fluorescent protein (EGFP) 
reporter system for monitoring knockdown response was used. The EGFP protein 
is destabilized by fusion to a mutated variant of residues – of mouse ornithine 
decarboxylase (MODC). MODC contains a protein degradation sequence (PEST 
sequence) in its C-terminal domain, that targets it for proteasomal degradation. The 
turnover of the d-EGFP fusion protein is accelerated considerably compared to wild-
type EGFP, resulting in a half-life of ~ h. This makes the d-EGFP reporter system 
well suited to monitor fast changes in protein expression, for example induced by 
RNAi-mediated target knockdown. Since the d-EGFP fluorescence intensity of cells 
can be followed over time, this makes it possible to capture the dynamics of protein 
expression and knockdown over time and in single cells. 
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Cholesterol-siRNA 
In Paper I and Paper IV, endosomal release of cholesterol-conjugated siRNA was 
studied. Several arguments for choosing cholesterol-siRNA in these investigations can 
be made. It is a well-researched construct among the lipid-modified siRNA conjugates, 
making it a suitable prototypical lipid-siRNA. In contrast to for example GalNAc, 
cholesterol-conjugates are not dependent upon a cell-type specific receptor for their 
internalization, which facilitates their use in several and different in vitro cell culture 
experiment. Lastly, functionally validated cholesterol-siRNA is available commercially 
(Accell siRNAs provided by Dharmacon Inc., Lafayette, CO, USA). 

RNA lipid nanoparticles 
In Paper III, lipid nanoparticles containing siRNA or mRNA were investigated. LNPs 
were manufactured and provided by AstraZeneca (Advanced Drug Delivery, 
Pharmaceutical Sciences, BioPharmaceuticals R&D, AstraZeneca, Gothenburg, 
Sweden). LNPs were formulated with Dlin-MC-DMA or BODIPY-MC (ionizable 
lipid), cholesterol, DSPC, and DMPE-PEG. LNP formulations were prepared 
using a NanoAssemblr Benchtop microfluidic mixer (Precision Nanosystems). Lipid 
solutions were made in pure ethanol at a molar ratio of ::.:. for ionizable 
lipid:DSPC:cholesterol:DMPE-PEG. For mRNA formulations, a w:w ratio of 
lipid to cargo of : was used, for siRNA containing formulations a N/P ratio of  
was used. Fluorescently labeled (AlexaFluor or Cy) or unlabeled siRNA targeting 
EGFP, that was used for LNP formulation, were custom synthesized by Integrated 
DNA Technologies Inc, Coralville, IA, USA. CleanCap, -methoxyuridine- (moU) 
modified mRNA encoding EGFP or Cy-labeled mRNA encoding EGFP was from 
TriLink BioTechnologies, San Diego, CA, USA. 

LNPs were characterized by dynamic light scattering using a Zetasizer Nano ZSP 
(Malvern Analytical Inc.) RNA concentration and encapsulation efficiency 
measurements were performed using Quant-iT RiboGreen reagent (Invitrogen). The 
LNP size (dz) was typically ~ nm for siRNA and ~ nm for mRNA LNPs. 

Lipoplex-siRNA formulation 
In Paper II, the cytosolic dose-response relationship between siRNA targeting EGFP 
and d-EGFP knockdown was investigated. Here, cytosolic delivery was achieved by 
lipoplex-formulation of siRNA, that could be optimized to produce release events 
where the resulting cytosolic siRNA concentration was within the dose-response 
interval. Formation of siRNA lipoplexes was performed using a fixed volume of the 
cationic transfection agent Lipofectamine  and variable siRNA concentrations. 
siRNA and LF were first diluted in OptiMEM before mixing, and then incubated 
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for  min at room temperature. The ratio of siRNA to LF that was used for 
lipoplex formation in microscopy experiments ranged from .: to : pmol:μL. 
Different volumes of the prepared lipoplex-siRNA solution was added to cells in 
experiments, to vary and optimize the number of lipoplexes that were internalized and 
the number and timing of the resulting release events. 

Fluorescence microscopy 

The work presented in this thesis relies heavily on fluorescence microscopy approaches 
for data acquisition. A selection of aspects and considerations of the microscopy 
methods used in the papers is discussed below. 

High-spatiotemporal resolution microscopy techniques 

Fluorescence microscopy is an instrumental technique in biology research, and the 
possibilities it provides has increased as technological advancements have accelerated. 
Acquiring microscopy image datasets by monitoring live cells poses extra challenges, 
and always requires balancing sample health, signal-to-noise ratio, spatial resolution, 
temporal resolution or acquisition duration, and the field of view. The trade-off 
between these parameters forms the pyramid of frustration in microscopy. 

 

 

Figure 12. The pyramid of frustration in microscopy 
Live-cell microscopy experiments inevitably requires compromise between image resolution (spatial and 
temporal), size of the sample area that is captured (field-of-view), signal-to-noise ratio and sample health.   
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Widefield fluorescence microscopy 
In Paper I and III, widefield microscopy was used extensively for acquiring time-lapse 
image series of live cells. In this case, the sample is excited with non-coherent light from 
a LED light source. The emitted light is collected and registered on a camera chip. 
Here, a sensitive sCMOS (scientific complementary metal-oxide semiconductor) 
camera was used. With triggered hardware control, the image acquisition process is 
controlled via a hardware circuitry instead of the microscope computer software, 
accelerating the acquisition speed considerably. To acquire a volumetric dataset, several 
D images are acquired sequentially in the z-direction (bottom-to-top of cells) — a so 
called z-stack. Importantly, by combining a LED illumination light source, that can be 
switched on-off with microsecond speed, and multi-band pass optical filters, it is 
possible to acquire several channels with different fluorophores in rapid sequences. This 
is of key importance when evaluating live-cell processes like vesicle trafficking, where 
the interpretation of the data often relies on the spatial relationship (often 
colocalization) between markers in different channels. With rapid vesicle movement, a 
time difference of only a fraction of a second (often even less than  ms) will produce 
artifacts in the image data that can be hard to handle. The widefield microscopy system 
offers another advantage in that it is typically possible to do live-cell imaging with low 
phototoxicity, due to the used of gentle non-coherent LED light, efficient detection by 
sensitive cameras, and registration of all emitted light collected by the objective. 

The main disadvantage, however, is that light from the entire D volume that is excited 
is also allowed to reach the camera. Since only a single plane in the D volume is in the 
focal plane of the optical system, the rest of the light registered on the camera is out-
of-focus light projected on top of the focal-plane image. This leads to poor image 
contrast and a ‘smeared’ appearance. There is, however, tricks to apply in post-
processing of the data to improve on this flaw.  

Laser scanning confocal microscopy and array detectors 
The invention of the confocal microscope provided a clever solution to the problem 
with out-of-focus light degrading the image quality. By introducing a small pinhole in 
the light path, between the objective and detector, the out-of-focus light can be blocked 
from reaching the detector. To use this strategy, the sample is excited by a focused laser 
beam scanning the sample, and the emitted light have typically been detected with a 
single-point detector like photomultiplier tubes (PMTs).  

As with the widefield technique, volumetric datasets are acquired by capturing D 
images at several z-positions. Modern laser-scanning confocal microscopes (LSCM) 
typically also offers advanced and efficient modes for sequential, near-simultaneous or 
simultaneous channel acquisition with customizable spectrum bandwidths devoted for  



92 

 

Figure 13. Light detection in confocal microscopy 
Out-of-focus light (blue rays), originating from a point in the illuminated volume that is outside of the current 
focal plane, is blocked by the pinhole assembly whereas in-focus light (red rays) pass through the pinhole to 
the detector. Reproduced from Vangindertael, J et al. “An introduction to optical super-resolution 
microscopy for the adventurous biologist.” Methods and applications in fluorescencevol. 6,2 022003. 16 
Mar. 2018, doi:10.1088/2050-6120/aaae0c. Distributed under Creative Commons Attribution (CC BY) 
license (http://creativecommons.org/licenses/by/4.0/). 

the individual fluorophores, and several detectors or assemblies of detector elements 
like spectral detectors. 

While providing improved image contrast and resolution compared to widefield 
microscopy, LSCM also comes with some drawbacks. Due to the line-by-line scanning 
nature of image formation with classical LSCM, image acquisition has typically been 
slow and thus challenging when aiming to capture fast events in live-cells. Additionally, 
since a considerable share of the light emitted from the sample and collected by the 
objective is discarded (blocked by the pinhole), LSCM is not considered as light 
efficient as other techniques and the risk of sample damage (photobleaching or 
phototoxicity) is thus higher. Even so, LSCM have been workhorses of biological and 
biotechnological research for decades and will continue to have a strong position as 
upgraded but reliable and user-friendly systems. 

An advancement of the LSCM technique has been the development of more sensitive 
detectors, for example gallium arsenide phosphide (GaAsP) detectors, enabling more 
efficient detection of light in low signal conditions, as well as array detectors for super-
resolution imaging. One example of a confocal array detector is the Airyscan detector 
introduced by ZEISS, that was used in all papers included in this thesis. The Airyscan 
detector is a -channel GaAsP-PMT area detector. It collects a pinhole-plane image 
at every scan position. Each detector element has the role of a single, tiny pinhole. A 
priori information about the light path and the spatial arrangement of each detector  
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Figure 14. Structured illumination provides spatial frequency information for super-resolution imaging 
Illuminating samples containing fine spatial details (high spatial frequencies) with well-defined periodic light 
patterns generates Moiré fringes of a lower spatial frequency. Because the illumination pattern is known, 
the high spatial frequency information can be mathematically recovered from the lower frequency (Moiré) 
patterns by computation, by using several orientations of the illumination pattern. Adapted from 
Vangindertael, J et al. “An introduction to optical super-resolution microscopy for the adventurous 
biologist.” Methods and applications in fluorescencevol. 6,2 022003. 16 Mar. 2018, doi:10.1088/2050-
6120/aaae0c. Distributed under the terms and conditions of Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/). 

element enables very light-efficient imaging with improved signal-to-noise ratio and 
also a spatial resolution beyond the diffraction limit (i.e. super-resolution). 

Structured illumination microscopy 
One of the techniques that have pioneered the field of super-resolution microscopy was 
invented by Mats Gustafsson, who died of brain cancer in . Illuminating the 
sample with a structured (classically finely striped) light pattern produces images with 
fringes, called Moiré patterns. Since the illumination pattern is known, the high spatial 
frequency information of the sample can be mathematically recovered from the lower 
frequency Moiré pattern. This requires that several images are obtained, that typically 
have a different orientation of the illuminating pattern. The exact number of images 
depends on for example the illumination pattern and strategies to shift or rotate it as 
well as the computational reconstruction used. Structured illumination microscopy 
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(SIM) offers a two-fold improvement in resolution compared to conventional 
microscopy, that is possible to achieve with living samples and standard fluorescent 
molecules. 

Although a widefield microscopy technique, SIM have inherent optical sectioning 
properties, comparable to confocal microscopy. This stems from the fact that out-of-
focus light is not modulated in the same way by the illuminating pattern as light from 
the focal plane, making it possible to reduce the contribution of out-of-focus light to 
the final image during reconstruction. 

In Paper III and IV, high-spatiotemporal microscopy imaging was performed with an 
adaptation of the SIM technique called instant SIM (iSIM). Here, a microlens array 
is used to generate a multifocal structured excitation pattern illuminating the sample, 
with a matched pinhole array to reject out-of-focus emission light. A microlens array is 
used to locally contract light passing each pinhole before it is scanned onto a camera 
used to sum and register the fluorescence. 

With this approach, iSIM directly captures optically sectioned images with √-fold 
improvement in spatial resolution in a single camera exposure. This circumvents the 
need to acquire multiple images with alternating illumination pattern. Although image 
post-processing (deconvolution) is used to obtain a full two-fold resolution 
improvement, SIM reconstruction in a classical sense is not needed. This makes iSIM 
a powerful and versatile microscopy imaging technique for live-cell experiments 
requiring both high speed and spatial resolution. 

Image processing and analysis 

Several customized image analysis pipelines were developed as described in the 
individual papers, to facilitate data handling, image restoration (i.e. deconvolution, 
channel registration and correction of chromatic aberration), endosome tracking and 
fluorescence quantification. This technical challenge was devoted much time and effort, 
but also made it possible to handle and analyze large quantities of data (likely close to 
 terabytes, equivalent to ~,, ‘standard’ smartphone images with an 
individual file size of  MB). Indeed, for all papers included in this thesis, several 
thousands of endosome damage events have been evaluated and a considerable fraction 
have been further analyzed by tracking and fluorescence quantification. 

Widefield and iSIM microscopy images were deconvolved with Huygens Professional 
for Windows Version . and . (Scientific Volume Imaging B.V., Hilversum, 
Netherlands), respectively. Image deconvolution is an iterative computational image 
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restoration process, that use a priori information about the optical system (e.g. the so 
called point spread function, that describes the distortion of light from a sub-diffraction 
limit light emitter), the excitation and emission wavelengths of light and the physical 
size of the sample captured by each pixel of the camera. Deconvolution allows out-of-
focus light in the imaged volume to be computationally removed, while at the same 
time enhancing the signal-to-noise ratio (contrast) and spatial resolution. The many 
iterative calculations performed during deconvolution requires considerable 
computational power. Previously, this made the process slow, reducing the throughput. 
The development of graphical processing unit- (GPU) based processing in recent years 
have accelerated the computational speed, in addition to improved deconvolution 
algorithms. Image restoration and denoising strategies leveraging artificial intelligence 
(AI) have been launched in recent years. Although very powerful tools, the techniques 
still battle with developing reliable models for versatile biological samples, markers and 
microscopy modalities, as well as validating results and avoiding artifacts.  

Additional methods 

Other common laboratory techniques that were used include standard assays for flow 
cytometry, reverse-transcription quantitative polymerase chain reaction (RT-qPCR) 
and spectrophotometry. Details are provided in the Methods section of the individual 
papers. 
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Results and discussion 

Imaging endosomal escape of RNA payload 

Capturing endosomal release of cholesterol-siRNA 

In Paper I, it was first demonstrated that selected small molecule drugs could trigger 
recruitment of Gal- to intracellular compartments. The response of several members 
of the galectin family to treatment with the membrane-destabilizing small molecule 
drug siramesine (SIR) was evaluated. Recruitment of Gal- was detectable fastest, and 
with higher signal-to-background intensity than Gal-, - and -. 

Overexpression of YFP-tagged Gal- in cells was used to capture drug-induced damage 
events with potential of releasing endosomal cargo (Fig. , top panel). It was 
discovered that release of both dextran and cholesterol-conjugated siRNA (chol-siRNA) 
from individual vesicles could be captured with a spatiotemporal resolution high 
enough to quantitate the fluorescence intensity of single endosomes. The majority of 
captured release events were efficient, releasing > or ~ of dextran or 
chol-siRNA payload, respectively. However, the fraction of damaged endosomes that 
contained siRNA payload was different when comparing the selected small molecule 
drugs (Fig. ). This hit-rate was higher for chloroquine (CQ) () than for SIR 
(). The amount of dextran released from endosomes to the cytosol correlated with 
the number of Gal- foci, but CQ treatment generated higher cytosolic amounts of 
dextran per detectable Gal- foci, corroborating the relevance of hit-rate differences in 
the efficiency of cytosolic delivery. 

In Paper IV, Gal- and additional cytosolic proteins were explored as potential markers 
of spontaneous chol-siRNA release (i.e. without small molecule drug perturbation). No 
detectable Gal- response was triggered by chol-siRNA treatment at high concentration 
for up to  h. The ESCRT-III components CHMPA and ALIX localized to a fraction 
of endosomes containing chol-siRNA – h after start of treatment. However, no 
increase in the number of CHMPA+ or ALIX+ compartments was seen with chol-
siRNA treatment, and no siRNA release was observed from CHMPA+ endosomes. 
CHMPA+ and chol-siRNA+ endosomes were also often CD+, suggesting that the  
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Figure 15. Capturing release of RNA payload from individual endosomes 
HeLa cells expressing the cytosolic membrane damage sensor Gal-9 (YFP-tagged) was incubated with 200 
nM cholesterol-conjugated (DY547-labeled) siRNA for 6 h followed by treatment with 60 μM chloroquine 
(top sequence, Paper I) or with 50 nM siRNA LNPs (AF647-labeled siRNA, bottom sequence, Paper III). 
Arrowheads indicate endosomes containing siRNA payload that display sudden Gal-9 recruitment. Scalebar: 
2 μm (top) and 1 μm (bottom). 

observed ESCRT-III activity may represent baseline ‘house-keeping’ activity, that cross 
roads with chol-siRNA in LEs and MVBs during endocytic trafficking. In addition to 
Gal-, CHMPA and ALIX, the activity of the cytosolic proteins PLAG (a 
phospholipase recruited to endosomes showing release of viral RNA during infection) 
and GBP (an RNA-binding protein involved in stress-granule formation) was also 
investigated during chol-siRNA treatment, without finding evidence for their 
involvement in damage response during chol-siRNA delivery. 
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Imaging release of siRNA and mRNA delivered by LNPs 

Hit-rate — The key link between endosomal damage and payload release 
In Paper III, Gal- was used as a sensor to evaluate endosomal damage and RNA release 
using LNPs. Both siRNA and mRNA LNPs triggered dose-dependent Gal- response. 
Damage induction was fastest with siRNA LNPs, that also seemed to have faster uptake 
than mRNA LNPs. Evaluating Gal- response during live-cell imaging with relatively 
low LNP concentrations (– nM siRNA, . μg mL– mRNA) made it possible to 
pinpoint individual release events with a temporal resolution of – s. Surprisingly, the 
hit-rate differed substantially between siRNA and mRNA LNPs, with damaged 
endosomes having siRNA payload in – of cases, compared to only ~ with 
mRNA LNPs (Fig. ). The higher siRNA hit-rate was found also when using a 
different fluorophore label (Cy instead of AF, the same as for mRNA) and with 
two concentrations of LNPs where only one quarter of siRNAs were fluorescently 
labeled. 

 

Figure 16. Hit-rate is the key link between endosomal damage and payload release 
Membrane damage events can only contribute to cytosolic delivery (be productive) when the disrupted 
endosome contains RNA cargo. The fraction of potentially productive damage events is referred to as ’hit-
rate’. The figure shows the hit-rate for three small molecule drugs during cholesterol-siRNA delivery (Paper 
I) and siRNA LNPs or mRNA LNPs (Paper III). 

Release of RNA from damaged endosomes is inefficient and incomplete 
Quantification of RNA fluorescence by endosome tracking showed that the siRNA 
fluorescence intensity was initially stable but decreased suddenly just as galectin 
recruitment was detectable. With mRNA LNPs, an initial fast signal decrease at the 
time of galectin recruitment was less pronounced but suggestive when evaluating 
the average of all events (Fig. 17).  

To account for the heterogeneity of the release events, data was subgrouped with respect 
to events exhibiting a sharp drop in RNA fluorescence, or not, at the time of galectin 
recruitment. With mRNA LNPs,  of all vesicles showed rapid RNA release, where 
the RNA fluorescence decreased by  at ~ s after damage, and then appeared  
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Figure 17. Measuring endosomal escape of RNA payload on a single-vesicle level 
Endosomes containing (a) dextran, (b) cholesterol-siRNA, (c) siRNA LNP or (d) mRNA LNP payload that 
showed sudden recruitment of the damage sensor Galectin-9 were tracked in 3D over time, quantifying the 
fluorescence intensity from the payload. Traces were aligned in time so that t = 0 s is the first time with 
detectable Galectin-9 recruitment. (c,d) Traces were divided in two groups based on whether release of RNA 
payload could be detected upon endosome damage. The bars over the lower graphs show the fraction of 
damaged vesicles were RNA release was detectable. Median ± 95% confidence interval of median is shown. 
Cells were treated with 60 μM chloroquine in (a,b). Additional details are provided in Paper I (a,b) and 
Paper IV (c,d). 

largely stable. With siRNA LNPs, there was a higher fraction of endosomes showing 
fast initial release, ranging from  ( nM) to  ( nM), in a dose-dependent 
manner. The relative magnitude of the fast release was comparable to that of mRNA, 
between  with  nM and  with  nM at ~ s after start of galectin 
recruitment. In summary, only a fraction of damage events triggered by LNPs where 
Gal- is recruited show immediate and fast release of RNA cargo, and most of the RNA 
content remains in the endosome after the release. 
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LNPs trigger ESCRT activity that limits endosomal membrane disruption 
In addition to a strong Gal- response, siRNA LNP treatment also triggered 
ESCRT-III activity as shown by increased number of CHMPA+ compartments. In 
many cases, CHMP would be recruited to LNP-containing endosomes without or 
before Gal-, indicating that the response preceded endosomal membrane disruption 
detectable by galectins. Knockdown of the three key ESCRT components — TSG, 
ALIX and CHMP — increased the number of Gal- foci formed during siRNA LNP 
treatment, showing that ESCRT-mediated membrane repair counteracts and limits the 
number of possible siRNA release events.  

Imaging cytosolic release of lipoplex-siRNA 

In Paper II, release of lipoplex-formulated siRNA was visualized at a lower 
spatiotemporal resolution but with a high detection sensitivity and high dynamic range, 
by monitoring the cytosolic fluorescence intensity in long live-cell microscopy 
acquisitions. Sudden increases in the cytosolic fluorescence were detectable, that always 
coincided with Gal- recruitment to a lipoplex-containing endosome. An analysis 
pipeline was devised to automatically track cells, detect cytosolic release events and 
quantitate the siRNA and d-EGFP fluorescence intensity. Shortly after release, siRNA 
transitioned from a homogenous cytosolic distribution to a vesicular pattern, 
contributing to the decay of the cytosolic siRNA signal (Fig. ). 

 

 

Figure 18. Cytosolic release of lipoplex-formulated siRNA 
HeLa cells expressing d1-EGFP (top) were incubated with lipoplex-formulated siRNA targeting EGFP (AF647-
labeled, bottom) during time-lapse confocal microscopy. A sensitive GaAsP array detector (Airyscan) was 
used to detect redistribution of siRNA to the cytosol (apparent at t = 0 min). Cytosolic siRNA is gradually 
redistributed into foci following endosomal release. Knockdown of the d1-EGFP protein (half-life ~50 min) 
can be monitored and quantified by measuring EGFP fluorescence over several hours following siRNA release. 
For details, see Paper II.  
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Interactions between LNPs and the endosomal membrane 

In Paper III, the integrity of LNPs and their interaction with endosomal membranes 
in cells was investigated in detail using super-resolution microscopy. 

LNPs disintegrate when trafficking through the endocytic pathway 

The appearance of siRNA and mRNA LNPs was assessed at different stages along the 
endocytic pathway, by live-cell microscopy of cells expressing EEA, Rab or the MVB- 
and LE-marker CD. In EEA+ endosomes, the majority of fluorescently labeled 
siRNA and mRNA was confined to intraluminal point-like structures with a size 
corresponding to single LNPs visualized in dispersion on glass-slides. Endosomes 
containing single or multiple intact LNPs could be observed. In CD+ compartments, 
the appearance of siRNA inside the endosomal lumen had changed substantially, now 
typically filling the entire lumen with a homogenously distributed signal. In some 
vesicles, more commonly observed with mRNA LNPs and with siRNA in Rab+ 
compartments, the RNA was partly dispersed in the endosomal lumen, but a LNP 
remnant was still visible. Thus, direct observation and comparison of intralumenal 
disintegration of LNPs during endocytic trafficking in live cells was achieved. 

Membrane-tethered LNPs trigger localized endosomal damage response 

The appearance of Gal- and CHMPA recruitment to LNP-containing endosomes 
was investigated during stages in the endocytic route where LNP disintegration was 
likely to promote endosomal damage. Visualization of Gal- or CHMPA in EEA+ or 
Rab+ endosomes typically showed localized recruitment of the damage responder, to 
a membrane nanodomain in close proximity to LNPs tethered to the luminal 
membrane leaflet (Fig. c). Quantification of the distance between the intensity 
maximum of the damage marker and LNP confirmed a close spatial association, where 
both Gal- and CHMPA were typically displaced ~– nm toward the outside 
(cytosolic) side of the endosome compared to the LNP remnant. 

Ionizable lipid integrates into endosomal membrane nanodomains 

A modified ionizable lipid was developed to further investigate LNP disintegration and 
lipid–membrane interactions. The fluorescent molecule BODIPY was conjugated to 
DLin-MC-DMA, and used to form dual-labeled LNPs with AF-labeled siRNA. 
The new LNP showed several interesting spectral properties. The BODIPY  
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Figure 19. Super-resolution microscopy reveals LNP interaction with endosomal membrane 
(a,b) A novel ionizable lipid was synthesized, where the fluorescent molecule BODIPY was covalently 
attached to Dlin-MC3-DMA (BODIPY-MC3), and used to formulate LNPs with AF647-labled siRNA. The 
emission spectrum of BODIPY-MC3 was red-shifted when lipid density was high (e.g. intact in LNPs), while 
also showing fluorescence quenching in the ordinary emission spectrum that resolved when lipid density 
decreased. Intact LNPs showed BODIPY-MC3–siRNA FRET (Förster resonance energy transfer), that decreased 
when LNPs disintegrated. (a) A HeLa cell with internalized siRNA BODIPY-MC3 LNPs is shown. Images were 
acquired with an iSIM microscope. Scalerbar: 10 μm. (b) Individual endosomes containing siRNA 
BODIPY-MC3 LNPs were imaged using a confocal microsope with a super-resolution array detector 
(Airyscan). Scalebar: 1 μm. (c) HeLa cells were transfected with Rab5-mScarlet and CHMP2A-GFP or Gal-9-
YFP, and indubated with siRNA-containing LNPs (ordinary MC3). Images were acquired with a confocal 
microsope with an Airyscan detector. Scalebar: 1 μm. For additional details, see Paper III. 

fluorescence was massively quenched in intact LNPs, that instead showed a red-shifted 
BODIPY emission spectrum. Intact particles also displayed significant quenching of 
AF fluorescence, and BODIPY–AF FRET. As LNPs disintegrated, BODIPY-
MC and AF-siRNA fluorescence increased, red-shifted BODIPY fluorescence and 
BODIPY–AF FRET decreased. In this way, the integrity of LNPs during 
disintegration could be monitored not just spatially — by evaluating the distribution 
of siRNA and MC in endosomes — but also by the spectral properties (Fig. a,b).  
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Evaluation of the dual-labeled LNPs in live cells showed that there was a gradient of 
intact-to-disintegrated LNPs from the periphery of cells to the perinuclear area — 
corresponding to the typical gradient of endosomal pH covered by transition from 
peripheral EEs to perinuclear lysosomes (Fig. a). LNPs visualized – h after 
internalization showed various degrees of particle disintegration, where siRNA filled 
the endosomal lumen with or without siRNA confined to a LNP remnant.  

Intriguingly, ionizable lipid released from the LNP could be observed in the endosomal 
membrane, and its local concentration was highest closest to the membrane-tethered 
LNP remnant (Fig. b). The direct visualization of iL enriched in the endosomal 
membrane during LNP disintegration corresponded to the membrane nanodomain 
showing localized recruitment of Gal- and CHMPA, linking the incorporation of iL 
in the endosomal membrane to its destabilization and disruption. 

Profiling the identity of endosomal compartments 
releasing RNA payload to the cytosol 

In Paper I and III, detailed investigations of the identity of compartments damaged 
during treatment with small molecule drugs or LNPs, respectively, were performed. 
Gal- was used as a marker to pinpoint the time of membrane disruption, and the 
presence of several selected organelle markers was evaluated around this timepoint. 
With small molecule treatment, it was found that the most prevalent markers of the 
damaged vesicles were markers of lysosomes and late endosomal compartment, like 
LAMP, Rab, CD. The compartment identity profile was not identical when 
comparing CQ and SIR — for example, compartments targeted by CQ were more 
often LAMP+ ( compared to  with SIR), and SIR targeted Rab+ endosomes 
to a greater extent ( compared to  with CQ). In addition, it was observed that 
damages caused by CQ treatment could trigger recruitment of Rab, that was not seen 
with SIR.  

With LNPs, Gal- was recruited to endosomes with markers of early endosomal 
compartments. The most prevalent marker was Rab, that was present on ~ or 
 of compartments damaged by siRNA or mRNA LNPs, respectively. EEA was the 
second most common identity marker, followed by Rab. Gal- recruitment to 
LAMP+ compartments was very rare. The findings highlight a clear difference in the 
identity of compartments that release RNA payload during LNP-mediated delivery or 
when escape is induced by small molecule drugs — at least with the more classical 
CADs investigated here. 
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Measuring cytosolic siRNA delivery and knockdown 
response 

Small molecule drugs can improve cholesterol-siRNA activity by triggering 
endosomal escape 

As the small molecule drugs that were investigated in Paper I caused membrane damage 
and cytosolic release of chol-siRNA, their effect on knockdown efficiency was evaluated 
subsequently. By using the d-EGFP reporter system in HeLa cells, it was found that 
several drugs could enhance chol-siRNA mediated knockdown in a dose- and time-
dependent manner that was in line with observations of the varying hit-rate of 
compartments containing payload. Although all compounds were toxic to cells at high 
doses, with most compounds, a substantial number of Gal-+ damage events (at least 
– events per cell) was still well tolerated. Interestingly, the apparent toxicity per 
Gal-+ endosome damage event seemed to differ between compounds, suggesting that 
the observed toxicity only partly is caused by endosomal damages, and that other 
mechanisms likely also contribute to varying extent. In addition to D cell cultures, 
experiments were also performed in D cancer cell spheroids, where Gal- response to 
small molecule drug treatment and an improvement in knockdown could be 
confirmed. In summary, it was found that Gal- response to small molecule treatment 
predicts potential chol-siRNA knockdown enhancement, but that the improvement is 
not necessarily equal for two compounds that trigger formation of the same number of 
Gal-+ foci. 

Absolute quantification of cytosolic siRNA release 

In Paper II, cytosolic release and subsequent redistribution of fluorescently labeled 
siRNA was readily detectable using live-cell fluorescence microscopy. To translate the 
siRNA fluorescence intensity measured in microscopy acquisitions to siRNA 
concentration, a fluorescence reference standard was generated by four-fold serial 
dilution of AF-siRNA between  and , nM. In addition, a  μM siRNA 
calibration sample was imaged before start of all experiments and used for baseline 
correction during analysis. Identical microscopy settings were used for the reference 
standard, calibration and all experiments, to allow reliable conversion between 
fluorescence intensity and concentration. The cytosolic siRNA concentration could 
then also be converted into the corresponding number of siRNA molecules per cell, by 
measuring the volume of the HeLa cells used in experiments. 
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Figure 20. Quantification of cytosolic siRNA concentration and time-resolved target knockdown 
HeLa cells expressing d1-EGFP were incubated with lipoplex-formulated siRNA targeting EGFP (AF647-
labeled) and monitored during time-lapse confocal microscopy. A custom analysis pipeline was devised to 
detect and quantify cytosolic siRNA and d1-EGFP knockdown. Traces of inividual cells were aligned in time 
so that t = 0 is the first timepoint with detectable siRNA in the cytosol. A mathematical model was developed, 
that was fitted to individual siRNA release events. The model fit (coefficient of determination, R2) was 
determined for each event. Traces were sorted and divided into quantiles based on the siRNA release 
magnitude. Traces with a high siRNA model fit (R2 > 0.75) for the more potent siRNA sequence (siGFP-1) are 
shown. (a) The fluorescence intensity of siRNA in the cytosol was measuring using a sensitive confocal array 
detector (Airyscan) and converted into siRNA concentration using a known fluorescence reference standard. 
The median peak siRNA concentration and mean R2 for each quantile is shown in the inserted box. Lines are 
mean, shaded areas are 95% confidence interval. (b) EGFP fluorescence was measured in cells where siRNA 
release to the cytosol was detected (at t = 0), and normalized to the mean intensity per cell before detectable 
siRNA release. Lines are mean, shaded areas are 80% confidence interval. For additional details, see Paper III. 

Time-resolved target gene knockdown 

In Paper II, the d-EGFP reporter system made it possible to evaluate target 
knockdown after cytosolic siRNA delivery in a time-resolved manner, by measuring the 
EGFP fluorescence up to almost  h after cytosolic release. This unveiled a dose–
response relationship with respect to knockdown induction, depth, and duration in the 
range from a few hundred to several thousand cytosolic siRNA molecules per cell (Fig. 
). The half-maximal knockdown induction and knockdown nadir was reached at a 
few hundred picomolar with a potent siRNA sequence — corresponding to ~, 
cytosolic siRNA molecules. It was also observed that, in this model system, siRNA doses 
that were higher than necessary to reach initial knockdown saturation seemed to 
prolong knockdown duration. The dose-response relationship was evaluated for two 
siRNA sequences targeting EGFP with different potency — as previously determined 
from traditional experiments measuring the extracellular IC (the administered 
concentration) — highlighting the capability of this method to discriminate differences 
in cytosolic IC. 

In Paper IV, the kinetics of d-EGFP knockdown mediated by chol-siRNA was 
characterized in a similar way as in Paper II. The dose-response of free chol-siRNA was 
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compared to the knockdown observed when chol-siRNA was delivered by lipoplex-
formulation. To gain insight into the knockdown dynamics resulting from cytosolic 
chol-siRNA delivery, a strategy based on modeling EGFP knockdown was used. 

Modeling siRNA release and EGFP knockdown 

In Paper II, a mathematical model was devised, that could be fitted to cytosolic siRNA 
measurements and capture fast release and decay of the cytosolic siRNA signal over 
~ min. One of three characteristic release scenarios was used to fit the model to the 
data — typical high-magnitude release with exponential decay; high-noise 
low-magnitude release (step-function); or two separate release events occurring in quick 
succession. The model autonomously determined the most appropriate scenario to fit 
the model using Bayesian Information Criterion (BIC). 

This modeling strategy enabled estimations of siRNA release amounts for both low and 
high-magnitude release events, where measurement of lower siRNA amounts 
inherently becomes noisier as the intensities approach the detection limit of the 
microscopy system. Additionally, the model fit — expressed as the coefficient of 
determination, R — provided a measure of the accuracy and reliability of each 
individual cytosolic siRNA quantification (Fig. a). 

A mathematical model was also developed for determining EGFP knockdown given a 
measured cytosolic siRNA concentration, by using expression measurements from all 
time points and all release events. This model allowed us to determine the absolute 
cytosolic IC with measures of statistical dispersion calculated by bootstrapping. For 
example, evaluating knockdown at  h after siRNA release, the cytosolic IC was 
estimated to be . (.–.) nM (median and  confidence interval) for the 
more potent siRNA, and . (.–.) nM for the less potent siRNA sequence.  

In Paper IV, a simpler approach was used to fit an existing plateau–single phase decay 
model to d-EGFP knockdown response measured in single cells. The model was well 
suited for characteristic knockdown responses measured in cells after delivery of 
lipoplex-formulated siRNA. It provided estimates of the time when knockdown started 
and the fluorescence half-life. The goodness-of-fit was evaluated by several criteria, that 
were used to determine if EGFP knockdown followed the proposed model or not. The 
majority of EGFP knockdown events with lipoplex-formulated chol-siRNA followed 
the kinetics proposed by the model, whereas only ~ of knockdown responses with 
free chol-siRNA did so. For all chol-siRNA doses evaluated (,  and , nM),  
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Figure 21. Cell-cycle state influences timing of cholesterol-siRNA mediated knockdown 
HeLa cells expressing d1-EGFP were incubated with (a) naked (free) or (b) lipoplex-formulated cholesterol-
siRNA targeting EGFP (siGFP) or a non-target control sequence (siControl) during time-lapse confocal 
microscopy. Cells were tracked to measure EGFP fluorescence and the size of cell nuclei. Cell traces having 
a nuclear size profile typical for mitosis were identified and further analyzed. Traces were aligned in time so 
that the smallest nuclear size (at metaphase) was at t = 0 h. The corresponding EGFP measurements shown 
in the lower graphs were normalized to the median EGFP fluorescence of cells incubated with naked or 
lipoplexed siControl. For all curves, lines are mean and shaded areas are 95% confidence interval. For 
additional details, see Paper IV. 

knockdown kinetics derived from measurements with good model fits were very 
similar, with estimated start of EGFP knockdown ~ h after start of chol-siRNA 
treatment and ~ h EGFP half-life. This approach to modeling EGFP knockdown 
showed that a model describing a more bolus-like cytosolic delivery event (typical of 
lipoplexes) did not capture well the typical knockdown response observed during 
chol-siRNA treatment. 

Cell-cycle state — but not ESCRT activity — influences cholesterol-siRNA 
mediated knockdown timing and efficiency 

In Paper IV, since several ESCRT components were observed to localize to endosomes 
containing chol-siRNA payload, the possible effects on knockdown efficiency from 
inhibition of ESCRT activity was investigated. Relevant ESCRT activity could include 
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potential membrane repair response induced by chol-siRNA or other house-keeping 
processes taking place at these endosomes. Knockdown of the three ESCRT 
components TSG, ALIX and CHMP — that was shown to increase the number 
of Gal-+ membrane damages during LNP treatment — did, however, not affect the 
efficiency of chol-siRNA mediated target knockdown. In summary, several points of 
evidence speak against a role of ESCRT during cytosolic delivery of chol-siRNA. 

It was observed that, in long microscopy acquisitions monitoring EGFP knockdown 
during chol-siRNA treatment, EGFP fluorescence seemed to decrease more rapidly 
shortly after cell division. This was apparent also in quantitative data after aligning 
single-cell measurements in time so that mitosis occurred synchronously (Fig. a). 
Surprisingly, clear EGFP knockdown was typically not observed before mitosis had 
occurred. This contrasted with the knockdown observed from siRNA delivered by 
lipoplex-formulation, that started independently of cell division (Fig. b). The link 
between cell division and start of EGFP knockdown was further investigated by 
synchronizing cells to different stages in the cell cycle before starting chol-siRNA 
treatment. Remarkably, cells synchronized to late S-phase when starting chol-siRNA 
treatment showed a clearly improved EGFP knockdown response, lowering the IC 
approximately -fold from ~ nM (no synchronization) to ~ nM. This finding 
further supports a link between cellular events occurring close to mitosis and endosomal 
release of chol-siRNA. 
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Strengths and limitations 

All experiments and results included in this thesis were produced in in vitro cell cultures. 
As such, results should be considered contextual and might not hold true for all 
conditions or translate into other models. Indeed, in Paper I, it was found that 
treatment effects from membrane-destabilizing small molecule drugs varied between 
cell lines, indicating that important functional differences likely also exists between 
different tissues in vivo. It is plausible that the small molecule drugs that enhanced chol-
siRNA mediated knockdown in Paper I are toxic in vivo at concentrations that would 
have similar effects on the rate of vesicle disruption as was observed in the in vitro 
experiments presented here. Importantly, however, toxicity does not necessarily have 
to be related only to the number of damaged or leaky endosomes per se, but could 
instead have other or at least additional contributing causes. 

In Paper I and III, measurements of the RNA fluorescence intensity of individual 
endosomes were performed at the time of membrane damage and potential payload 
release. Even though this type of quantifications can be used to make reasonable general 
conclusions on endosomal escape efficiency, measures of for example the fraction of 
payload released should not be considered exact or equal for all conditions, since the 
accuracy of the measurements is affected by the microscopy system used, data 
processing and analysis. It is also possible that different LNP formulations (e.g. with 
different ionizable lipids) could have very different endosomal escape characteristics. 

In Paper II, it was estimated that the measurement error was < for the vast majority 
of individual release events when taking the main sources of measurement uncertainty 
into account (e.g. imprecision in reference curve calibration and photobleaching-
induced variability), indicating that the measurements were indeed reliable. Using 
mathematical modeling, both siRNA release quantifications and the resulting 
knockdown response were additionally gauged. However, only the cytosolic dose-
response relationship of one reporter target (d-EGFP) was investigated, using two 
siRNA sequences in one cell line. It is likely that different conditions could be found 
where the cytosolic IC is lower and higher, than what was found here. Still, the 
presented data provides a description of this relationship in a well-known in vitro cell 
line with a well-known target, as a starting point for further exploration.  
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The method used here is labor intensive and requires sensitive optimization for reliable 
results, which limits the throughput considerably if envisioning for example screening 
efforts. In addition, the sensitivity of the microscope used allows detection of burst-like 
release of relatively large amounts of RNA molecules (or rather fluorophores) to the 
cytosol, but cannot detect or reliably quantify cytosolic amounts of RNA delivered with 
LNPs — with therapeutically relevant concentrations — or conjugated siRNAs. 
Further technological advancements might provide solutions to this in the future. 

In Paper III, interaction between endosomal membrane and ionizable lipid in living 
cells was investigated using a novel dual-labeled LNP with fluorescently tagged Dlin-
MC-DMA. This is, to my knowledge, the first time this interaction is visualized in 
living cells, providing new insight into how ionizable lipid distributes in the vesicle 
membrane and triggers membrane disruption. However, limitations to the spatial 
resolution of the confocal array detector used require that endosomes are fairly large in 
order to make sub-endosomal characterization of LNP–membrane interactions 
possible. Overexpression of some markers — and likewise often regulators — of 
endosomal compartments might influence their phenotype (e.g. size or shape) and 
function. For example, overexpression of EEA might promote the formation of larger 
early endosomes, facilitating imaging of intraluminal LNPs. Even so, the lipid bilayer 
of enlarged endogenous endosomes is still a better representation of the native 
membrane than cell-free membrane mimics. Importantly, such models cannot easily 
reconstitute membrane strain from curvature or vesicle–vesicle interactions, that are 
possibly of importance in membrane disruption. 

In Paper IV, the possible routes of cytosolic delivery of cholesterol-conjugated siRNA 
were explored. It is a critical observation that the endosomal escape of cholesterol-
siRNA does not seem to trigger galectin response (as evaluated by Gal-). It is also 
intriguing that — in contrast to LNP treatment — ESCRT activity was not affected 
by high cholesterol-siRNA concentrations, and inhibition of ESCRT activity did not 
affect knockdown efficiency. Still, since the number of potentially disrupted endosomes 
is low and cumulative — and likely also much more subtle than damage events 
provoked by lipoplexes or LNPs — it is difficult to exclude the possibility of very rare 
galectin+ or ESCRT+ damage events that might promote cholesterol-siRNA release. 
However, alternative pathways where galectin and ESCRT response is not elicited 
seems, at this time, more likely. The link between cell-cycle state and cholesterol-siRNA 
knockdown is elusive and warrants further investigations using additional cell lines and 
cell synchronization assays in a first step. The observation is interesting, since it could 
imply that highly proliferative cells might be more prone to cytosolic delivery of lipid-
conjugated siRNA payload, with possible implications for targeting cancer cells and 
tumor. 
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Conclusions 

From the findings presented in the papers of this thesis, I conclude that: 

o Galectin- can be used as a sensitive marker of endosome disruption induced 
by small molecule drugs or lipid nanoparticles, facilitating investigation of 
endosomal escape of RNA payload in live cells using fluorescence microscopy. 

o Cationic amphiphilic small molecule drugs can disrupt late endosomal 
compartments and lysosomes, to promote release of lipid-modified siRNA and 
enhance target gene knockdown in D and D cell cultures. 

o Cytosolic release of lipoplex-formulated siRNA can be detected and quantified 
using sensitive live-cell confocal microscopy, to determine the absolute 
cytosolic siRNA concentration and cytosolic dose-response relationship. 

o Endosomal release of LNP-formulated siRNA and mRNA is inefficient and 
incomplete, and a considerable fraction of damage events are non-productive 
or occur in endosomes without RNA payload. 

o LNPs formulated with the ionizable lipid Dlin-MC-DMA primarily disrupt 
early endosomal compartments marked by Rab and EEA. 

o Tethering of LNPs to the luminal leaflet of early endosomes causes localized 
membrane damage, marked by recruitment of Galectin- or components in 
the ESCRT machinery. 

o A dual-labeled LNP with fluorescently tagged MC can reveal incorporation 
of ionizable lipid into the endosomal lipid bilayer as the LNP disintegrates, 
promoting membrane destabilization. 

o Cytosolic delivery of cholesterol-siRNA does not trigger Galectin- or ESCRT 
response typical of endosome damage induced by small molecule drugs or LNP 
treatment.  
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Future perspectives 

Therapies based on RNA and oligonucleotides now have real and life-changing impact 
in the clinics. This is, however, only the beginning of an area where targeted therapies 
based on these novel pharmacological principles will reach more and more patients in 
diverse clinical settings. The delivery of oligonucleotides and RNA to the liver is widely 
regarded as having been solved, and several more therapies that are currently under 
clinical or preclinical development will most likely be approved, addressing targets in 
the liver. For many of these diseases — often with a clearly established and rare genetic 
cause — there are currently no available treatments. However, focus is now shifting to 
much more common conditions like for example hypercholesterolemia or 
cardiovascular disease. 

Beyond the liver, the CNS is likely to be one of the next organs where RNA therapies 
will be clinically approved. Indeed, ASO therapies targeting disease-causing genes in 
the CNS have already been approved, indicating openings for additional therapeutic 
modalities like siRNA. The CNS niche is also promising from a cancer therapy 
perspective since it offers unique ways of drug administration and local treatment of 
brain tumors. If clinically successful, siRNA or oligonucleotide therapies targeting 
genes involved in common neurodegenerative diseases (e.g. Alzheimer’s disease) will be 
an incredible milestone, that could hopefully accelerate the development of RNA-based 
brain tumor therapies. 

There is still a lot to learn about mRNA and siRNA therapies in cancer treatment. 
Lessons from immunotherapies like checkpoint inhibitors and CAR-T cell therapy have 
shown the potency of immunomodulation in the treatment of cancer. It is reasonable 
to believe that the first successful examples of RNA therapies in cancer treatment will 
act through immune-mediated pathways, for example mRNA-based cancer vaccines or 
RNAi-mediated immunomodulation that promote antitumoral immune response. 
Achieving clinically meaningful outcomes with direct targeting of cancer cells via RNAi 
is likely a more difficult prospect, but will hopefully be a versatile and potent treatment 
option for long-term disease control in the future. 

The endosomal escape bottleneck is a primary concern in realizing extrahepatic RNA 
delivery. It will likely be partially overcome with more advanced and tailored delivery 
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vehicles, that more efficiently reach the target tissue and deliver a higher fraction of the 
administered RNA dose to the correct cells. One solution could very well be to 
combined delivery strategies with ways of disrupting the endosomal membrane to 
facilitate cytosolic release, in a non-toxic manner. This is already the case with ionizable 
lipids in prototypical LNPs, but the endosomal escape efficiency of RNA payload 
delivered with LNPs is still poor and requires further improvement. An alternative 
approach would be to use new, more tolerable small molecule drugs to enhance RNA 
release, or to interfere with key regulatory processes implicated in damage formation or 
repair. If such efforts are to be successful, however, additional insight into the 
endosomal escape process in needed, to devise rational strategies to approach the 
problem. 

As is discussed throughout this thesis — and shown in the included papers — a lot 
remains to be uncovered and understood about the endosomal escape process. 
Pinpointing the elusive mechanisms whereby conjugated siRNA (both lipid-modified 
siRNA and receptor-targeted conjugates like GalNAc-siRNA) enter the cytosol is one 
of the most important questions in the field of RNA drug delivery. I hope that the 
strategies and findings presented in this thesis will contribute to understanding and 
eventually overcoming this barrier. 
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A cancer cell expressing CHMP2A (green), a protein involved in 
membrane damage repair response, has internalized cholesterol-
modified small interfering RNA (magenta), residing in intracellular 
vesicles.
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