University of

Strathclyde

Glasgow

Strathclyde Institute of Pharmaceutical and Biomedical
Sciences

Faculty of Science

Investigating the Anti-Inflammatory Effects
of Non-lonic Surfactant Vesicles

Jonathan McGahon

Thesis presented in fulfiiment of the requirement for the
degree of Doctor of Philosophy

2021



Declaration

This thesis is the result of the authorodés or
the author and has not been previously submitted for examination which has led to
the award of a degree

The copyright of this thesis belongs to the author under the terms of the United

Kingdom Copyrights Acts as qualified by University of Strathclyde Regulation 3.50

Due acknowledgment must always be made of the use of any material contained in,

or derived from, this thesis.

Signed:

Date:



Contents

ADSTIACT ... 7
L. INETOTUCTION ...ttt e e e e e e e e e e 8
1.2 INFlaMMELION. ...ciiiiiiiie s 8
1.1.1 The context of Inflammation in the immune response .............ccccvvvvveennns 8
111 Inflammatory disorders of the Immune System...............ccooeeeieeeeeenn. 14
1.1.2 Repeat Offenders of the Immune SyStem ..............vvviiiiiiiiiiiiiiniiiiiiiiinn, 16
1.1.3 ThEe MaACIOPNAYE ... .. eeeeeeeeeeeieeeeeeeeeeeeeeeee bbb nnsenennnnnne 16
1.1.4 Treating Immune DYSfUNCLION ............oviiiiiiiiice e 20
1.1.5 The need for better Anti-Inflammatory Drugs ........ccoooeeeeviiiiiiiiiiiieeeeeeennns 25

1.2 Non-lonic Surfactant VESICIES. ...........ooiiiiiiiiiiiiiiiiicce e 25
1.3 SUMMANY Of STUAY ....cvviiiiiei i 28
1.4 AIMS & HYPOLNESIS ...covviiiii e 30
2. Materials & MEtNOAS ........ccooeeeeeeeee e 31
2.1 VesSiCle ManUFACIUIE...........coviiiiiiiiiiiiiiieeeeeeeeeeeee e 31
2.1.1 Vesicle Centrifugation ..........ccooeeeeeeeeeee e 31

2.2 Macrophage CURUIE...........oovviiiiiiiieeee e 31
2.2.1 Re-plating CellS ....cooeeiiiiii e 32

2.3 Macrophage StmUlatioN.............ccooiiiiiiiiiie e e eanans 32
2.3.1 AlamarBlue TOXICItY ASSAY.......ccuuuuuiiiieeeeiieeiiiiiee e e ee e e et e e e e e eeeraans 32
2.3.21L-6 ELISA L. 32
2.3.3 LEGENDplex™ Cytometric Bead AITay ............ccoveeeeeeiueeeeeeiiieeeeeeireeeeenns 33

2.4 RNA and Metabolite EXIraction.............coouviiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeee 33
3. The Immunomodulatory Effects of NISV ... 35
3L DS ACT . ..ttt 35

R 7228 111 {0 T ¥ Td 1T o I 35
3.2.1 Immune Pathway Probing ... 36
3.2.2 The Effects of FOrmulation ... 39



3.2.3 Investigating Breadth of NISV Function.................cceovvvviiiiinii e, 41

3.2.4 AIMS & HYPOLNESIS ....ovviiiii e e e 43
3.3 Are NISV Anti-Inflammatory Effects Real? .........cccccoeiiiiiiiiiiii e, 44
3.3.1 Characterising Immunomodulation of NISV ..........cccciiiiiiien, 47
3.3.2 Inflammatory Effects of Other Vesicle. ........cccccoevieiiiiiiiiiiii e, 50
3.4 Effects of FOrMUIALION ..........uuiiiiiiiiiiiiiiiiiiiiiiiii e 53
3.5 NISV Effects on Various PAMPs Stimulation Profiles ..............ccccccciiiiinnnnns 55
3.6 Bead Array Analysis Of BMDM ...........uuuiiiiiiiiiiiiiiiiiiiiiiiiiiieiieiieenneeenneeneeeneeenens 58
3.6.1 BMDM stimulated with Vesicles or PAMPS ..., 58

PAMP e eaaan 60
3.7 DUSCUSSION.....tte ettt e e ettt e e e e e ettt e e e e e e e e rer e e e e e e e e aan 63
3.7.1 NISV have Anti-Inflammatory Properties........cccooeevvivveiiiiiiiie e, 63
3.7.2VAriance iN NISV ......ooiiiiiiiii e 63
3.7.3 Breadth of Immunomodulation mediated by NISV in BMDM ................... 64
.74 1N CONCIUSION ... 66
4. Transcriptomic Analysis of Vesicle Treatments...........cccccvvvvviiiiiiiiiiiiiiiiiiiiee 67
4.1 ADSIIACT. ...ttt 67
4.2 INEFOTUCTION ..ttt 67
4.2.1 TranSCrPLOMICS ....ccieiiiiiiieieee e 67
4.2.2 Depth of Cellular ProCESSES.......ciiii it 71
4.2.3 AIMS & HYPOINESIS ....uniiiiiieeecee e 72
4.3.1 Proof of Transcriptomics Samples Validity.........cccooooeeiiiiiiiiiiiieeeinn, 73
4.4 NISV and liposome effects on resting BMDM Transcriptome .............ccc..ee.... 76
4.4.1 Effect of vesicle treatment on BMDM ... 79

4.5 Analysis of NISV and Liposomes Immunomodulatory Effects on the
Transcriptome of LPS-Stimulated BMDM ............uuuuiiiiiiiiiiiiiiiiiiiiiiiiiieiniiieinenenen. 85



4.5.1 NISV Downregulate LPS Binding and Signal Transduction...................... 93

4.5.2 Downstream Effects of NISV LPS Dampening ........ccccceevveeeeiiiiiiiieneeeenn, 95
4.6 NISV effect Sphingosine-1-Phosphate Transcription...........cccccceeeeiieeeeeiennns 104
4.7 DISCUSSION ...ttt e e e ettt e e et e e e e e e e e e e e e e e e e r e e e e e e e aane 106

4.7.1 Insight into how NISV mediate their anti-inflammatory effects............... 106

4.7.2 Insight into how NISV Function as Adjuvants...........ccccccevvvviiviiiiieinnnnn. 109

4.7.3 NISV Effects on Sphingosine TranscCription.............ccccccvvvvviiiiiiiiiiieeennnn. 110

4.7.4 1N CONCIUSION ...cooeiiiiiiiiiiceeeee e 111

5. NISV Effects on Cellular MetaboliSm ... 112
5.1 ABSIIACT . ...ceeieiieieeeeeeeee ettt 112
5.2 INFOTUCTION ...ttt e e e e e e e e e e nnnnee s 112

5.2.1 The Warburg EffeCt.......ccooooiiiici e 112

5.2.2 Amino Acid Metabolism & Inflammation ..............cccooiiiiiiiiiiinnniiiin, 116

5.2.3 The Effects of Metabolism in DISEaSe ...........ccceeveeiiiiiiiiiiiiiiceeeeesi 117

5.2.4 AIMS & HYPOTNESIS ..o 118
5.3 MetabolomiCs ANAIYSIS.......ccovviiiiiiiiiiiiiiiiiiiee e 119
5.4 Vesicle Treatment & the Warburg EffeCt............ccvvvviiiiiiiiiiiiie 122

5.4.1 GIYCOIYSIS ..o 122

542 THE TCA CYCIE ..o 122
5.5 AMIN0O AcCid MetabOoliSM ........ooiiiiiiiiiii e 126

5.5.1 Argining MetaboliSM ..........cooiiiiiiiiiii e 126

5.5.2 Tryptophan metaboliSm ............oiiiiiiiiiiicc e 126
5.6 Alternate Inflammatory Effectors ...........veeiiiiiiiiicc e 129

5.6.1 Creatine bioSYNtNESIS.......ccoooieeeeeeeeeee e 129

5.6.2 Pyridoxine MetaboliSm ..........coooeiiiiiiiiee 131

5.6.3 Taurine BiOSYNtNESIS........coooiiieeeeeeeeeeeeeeeee e 131
A I o U 11 o] o 1SRRI 134

5.7.1 NISV Dampen Pro-Inflammatory Changes of the Warburg Effect ......... 134



5.7.2 NISV Effects on Amino Acid MetaboliSmM........ocooviviiiiiiiiieee e 134

5.7.3 OPLS-DA Identified PathWays ...........ccoevviiiiiiiiiiieeeeieecie e 135
5.7.4 1N CONCIUSION ...t 136

6. DISCUSSION ...eeeiiieeeieitt ettt ettt ettt e e e e e et e e e e e e e e e e s 138
6.1 Adjuvant Properties of NISV and LIpOSOMES. ...........cceeeiieeiiiiiiiiiiiiei e, 138
6.2 Anti-Inflammatory effects of NISV in LPS-Stimulated BMDM....................... 139
6.3 FULUIE WOTK ..ottt 142
6.4 CONCIUSIONS. ....ceiiiiiiiiieeiee ettt 143
T REIEIEINCES ... 144



Abstract

Inflammation can be an unwanted consequence or cause of debilitating diseases of
infectious and non-infectious aetiologies. Sepsis can be a result of an uncontrolled
immune response to bacterial infections (including MRSA, E. coli and P. Aeruginosa)
or viral infections (including SARS-CoV-2 and Influenza). Immune dysfunction can
also cause autoimmune diseases including rheumatoid arthritis, ulcerative colitis and
Crohnds di s e asmlammaaryrnredications hawet ainumber of deficien-
cies including lack of specificity and undesirable side effects. Herein the potential of
Non-ionic surfactant vesicles (NISV) as an anti-inflammatory drug and their mode of
action is investigated. NISV were found to have a wide array of anti-inflammatory ef-
fects on macrophages in vitro including down-regulation of IL-6, IL-12 and multiple
chemokines regardless of whether cells were stimulated with LPS, Poly(l:C) or
Pam3csk4. The individual components of NISV, monopalmityol glycerol (MPG), dice-
tyl phosphate (DCP) and cholesterol) did not replicate the immunomodulatory effects
found in macrophages, proving the formulation of NISV is essential for the anti-inflam-
matory effects. Liposomes were shown to augment LPS and Poly(l:C) stimulation of
macrophages, inducing upregulation of pro-inflammatory cytokines including IL-6 and
TNF-U, demonst r at iinfl@nmatdryaetfects di BISVaaretndét a common
feature of all vesicular formulations. Transcriptomic analyses showed consistent anti-
inflammatory effects, and indicated down-regulation of NF-e B an $mportant aspect
of the anti-inflammatory effects mediated by NISV. Metabolomic analysis show NISV
disrupt the Warburg effect by reducing production of itaconate and succinate, indicat-
ing anti-inflammatory downstream effects. The mechanism through which NISV
down-regulate NF-a B unksiown. However,t he NI SVés primary comp
demonstrates structural similarity to the sphingolipid, sphingosine-1-phosphate
(S1P). As S1P is an immune mediator that acts through NF-a Bfuture work should
explore the hypothesis that MPG disrupts S1P signalling.



1. Introduction

1.1 Inflammation

The term ol nfl arfromatthi eo nléa tiisn ,d e&rlinvfelda mmar ed me.
and was used by Celsus in 1AD who described four aspects of this phenomenon:
rubor et tumor cum calore et dolore (redness and swelling with heat and pain). The
original texts were more recently translated and published in 1876 (Celsus, 1876).This
phenotypic description is now recognised to be a result of a number of different mo-
lecular mechanisms involving different cells and mediators. Some inflammation could
be considered to be an inevitable accompaniment of a useful immune response, alt-
hough inflammation can also contribute to the pathology of diseases. The immune
response to infectious agents is a complex process involving the interactions between
many cell types and mediators that culminates in elimination of infection and initiation
of the healing response, although there are exceptions in organisms that specialise
in host evasion, such as Toxoplasma. Certain immune mediators are known to play
beneficial roles in these processes, but can play a detrimental role if their production
is too high or prolonged. Notably, in extreme cases dysregulation of the immune
response can result in life-threatening or life-changing conditions including sepsis,
autoimmune diseases or anaphylaxis. Consequently, measurement of inflammatory
mediators and interpretation of their roles in infectious diseases needs to be per-

formed in the context of the immune response as a whole.

1.1.1 The context of Inflammation in the immune response

Surface level injuries, such as scrapes or impact injuries, elicit an inflammatory re-
sponse easily identified by the onset of heat, redness, swelling and pain (Celsus,
1876). This is the result of the activation of immune components including the com-
plement pathway and immune cells such as macrophages and neutrophils, which pro-
duce compounds inducing the phenotypic response as described previously, this re-
sponse acts to induce the healing process and detect if any infectious agent has
breached the skin (Koh & DiPietro, 2011). If an infectious agent is detected, the innate
immune system is responsible for the detection and initiation of elimination of the for-
eign agent. This response begins with the complement cascade, this system holds
many immune functions and can be activate through multiple triggers. The three path-
ways of complement activation are the classical, alternate and lectin pathway and
these three pathways involve primarily the same set of proteins C1 through C9. The

classical pathway is activated through the C1 complex binding to an immunoglobulin



that has formed a complex with an antigen or directly to a pathogen (Janeway et al,
2001). This binding leads to a conformational change in C1 that activate serine pro-
teases which then cleaves C4 into C4a and C4b, C1 then combines with C4b (C14b)
to cleave C2, in to C2a and C2b. C2a and C14b then combine to form a C3 convert-
ase (Cl4b2a), which then splits C3 into C3a and C3b (Janeway et al., 2001). C3b
then combines with C14b2a to form a C5 convertase (C14b2a3b) that breaks down
C5 into C5a and C5b. C5b then forms the membrane attack complex (MAC) by com-
plexing with C6, C7, C8 and C9. The MAC forms on the surface of the pathogen
creating pores in the cell membrane, this causes leakage and cell lysis when enough
MACs have formed (Janeway et al., 2001). The alternative pathway of complement is
triggered by the recognition of endotoxins; primarily lipopolysaccharide (LPS), the first
step of this pathway is the spontaneous hydrolysis of C3 into C3b. C3b then forms a
complex with Bb forming the C3 convertase of the alternative pathway, which breaks
down C3 into C3a and C3b (Janeway et al., 2001). C3b the forms a complex with
itself and Bb to create a C5 convertase, it is at this point the alternative pathway rec-
onciles with the classical to culminate in the MAC. The lectin pathway is activated by
the binding of mannose binding lectin (MBL) to mannose and glucose on the cell wall
of organisms that present mannose and glucose. This recognition induces the pro-
duction of a serine protease which forma a complex with MBL and cleaves C2 and
C4 in to C2a and C2b, and C4a and C4b (Janeway et al., 2001). A C3 convertase is
then formed of C2a and C4b and the pathway reconciles with the classical pathway.
The different components of the complement pathway possess functions outside of
the cascade including opsonic, chemotactic and activatory functions. C3a, C4a and
Cbha all function as activators of immune cells including basophils and mast cells. C5a
is also a chemoattractant of neutrophils, recruiting them to the site of infection. C3b
acts as an opsonising agent signalling and facilitating phagocytosis by immune cells
(Janeway et al., 2001).

The phagocytic cells, such as macrophages and dendritic cells, and their recognition
of pathogen-associated molecular patterns (PAMPS), upon recognition by pattern-
recognition receptors (PRRs) inflammatory pathways are activated. Through various
signalling cascades, primarily MyD88 signalling, pro-inflammatory effectors, such as
IL-1b, IL-6 and TNF-U, are produced to combat the infection and/or recruit other im-
mune cells, like neutrophils (Kumar et al, 2011). An example of this process is the
reactiontothe PAMP;LPS i s a maj or component of

membrane and when the bacteria dies and disintegrates LPS is released into the

t
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cellular environment and when detected by the PRR, toll-like receptor 4 (TLR4), a
signalling cascade begins, as shown in Figure 1.2. This cascade includes the two
pathways that facilitate all toll-like receptor signalling the MyD88 and TRIF pathways,
which culminate in the activation of NF-aB, AP-1 and IRF transcription factors, these
factors induce production of pro-inflammatory effectors, which recruit and alter the
expression patterns of immune cells they interact with (Kawai & Akira, 2007). During
the release of immune effectors, the phagocytic cells engage in phagocytosis engulf-
ing the source of the antigen and, in most cases, digestion of the infectious agent
(Figure 1.1). After digesting a foreign agent its components are utilised for antigen
presentation through the major histocompatibility complex (MHC) class I, the anti-
gens are processed and epitopes are created and coupled with MHC class Il and
shuttled to the cell surface where they are presented to CD4" T-cells for processing
(Jones et al, 2006). During this process a number of stimulatory actions take place
inducing changes in the APC as well as the interacting T-cell. Present on the surface
of T-cells is CD40L, this molecule interacts with CD40 on the surface of the APC
inducing a more inflammatory state, increasing expression of TNF receptors and up-
regulating NO and ROS production (Chatzigeorgiou et al, 2009). CD80 and CD86 are
also important in the activation of the inflammatory response in T-cells and interacting
APCs. These molecules have overlapping effects, CD80 and CD86 interact with cells
expressing CD28 where it causes a co-stimulatory reaction, inducing changes in both
the CD80/86 expressing cell and the CD28 presenting cell. For example, in an inter-
action between a CD8* T-cell and a DC expressing these co-stimulatory molecules,
the T-cell is preferentially differentiated into a cytotoxic T-cell and the DC increases
production of pro-inflammatory mediators (Mir, 2015; Orabona et al., 2004). CD80
and CD86 can also induce an inhibitory response upon interacting with CTLA-4; this
interaction induces a reduction in stimulatory molecules produced by T-cells and su-
presses further activation of T-cells (Zheng et al., 2004). The interactions between
APCs and T-cells are essential components of the adaptive immune response. The
adaptive immune system works in two ways, depending on if the system has been
previously exposed to an infection or not. If an infection is novel to the body the innate
immune response is primarily relied upon to minimise spread and damage caused by
infection. This is done by the expression of an array of pro-inflammatory cytokines,
creating an inhospitable environment for the infection, expression of cytokines recruit-
ing more immune cells and bioactive molecules, such as ma cr o p h a gseasd,

neutrophils and recruitment of the complement proteins. Following phagocytosis the
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cellsoft he i nnate i mmune system, primarily macrc
infection and express its components via MHC class Il for presentation to cells of the

adaptive immune response.

Utilising the MHC class Il system, after digestion of the foreign agent, antigen-pre-
senting cells (APCs) migrate to lymph nodes be present to CD4+ T-cells. When pre-
sented with a foreign antigen, naive CD4+ T-cells undergo maturation into T helper
(Ty) cells, which then divide rapidly and produce cytokines to recruit and differentiate
other immune cells. Ty, cells fall into multiple classifications, each of which produced
different cytokines to fulfil a different purpose. Tnl cells are induced by IL-12 and pri-
marily produce IFN92. This cytokine is important in macrophage activation, inducing
the pro-inflammatory M1 form (Zhu & Paul, 2008). Th2 cells are induced by the pres-
ence of IL-4 and IL-2, they produce cytokines, such as IL-4 and IL-13 aid in the differ-
entiation and antibody production by B cells (Zhu & Paul, 2008). Th9 cells also play
an important role in fighting parasitic infection and are known for their production of
IL-9. This T helper cell phenotype is induced by the presence of TGF-b and IL-4, in
combination they can cause maturation of naive T-cells into Th9 cells and TGF-b
alone can cause T2 cells to differentiate into Tn9 cells (Kaplan et al, 2015). Tn17 are
known for their production of IL-17, IL-21 IL-22 and GM-CSF. These cells are induced
in the presence of IL-6, IL-21, IL-23 and TGF-b . n17Tcells are responsible for the
recruitment of neutrophils and play a role in pathogen clearance from mucosal sur-
faces (lvanov et al., 2006; Zambrano-Zaragoza et al, 2014). Other than these sub-
types of Tncells naive T cells can differentiate into memory T-cells upon stimulation
by an antigen, although the exact mechanisms through which this is done is still de-
bated (Restifo & Gattinoni, 2013). Memory T-cells serve a purpose identical to that of
memory B cells, but with different functions, augmenting the immune response when
the remembered antigen is subsequently detected. Cytotoxic CD8* T-cells are a sub-
type of T cell responsible for destruction of infected cells. They are made upon a naive
CD8* T-cell interacting with an APC, where they undergo maturation into cytotoxic
CD8* T-cells (Hivroz et al, 2012). These cells main function is performed through the
b o dy 6-secogniibnfsystem, MHC class |I. MHC class | is expressed on all cells in
the body, excluding red blood cells, and acts as a recognition point for the immune
system, specifically cytotoxic T-cells (Hansen & Bouvier, 2009). It works by presenting
native peptides which have been broken down within the cytoplasm of a given cell,
the peptide is presented on the MHC class | and, if recognised by a cytotoxic T-cell,

the cell is signalled as safe and is not destroyed (Wieczorek et al., 2017). This form

11



of presentation can also be utilised in a form similar to MHC class II, wherein if a virus
infects a cell intracellularly, for example, the infections proteins are naturally broken
down and presented as peptides on MHC class |. These peptides are not recognised
as self by cytotoxic T-cells and the cell presenting is signalled for destruction (Hansen
& Bouvier, 2009).

Upon maturation, B-cells form into either memory B-cells or plasma cells. B-cell acti-
vation functions through expression of the antigen on MHC class Il, which is detected
and the presented peptide is endocytosed and processed by the B-cell (Blum et al,
2013). The B-cell undergoes maturation in response to the CD40L produced by the
T-cells, which causes an increase in proliferation, immunoglobulin (Ig) class switching
and somatic hypermutation (Crotty, 2015). At this point, the B-cells differentiate into
either memory B-cells or plasma cells, the initial batch of plasma cells produce low-
affinity antibodies to assist in the immediate infection, but the others undergo more Ig
class switching and somatic hypermutation to produce highly specific high affinity an-
tibodies. The memory B-cells also undergo Ig class switching and somatic hypermu-
tation forming the specific antibodies for an infection after which they are primed to
quickly react and produce these antibodies upon subsequent infection (Nutt et al,
2015). This process is highly specific and effective at clearing an infection but, when
the infection is novel, takes several days to perfect

The innate immune response is immediate but non-specific and causes noticeable
side-effects in the host such as, fever and swelling. These systems are both highly
important and effective but they are not without flaw, which can lead to some debili-

tating and even fatal disease.
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1.1.1 Inflammatory disorders of the Immune System

Some situations can cause the immune system to malfunction both during the innate
and adaptive immune responses, causing debilitating disease and even death. These
diseases come in many forms and can cause sudden onset illness, such as sepsis or
debilitating lifelong conditions, in the cases of autoimmune diseases. Treatment of
immune malfunction is inherently difficult as it involves bypassing or disabling the
host6s I mmune r egthet mmene systeenaakdepossilsly leading to

further complications.

1.1.1.1 Sepsis

Sepsis is a life threatening condition caused by an overreaction of the immune system
to a toxin produced by an infection, such as Staphylococcus aureus, present in the
bloodstream, called septicaemia (Otto, 2014). This illness often begins as another
form of infection, such as a urinary tract or respiratory infection, which is not properly
cleared by the immune response and migrates into the bloodstream and continues
propagation (Vincent, 2016). At this point, the infection is likely out of control of the
immune system and requires medical intervention. Despite this, the immune system
will continue combating the infection to the detriment of the host. Sepsis is character-
ised by an increase in immune cells and their unrestricted release of pro-infammatory
cytokines. This immune response leads to common side-effects of these cytokines,
such as fever and chills, but without treatment will lead to organ dysfunction and soon
organ failure throughout the body through the action of the cytokine being overpro-
duced. Sepsis has a very high mortality rate and no specific treatment due to its large
number of potential causes and profiles. Its mortality rate depends on how early sep-
sis is diagnosed and treatment begins; when found early the mortality rate is 30%,
50% when the disease advances to severe sepsis and when septic shock occurs
mortality is 80% (Jawad et al, 2012). The treatment of sepsis has been thrust to the
forefront of modern medicine in this past year by SARS-CoV-2. COVID-19 infections
are largely non-lethal but when complications occur the body becomes septic and an
immune overreaction takes place causing severe illness that leads to death without
treatment (Olwal et al, 2021). Treatment of sepsis is generally untargeted and relies
on infection control through the use of antibiotics, antivirals or antifungals, depending
on the infectious agent, or surgical removal of the infected area and the support of

organ function (National Health Service, 2019b). In sepsis caused by COVID-19, the
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corticosteroid Dexamethasone has been used in combination with anti-virals, primar-
ily remdesivir, to reduce inflammation and combat the virus in parallel (Scavone et al,
2020).

1.1.1.2 Autoimmune Diseases

As stated previously, immune disorders are not only seen as sudden iliness but can

cause debilitating lifelong conditions, called autoimmune diseases. These disease are

cause by misrecognition of native peptides as foreign; these peptides generally share

structural similarity with a previously detected antigen, and when detected again they

cause a flare up in the immune system inducing pro-inflammatory cytokine production.

Rheumatoid arthritis (RA) is one of the most common of these diseases, affecting as

much as 1% of the worldwide population (Smolen & Aletaha, 2017). It is caused by

the disproportionate targeting of the synovium by the immune system and typically

causes swelling, pain and stiffness (National Health Service, 2019a). There is no cure

for this lifelong condition and treatments range from the use of disease-modifying anti-

rheumatic drugs (DMARDS) for the easing of symptoms and to slow progression to

the use of corticosteroids during serious flare-ups of the disease (National Health

Service, 2019c). lliness within the gastrointestinal tract caused by immune dysfunc-

tion is also a common form of autoimmune disease. The incorrect targeting of the
gastrointestinal tract by the immune system causes illnesses such as ulcerative colitis

and Crohndés disease. This targeting is cause
teria composition and diet but its source varies between individuals. Ulcerative colitis

and Cr diskasedcan both cause diarrhoea, which is extremely common in any
inflammation of the gut, rectal bleeding and weight loss (National Health Service,

2020). Its treatments are similar to those of RA and allergies, a controlled diet is pre-

scribed in combination with immunosuppressants, such as corticosteroids, but alt-

hough these may alleviate symptoms there is no cure. Specific disabling of key cyto-

kines in these conditions has been achieved using monoclonal antibodies. In RA,
Crohnos and ulcerative col it iUbavebAdnesedabi ch bi
successful treatments (Du et al, 2017; Ludviksson et al, 1999) . These autoimmune

diseases rarely cause death in their sufferers but do require lifelong maintenance and

care by the sufferer in order to maintain a normal life; these diseases also increase

the chance of cancer s, especial |l y(Natidnad er at i v
Health Service, 2020).
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1.1.2 Repeat Offenders of the Immune System

There are certain cytokines that are found overexpressed in all of the previously men-
tioned diseases and the control of these cytokines is a sought-after prize in medicine.
Every cytokine storm is different but cytokines commonly found overexpressed in this

situation include IL-1 and its superfamily, IL-6, IL-10, IL-12 and its family and TNF-U .

IL-1, IL-6 and TNF-U ar e t he mo ese cyfpkineslin causimg ham to theh
host due to their natures as fever inducers; they also function as activators and induc-
ers of differentiation in various immune cells and promote their recruitment to the site
of the reaction (Tisoncik et al, 2012). Important members of the IL-1 superfamily are
IL-1 U, -1 b L a n18; theske three cytokines are important for induction of fever, as
said previously, and they promote migration of inflammatory cells (Sims & Smith,
2010). IL-6 is induced by IL-1and TNF-U and is an i mportan
phase response, it also plays a role in B and T-cell activation (Garbers et al, 2018).
IL-12 is also an important modulator of T-cell maturation, promoting the adaptive im-
mune response. IL-10 is an anti-inflammatory cytokine that, despite its pro-inflamma-
tory nature, is overexpressed in the diseases mentioned previously. It is responsible
for various immunosuppressive actions, such as downregulating expression of cyto-
kines in T-cells and macrophages, down-regulating the presentation of antigens
bound to MHC class Il and IL-10 also drives macrophage polarisation towards the
anti-inflammatory M2 form, as well as promoting B cell proliferation and antibody pro-
duction (Akdis et al., 2016; Viola et al, 2019). This anti-inflammatory effect works as
negative feedback in cellular pro-inflammation, but does not induce a great enough

effect to control the out of control immune response in pro-inflammatory diseases.

1.1.3 The Macrophage

One of the most important cells in immunity is the macrophage; it is one of the primary
producers of many of the cytokines mentioned previously and through their cytokine
production play a significant role in immune-related disease. Macrophages play many
roles within the body, their main role lies within the immune response as phagocytic
antigen-presenting cells, meaning they are part of the first line of cell mediated de-
fence against infection and essential to the adaptive immune response in processing
and presenting antigens to T-cells (Shapouri-Moghaddam et al, 2018). Macrophage
polarisation describes the plasticity in macrophages which allows them to have multi-
ple functional forms in immunity. The typical activated macrophage form is that of the
M1 macrophage, a phenotype that is characterised by the expression of pro-inflam-

matory cytokines and recruitment and activation of other immune cells. This is the
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form taken upon initiation of an immune response and the most problematic form in
immune diseases (Orecchioni et al, 2019). Circulating macrophages polarize to this

form when exposed to microbial products, such as lipopolysaccharide (LPS), pepti-

doglycan, or stimulating cytokines, such as interferon gamma (IFN-0 ) o U T(NFFi

ure 1.2). The other forms of macrophage are encompassed under the M2 descriptor
but come in four varieties: M2a, M2b, M2c and M2d or tumour-associated macro-
phages (TAMs), as shown on Figure 1.3 (Orecchioni et al., 2019). The M2 form is an
anti-inflammatory form of macrophage; the four types are induced by different mech-
anisms and hold different functions. M2a macrophages are induced by IL-4 and IL-
13. When this form is induced, they begin the resolution of the pro-inflammatory re-

sponse by sequestering IL-1 via overexpressing the mannose receptor. They also

express the anti-inflammatory effectors IL-10and TGF-b i nduci ng ti ssue

wound healing (Viola et al, 2019). M2b macrophages are induced by IL-1 receptor (IL-
1R) agonists. These macrophages produce both pro and anti-inflammatory cytokines,
suchaslIL-1 b, -U N& n-#l0, régulating both the pro and anti-inflammatory actions
in the body. M2c is a strict anti-inflammatory form, induced by glucocorticoids and IL-
10, these macrophages have similar expression profiles to M2a macrophages, pro-
ducing IL-10 and TGF-b (Viola et al., 2019). TLR ligands, A2 adenosine receptor ag-
onists or IL-6 induce the M2d form in macrophages. These macrophages are ex-

pressed in the tumour microenvironment and ensure an anti-inflammatory profile, ex-

pressingIL-10and TGF-b, and e nc our atlgamd netastagisiby exgrés® w

ing vascular endothelial growth factor (VEGF) (Zhou et al, 2020). Macrophage ex-
pression patterns are extremely important in many diseases, with M1 and M2d acting
to propagate immune dysfunction and cancers, respectively, and M2a, M2b, and M2c
acting as regulators of the immune response. The ability to control the cytokines ex-
pressed and the polarisation of these cells would prove a very powerful tool in the

fight against immune dysfunction.
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Figure 1.2 Signalling Cascade in Response to LPS Recafritiarecognition of LPS the signalling cas-

cade shownesults in the upegulation of many cytokines. The cascade is initiated by the binding and
shuttling of LPS by CD14 to TLR4. This then activates the MyD88 and TRIF complexes. MyD88 begins a
signallingcascade thathrough IKK and Map3K signalling culmisatethe production of transcription

factors NF . I ylRwhithactivate a series of priaflamatory cytokines creating a hostile environ-

ment and recruiting immune cells. TRIF signalling is tranduced b® &R&Eulminates in the produc-

tion of the transcription factors IRF3 and IRF7, which inducanflaonmatory surface proteins essential

to the adaptive immune response and cytokines affecting immune cell activation and maturation.
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said macrophage.
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1.1.3.1 Dendritic cells

Dendritic Cells (DCs) are important APCs and share many similarities with macro-
phages. They are primary responders to areas of injury and infection where they
phagocytose and lyse foreign agents. They also share many response pathways with
macrophages and can exert similar effects when then same stimulation is exerted.
DCs differ from macrophage in their primary function, DCs form the primary link be-
tween the innate and adaptive immune system. While macrophage are APCs and
present antigens to the adaptive immune system, DCs primary function is this pro-
cess. When at a site of infection DCs will phagocytose and lyse an agent, process its
antigens and immediately migrate to a lymph node to present the antigen to T Cells
and B cells activating them (Smith et al, 2004). Macrophages and dendritic cells hold
many overlapping functions; they also share pathway similarity when stimulated via
TLRs, they would likely react to a novel anti-inflammatory drug in a similar fashion.
The following project utilised in vitro macrophage cultures to mimic the conditions
used by Roberts et -I®ONIC SURFACTANT (ESICLES AS A NON
THERAPUTI C (Rabdtthidr al., 1997). Whether the effects found in this pro-
ject would translate into dendritic cells would require further testing, but similar phe-

notypes would be expected.

1.1.4 Treating Immune Dysfunction

The drugs used to treat the diseases described previously have overlapping functions
due to the similarity between immune responses and their potency at disabling it.
However, as these drugs are immunosuppressive they are often used in combination
with anti-infectives. Thus, sepsis is first treated with an attempt to reduce the infection,
using antibiotic, antifungals or antivirals, depending on the infectious agent. Vanco-
mycin is a commonly used antibiotic due to it having a broad-spectrum of activity and
its ability to clear the common hospital acquired pathogen methicillin-resistant Staph-
ylococcus aureus (MRSA) (Rubinstein & Keynan, 2014; Van Hal et al, 2011). Despite
its common use, vancomycin does have side-effects; these include severe local pain
and thrombophlebitis to the severe, but uncommon, side-effect of nephrotoxicity
(Rubinstein & Keynan, 2014). Used in the combating of COVID-19, Remdesivir is an
antiviral that inhibits viral RNA polymerase halting viral RNA replication and slowing
viral particle production. Its side-effects include nausea, infrequent side effects of fe-
ver and rare side effects including; chills, vomiting, high blood pressure and allergic
reactions (Scavone et al., 2020). Drugs available for reducing inflammation itself are

limited, but include glucocorticoids, Disease Modifying anti Rheumatic Drugs
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(DMARDS), Non-steroidalanti-i nf | ammat ori es ( NSAI D) and O0Bi c

uble cytokine receptors and neutralising antibodies.

1.1.4.1 Glucocorticoids
A commonly used anti-inflammatory used for treatment of many inflammatory dis-

eases including COVID-19 sepsis is dexamethasone. This is a glucocorticoid also

commonly used to treat RA, Cr o (Barries 2006).s e as e

Glucocorticoids are a class of steroid hormone based on their natural homolog corti-
sol. Cortisol and glucocorticoids work through the glucocorticoid receptor activating a
signalling event that culminates in the upregulation of anti-inflammatory effectors and

down-regulation of pro-inflammatory effectors specifically through the recruitment of

histone deacetylase, which closesNF-eaB6s bi ndi ng site ononDNA, a ¢

Figure 1.4 (Barnes, 2006; Mittelstadt & Ashwell, 2001). Dexamethasone is one of the

most potent glucocorticoids, with a potency up to 80 times that of cortisol and has a

half-life up to 54 hours comparedwithc or t i sol 6 s 8 hWhiedexa-Ah met ,

me t h a s o n-eaftarmmatmy potency is obvious, using such a potent immunosup-
pressant can cause a significant number of side-effects. Common side-effects in-
clude: an increased risk of infection, headaches, amnesia, irritability among many
others, some rarer side-ef f ect s i ncl ude: Cushing6s

psychosis and cardiomyopathy (Barnes, 2006). Treating sepsis with glucocorticoids
requires a fine touch, treating with too high a dose fully disables the immune system
allowing infection to run rampant, if the antibiotics/antivirals/antifungals are ineffective,
using too low a dose results in minimal reaction from the patient and does not halt
septic shockods Tha@GViPila gandeniicfidertified a gap in treat-
ment of novel illnesses that cause sepsis. Consequently, finding new anti-inflamma-
tories to expand treatment options should be a priority in order to prevent unnecessary

deaths in subsequent pandemics and upon the oncoming antibiotic-resistance crisis.

1.1.4.2Diseasemodifying antrheumatic drug¢DMARDS)

Disease-modifying anti-rheumatic drugs (DMARDS) are anti-inflammatory drugs used
to treat arthritis. These drugs are slow acting over a period of weeks and months and
so unlike glucocorticoids are not used for immediate relief. DMARDs encompass
many drugs with no unified mode of action. Most commonly prescribed include the
purine metabolism inhibitor methotrexate, the IL-1 and TNF-U inhibitor sulfasalazine
and the anti-malarial hydroxychloroquine. Methotrexate was originally an anti-cancer

drug used in chemotherapy, but for treatment of arthritis it is utilised in much lower
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concentrations where it slows disease progression (Wessels et al, 2008). It is thought
to do this by causing accumulation of adenosine, leading to the inhibition of T cell
activation, causing downstream anti-inflammatory effects. This drug holds a range of
side-effects, causing liver damage, leukopenia, both of which can lead to liver failure
and a susceptibility to infection (American Society of Health-System Pharmacists,
2020). Sulfasalazine is used for its IL-1 and TNF-U inhibitory effects, however the
mode of action of these effects are poorly understood. Its primary use is in treatment
of IBDs, including Crohn® disease and ulcerative colitis. It too has severe side effects,
causing urinary tract and intestinal obstruction and severe liver and kidney issues
including organ failure. Also sulfasalazine is a sulfa drug and can exacerbate sulfa
allergies (American Society of Health-System Pharmacists, 2021). Hydroxychloro-
quine is an anti-malarial with anti TLR effects and anti-MHC class Il effects in APCs.
In APCs the lysosomal pH is increased, causing more efficient breakdown of antigens
but leaving less peptides for antigen presentation (Meyerowitz et al., 2020; Takeda et
al, 2003). This in combination with the down-regulation of TLRs has an anti-inflam-
matory effect. However, hydroxychloroquine can cause minor side-effects including,
vomiting, headaches and weakness, but also severe side-effects such as, retinopathy
and cardiac arrhythmia (Owens, 2020; Yusuf et al, 2017). Biologics are relatively new
to the DMARD family, their function is primarily anti-TNF and this function is preformed
via two methods. Both involve direct interaction with TNF-U, one involves production
of monoclonal TNF antibodies, which find and attach to TNF directing it for destruc-
tion, the other involves circulation of unbound TNF receptors that bind and deactivate
TNF molecules. Biologics are effective but cause some side-effects, notably a sus-

ceptibility to infection and kidney damage (Li et al, 2017).

1.1.4.3Nonsteroidal antinflammatory drugs (NSAIDs)

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a drug class used for reduction of
pain, fever and inflammation. Their mechanism of action is through the inhibition of
the cyclooxygenase enzymes. These enzymes are essential in the production of pros-
taglandins and their reduction causes anti-inflammatory effects (Day & Graham,
2004). Due to the essential nature of prostaglandins in many bodily functions the side
effects caused by NSAIDs are wide-ranging, including the inhibition of platelet aggre-
gation, causing issues in blood clotting, increased chance of thrombaosis, which can
cause heart attack or stroke and gastrointestinal problems such as nausea, diarrhoea
and gastrointestinal bleeding (Traversa et al., 1995; Trelle et al., 2011). Despite the

wide-ranging side-effects NSAIDs are commonly used as severe side-effects are rare
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in those without pre-existing conditions. NSAIDs anti-inflammatory effects, like
DMARDs, are slow acting, taking weeks to have an effect ( i Nstemoidal anti-

infl ammatory. drugs, 0 2021)
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1.1.5 The need for better Anti-Inflammatory Drugs

As mention above, current treatments all have clinical disadvantages and some are
not financially viable for wide-spread use. New better treatments are therefore re-
quired. Ideally, these should have minimal side effects and be cost effective. One
potential line of research is the use of non-ionic surfactant vesicles (NISV) which were
shown to have promise as anti-inflammatory drugs in a number of in vitro and in vivo
models (Roberts et al., 1997).

1.2 Non-lonic Surfactant Vesicles
Non-ionic surfactant vesicles (NISV) are a synthetic vesicle-based delivery system
used to enhance the bioavailability of drugs and extend the half-life of said drugs in

vivo. NISV are similar to liposomes in many ways in both function and structure but

instead of being comprised mainly of phospholipid s , NI SVéds primary

non-ionic surfactant. NISV original use was for skin treatments, enhancing tanning
products and moisturisers (Handjanid/ila et al, 1979). Since this, NISV have been
used in a variety of ways solidifying themselves as a medical delivery platform for
vaccines, genetic material and a plethora of drugs (Ge et al, 2019; Verma et al, 2010).
They owe this range in ability to their vesicular structure, which, as shown in Figure
1.5, mimics the cell membrane allowing the entrapment of a variety of compounds
with a large range of characteristics. The primary component of the vesicles is a sur-
factant, an amphiphilic molecule containing a hydrophilic head and a hydrophobic tail.
This structure allows the formation of vesicles with broad entrapment capabilities.
When a vesicle with a phospholipid or surfactant bilayer is formed it holds two sites of
exclusion where certain drugs can be entrapped; the agueous compartment formed
in the centre of the vesicle and the hydrophobic compartment formed between the tail
groups of the surfactants (Bulbake et al, 2017; Ge et al., 2019). These two compart-
ments allow for the entrapment of drugs with great variations in polarity. The bilayer
itself forms an area in which membrane proteins can be embedded, allowing a large
array of molecules to add new functionalities to the vesicle. These include receptors,
ligands and antibodies, which can be used for targeting, transporters, which can be
characterised after being embedded in a vesicle, and surface molecules such as pol-
yethylene glycol, which allows the vesicle to evade uptake and circulate longer in
vivo.(Verma et al., 2010; Williamson et al., 2020).
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Figure 1.5 EBmple of a Unilamellar Vesicfediagrammatic representation of a vesicle and the different
forms of cargo that can be entrappékhe light brown section identified the hydrophobic compartment,

and the light blue compartment identifies the hydrophilic aqueous core. The yellow molecules symbolise
poly(ethylene glycol) (PEG) attached to the heads of the surfactants. The blue tiarssraenotein
symbolises an ion channel. The green antibody show that antibodies can be embedding in the surface.
The purple membrane proteins symbolise the receptors and ligands that can be embedded in a vesicles
surface. Drugs are symbolised by the puturquoise hexagons within the aqueous core and bilayer

of the vesicle. The single stranded and double stranded molecules show vesicles capability to encapsulate

nucleic acids.
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The most popular avenue of research, currently, for vesicle-based treatments is their
use in drug delivery. NISV have been shown to increase stability and efficacy of many
drugs, allowing treatments previously infeasible, including the delivery of beclome-
thasone dipropionate in treatment of pulmonary disease, in which NISV increase mu-
cous permeation amplifying therapeutic effects (Pawar & Vavia, 2016). NISV have
been used to increase efficacy of cancer drugs, which is the most common use of
liposomes in medicine. (Paolino et al., 2008). Non-ionic surfactants alone have been
identified as increasers of drug uptake through their down inhibition of multidrug efflux
pump P-glycoprotein, which may be essential to their enhancement of drug efficacy
(Kumar & Rajeshwarrao, 2011). NISV have also shown potential in overcoming the
blood-brain barrier (BBB) and Woods et al showed significantly increased delivery of
an anti-VEEV monoclonal antibody across the BBB by entrapment in NISV (Woods
et al., 2020).

NISV have been shown to be powerful adjuvants in numerous studies utilising both
model antigens and vaccine candidates in disease models. When used to encapsu-
late ovalbumin, NISV produced an increase in IL-2 production in BALB/c mice. In the
same set of experiments NISV induced an increase in IL-12 and decrease in IL-10 in
splenocytes, further showing NISV adjuvant candidacy (Brewer et al., 1996). In con-
trast, a patent filed, by the same laboratory that demonstrated NISV pro-inflammatory
capabilities against entrapped antigen, indicated NISV could induce anti-inflammatory
effects, reducing cytokines closely related to many of the inflammatory diseases men-
tion previously (Roberts et al., 1997). Roberts et al discovered that NISV could reduce
weight loss in Toxoplasma-infected mice. Following this discovery, they found that
NISV reduced IL-1, IL-6 and TNF-Uin LPS-stimulated human peripheral blood leuco-
cytes and reduced IL-6 in mice for a sustained period of time (Roberts et al., 1997).
Protection against weight loss by NISV has been shown since in experiments by
DOEI i a et al |, in which three drugs, |l evofl o
encapsulated in NISV and used to treat Burkhoderia pseudomallei ( D6 EI i a et a
2019). In their experiment, it was found that NISV significantly reduced antibiotic in-
duced weight loss and aided in the recovery period. In this study, they suspected that
this may be due to a protective effect of the gut microbiome, due to its many links to
weight modulation, but this avenue proved fruitless (Aoun et al., 2020). The formula-
tions used in the patent and in this efficacy study are born of the same formulation,
with identical compounds (MPG:Cholesterol:DCP at 5:4:1) used other than the addi-
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tion of sodium deoxycholate in the efficacy study, which is used to increase oral sta-
bility (Conacher et al, 2001 ; DOEI i a et al . , Thepboted@ign
against weight loss found in these two experiments is likely due to the same factor,
namely NISV anti-inflammatory capabilities. These properties of NISV are poorly stud-
ied but the immunogenic properties of their counterpart liposomes have been exten-

sively studied.

Liposomes have been shown to interact with the immune system but are not known
as anti-inflammatory. In fact, they are known to stimulate the immune response, both
with and without the presence of additional surface proteins (Zahednezhad et al,
2019). Circulating liposomes interact with the complement proteins, activating their
cascade and increasing the reaction to foreign antigens. Their pro-inflammatory ef-
fects can be enhanced though the addition of poly(ethylene glycol) (PEG) which en-
hances interaction with complement proteins. The size and charge of liposomes can
alter their immune effects but the outcomes remain pro-inflammatory. Liposomes
have also been shown to stimulate a pro-inflammatory cytokine response when used
as a delivery platform for immunosuppressive siRNA, increasing IL-6 and G-CSF in a
dose-dependent manner in mice (Tabernero et al., 2013). The make-up of liposomes
has proven important in controlling this cytokine reaction, Yanamoto et al have shown
that hydrogenated egg phosphatidylcholine (HEPC) based liposomes can induce an
inflammatory response comparable to that of LPS, inducing production of many mac-
rophage related cytokines including: IL-6, IL-10, IL-1 b a n d¢U .T NHR@mwtkis re-
action can be reduced by reduction of vesicle size from ~800nm to ~50nm showing
the great importance size and composition of a vesicle has on its immune profile
(Yamamoto et al., 2002). Despite these inflammatory effects, liposomes of many

forms are used safely in the medical field today.

1.3 Summary of Study

In the following thesis, work was undertaken to identify and characterise the anti-in-
flammatory abilities of the NISV used by Roberts et al (Roberts et al., 1997). The
formulation was produced using monopalmityol-glycerol (MPG), cholesterol and dice-
tyl phosphate (DCP) at a ratio of 5:4:1, respectively, manufactured using the melt
method. This method produces large, negatively charged vesicles with a large dispar-
ity in sizes. Liposomes were used as a point of comparison for the NISV formulation.
The formulation chosen was a modification of the liposomes used in the anti-cancer

drug DaunoXome (Bulbake et al., 2017). The Perrie laboratory at the University of

28

Robert



Strathclyde are experts in liposomes formulation and their formulation of 1,2-diocta-
decanoyl-sn-glycero-3-phosphocholine (DSPC) and cholesterol at a ratio of 4:1 was
manufactured using the nanoassemblr to make small, anionic and uniform vesicles,

the phenotype generally sought after in liposomes (Khadke et al, 2018). An alternative

surfactant was also utilised to make a novel NISV formulation, 1-O-hexadecyl-sn-

glycerol (HG) was used due to its similarity with the MPG used i n Roberts
formulation. Simply put, HG is identical to MPG in every way other than the linker

between the head and tail groups. Here HG links the groups via and ether bond as
opposed to the ester bond pr esrennformulaionsMP G6 s ¢
and manufacturing methods were put under scrutiny to find physiochemical properties

required for immunomodulation. Representative formulations with immunomodulatory

properties were further investigated to find the breadth of their activity and to investi-

gate the mechanism through which activity is exerted.
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1.4 Aims & Hypothesis

The aims of this study are to:

Confirm previous findings showing NISV has anti-inflammatory capabilities
and investigate the breadth of these abilities to suppress cytokine production
in bone marrow-derived macrophage (BMDM) stimulated with LPS. This will
be done by treating LPS-stimulated BMDM with various forms of NISV, and
other vesicle types, and comparing the levels of cytokine production to each
other and relative controls. An IL-6 ELISA will be used for comparison of dif-
ferent formulations and stimulants and those of interest will be analysed using
the Biolegend LEGENDplex bead array to further investigate effects on a
broader range of cytokines.

Investigate the effects of vesicular formulations on gene transcription, in par-
ticular on transcription of genes related to the immune system. Using tran-
scriptomic analysis an in-depth look into the pathways and mechanisms most
affected by NISV treatment will be possible, this will allow further insight into
potential mechanisms of immune modulation by vesicle formulations.
Investigate the effects of NISV on the metabolic profile of BMDM in unstimu-
lated and LPS-stimulated settings. Using metabolomics analysis, the impact
of NISV and liposomes on cellular metabolism will be analysed. Primarily met-
abolic function affecting the immune response, such as the Warburg effect,
will be engaged in further depth to investigate possible mechanisms of vesicle-

based immune reactions.
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2. Materials & Methods

This section details the materials and methods used to produce the results discussed

in the following chapters.

2.1 Vesicle Manufacture
Manufacture of vesicles can be performed in different ways. In this experiment meth-
ods used were the O6Meltd method and using th

Nanosystems).

The melt method was carried out by melting the NISV components, DL-U-palmitin
(MPG), cholesterol and dihexdecyl phosphate (DCP) at a ratio of 5:4:1, at 135°C then
adding 5ml of PBS and immediately applying to a vortex for 2 minutes (Roberts et al.,
1997).

The Nanoassemblr® is used by dissolving the vesicle components, DSPC and cho-
lesterol at a ratio of 4:1, in 5ml of methanol at room temperature and following the
Nanoassemblr user manual. A staggered herringbone micromixer chip was used,

with a flow rate of 12ml/min and flow ratio of 3:1 (aqueous: solvent).

Vesicle size, poly-dispersity and zeta-potential were measured using the Zetasizer

nano-ZS (Malvern).

2.1.1 Vesicle Centrifugation
Vesicles made using the Nanoassemblr were centrifuged through Vivaspin filtered
falcon tubes for 30 minutes at 3000G.

2.2 Macrophage Culture

Bone marrow cells were harvested from the tibias and femurs of 8-12 week old
BALB/c mice and incubated at 37°C for 3 days in 10 ml Complete DMEM (73%
DMEM, 15% L-cell conditioned media, 10% FCS, 1% L-glutamine and 1% penicil-
lin/streptomycin) per bone wash out in petri dishes. On the third day 10ml more Com-
plete DMEM media was added and the cells were incubated for 5 days at 37°C. For
the final feed, the media was removed from the plates and replaced with another 20ml
Complete DMEM they were then incubated for another 3 days at 37°C after which
they were harvested. The media was removed from the plates and replaced with 10ml
cold RPMI and the plates were scraped with a cell scraper to release the cells into the
media. Cell suspensions were centrifuged at 1400rpm for 5 minutes and the pellets

re-suspended in 5ml complete RPMI and a cell count was carried out.
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2.2.1 Re-plating Cells
Viable cells were counted on a haemocytometer using trypan blue exclusion and cells

were diluted as appropriate.

Cells were re-plated in 96-well plates (depending on experiment) with 1x10° cells/well

in complete RPMI and incubated at 37°C overnight to allow adherence to the plate.

2.3 Macrophage Stimulation
Macrophages were stimulated by adding 50ul of vesicles at different concentrations
ranging from 3mM to 0.012mM in wells with or without LPS at 3ug/ml. These were

then incubated overnight at 37°C.

2.3.1 AlamarBlue Toxicity Assay

100pl of supernatant was removed and stored at -4°C. 10ul of alamarBlue was then
added to the remaining cells, which were incubated for 6 hours at 37°C in the dark.
The absorbance was read at two wavelengths; 570nm and 600nm and the data ana-
lysed.

2.3.2 IL-6 ELISA

Plates were coated with of 1ug/ml IL-Capture antibody suspended in pH9 PBS (BD
Biosciences) at 100pl/well and refrigerated at 4°C overnight. Plates were then washed
with wash buffer (0.5ml Tween 20 and 999.5ml PBS) 3-5 times and the wells were
filled with 200pl blocking buffer (10% FCS in PBS) and incubated at 37°C for 1 hour.
Plates were washed and 30pl of samples were loaded at a 1/2 or 1/5 dilution as was
30pl of standard with top concentration 20ng/ml with halving concentrations 10 times
and a blocking buffer blank as the bottom standard (all dilutions were made with block-
ing buffer). The plates were then incubated at 37°C for 2 hours. 3-5 washes was per-
formed after incubation and plates were coated with 50ul of 0.5ug/ml purified anti-
mouse IL-6 biotin (BD Biosciences) and incubated at 37°C for 1 hour. Following incu-
bation another wash was performed and then plates were coated with 50l of a 1/2000
dilution of AKP streptavidin (BD Biosciences) and incubated at 37°C for 45 minutes.
The final wash step was then carried out and to the plates was added 50ul of Img/ml
pNPP dissolved in glycine buffer; the plates were then covered with tinfoil and incu-
bated at room temperature for 20 minutes to allow colour development. Following
sufficient colour development the plates were then read using a Spectramax450 at

405nm and the results recorded.
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2.3.3 LEGENDplex™ Cytometric Bead Array

Macrophages stimulated with LPS at 3ug/ml, poly(l:C) at 10pg/ml and pam3csk4

320ng/ml and treated with NISV and liposomes were taken forward for analysis using

the LEGENDplexE Mouse Macrophage/Microglia bead array panel. Manufacturer
methods were followed with samplesbei ng di |l uted 1/ 2 with O&6Ass:

the results remained in scale with the standard curves.

2.4 RNA and Metabolite Extraction

RNA extraction was performed as per the Qiagen RNAeasy mi n i kitds instr
with one deviation. Due to a weaker response to NISV & liposomes upon scaling from

1x10° cells/well in 96-well plates to 1x10° cells/well in 24-well plates, the initial step of

RNA extraction was carried out in 10 identically treated wells of a 96-well plate and

pooled to make one sample. RNA was extracted 6 hours after the treatment of cells.

After RNA was extracted 1ul was taken and the quality and quantity of RNA was tested

using the Bioanalyser 2100 (Agilent) following the manuf act ur er 6s i nstr uct
remaining RNA was frozen using the Nalgene Mr Frosty freezing container at -80°C.

For transcriptomic analysis, RNA was diluted to 1ug/20ul in RNase-free water and

sent to Eurofins for their INVIEW Transcriptome Explore service. The library prepara-

tion was performed by Eurofins Genomics Europe Sequencing GmbH (Konstanz,

Germany) using proprietary methods. Subsequent sequencing was also performed

by Eurofins Genomics Europe Sequencing GmbH using Illumina HiSeq4000 instru-

ments in 50 bp single end read mode.

Metabolite extraction was performed as per the instructions given by Glasgow Poly-
omics, for metabolite extraction the same process of pooling 10 wells of a 96-well
plate was followed in order to keep consistency. Metabolites were extracted by re-
moving supernatant from cells, kept for further testing, and adding 40ul of chloro-
form:methanol:water (20:60:20) and rocking the platers on a rocker for 1 hour at 4°C.
Extraction mix was then transferred into Eppendorf tubes and vortexed for 5 minutes.
Extractions were then centrifuged at 13000 rpm for 3 minutes at 4°C and the super-
natant was removed to be stored at -80°C. Blank and pooled samples were also cre-
ated as a control and for fragmentation data, respectively. The mass spectrometry
analysis was carried out at Glasgow Polyomics. Hydrophilic interaction liquid chroma-
tography was carried out on a Dionex UltiMate 3000 RSLC system using a ZIC-pHILIC

column (150 mm I 4.6 mm, 5em column). The coc
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samples were eluted with a linear gradient (20mM ammonium carbonate in water, A

and acetonitrile, B) over 26 minutes at a flow rate of 0.3 ml/min as follows:

Time / minutes %A %B Time / minutes %A %B Time / minutes %A %B
0 20 80
15 80 20
15 95 5
17 95 5
17 20 80
26 20 80
The injection volume was 10¢l and sampl es we

For the MS analysis, a Thermo Orbitrap QExactive was operated in polarity switching

mode and the MS settings were as follows:

A Resolution 70,000
AGC le6

m/z range 701 1050
Sheath gas 40
Auxiliary gas 5
Sweep gas 1

Probe temperature 150°C

o o Io Io Do Do Do

Capillary temperature 320°C

For positive mode ionisation: source voltage +3.8 kV, S-Lens RF Level 30.00, SLens
Voltage 25.00 (V), Skimmer Voltage 15.00 (V), Inject Flatopole Offset 8.00 (V), Bent
Flatapole DC 6.00 (V). For negative mode ionisation: source voltage-3.8kV. The cali-
bration mass range was extended to cover small metabolites by inclusion of low-mass
calibrants with the standard Thermo calmix masses (below m/z 138), butylamine
(C4H11N1) for positive ion electrospray ionisation (PIESI) mode (m/z74.096426) and
COF3 for negative ion electospray ionisation (NIESI) mode (m/z84.9906726).
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3. The Immunomodulatory Effects of NISV

3.1 Abstract

Previous studies demonstrated that NISV composed of mono-palmitoyl glycerol
(MPG), dicetyl-phosphate (DCP) and cholesterol have anti-inflammatory effects. The
following studies were undertaken to better understand the properties of the vesicles
responsible for these effects and to obtain further information as to the immunological
extent of these effects. The individual components, MPG, DCP and cholesterol did
not have anti-inflammatory effects alone, as determined by their inability to reduce IL-
6 production in macrophages stimulated with LPS. NISV formulated with 1-O-hexa-
decyl-sn-glycerol (HG) rather than MPG had similar anti-inflammatory effects demon-
strating that these effects were not dependent on the ester bond between the surfac-
tant head and tail portion. However, liposomes consisting of 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) and cholesterol augmented IL-6 production in response to
LPS, indicating that not all vesicular formulations are anti-inflammatory. NISV com-
posed of MPG, DCP and cholesterol were found to also exert anti-inflammatory ef-
fects on polyinosinic:polycytidylic acid (poly(l:C)) and pam3csk4 stimulated macro-
phages indicating their ability to modulate myD88 dependent and myD88 independent
immune events. Through use of a cytometric bead array, NISV comprising MPG,
DCP and cholesterol were shown to downregulate macrophage production of a num-
ber of cytokines when stimulated with LPS (CCL22, G-CSF, IL-6, IL-12p40 & IL-
12p70), poly(l:C) (IL-6 & IL-12p40) or pam3CSK4 (IL-10 & IL-12p40). The effect of
liposomes consisting of DSPC and cholesterol on macrophage production of these
cytokines was more PAMP dependent. While some cytokines were augmented and
others reduced following LPS or Pam3CSK4 stimulation, all cytokines examined were
augmented by liposomes following poly(l:C) stimulation. This work demonstrates
broad anti-inflammatory properties of NISV composed of MPG, DCP and cholesterol.
These properties are dependent on the components being formulated into vesicles,
but are not a common property of all vesicle formulations as they are not replicated in

liposomes consisting of DSPC and cholesterol.

3.2 Introduction

Previous data by Roberts et al suggested that NISV hold anti-inflammatory properties
(Roberts et al., 1997). The purpose of this study is to determine the validity of these
findings and to expand on them. Using the bone marrow derived macrophage model

and various PAMPs we hope to gain insight into the mechanism of action of NISV.
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The use of macrophages allowed a look into the effect of vesicles on interleukin 6 (IL-

6) which is often associated with adverse inflammatory events.

3.2.1 Immune Pathway Probing

Interleukin 6 is a pyrogenic cytokine with important functions in fever regulation and
as a mediator of the acute phase response. It is primarily produced by macrophages
when stimulated by pathogen associated molecular patterns (PAMPs) (Heinrich,
Castell, & Andus, 1990). PAMPs interact with pattern recognition receptors (PRRS)
found on the macrophages surface and induce a response. To simulate this reaction
in vitro lipopolysaccharide (LPS) was used which is a toll-like receptor 4 (TLR4) ago-
nist. When LPS binds to TLR4, a pro-inflammatory cascade is initiated activating the
TRIF- and MyD88- dependent pathways which result in up-regulation of many pro-
inflammatory cytokines, including IL-16, IL-12, TNF-Uand IL-6. IL-6 has an important
role in many inflammatory diseases. It is produced ubiquitously in cytokine storm re-
actions including sepsis and COVID-19 complications, as well as being responsible
for pro-inflammatory states in many auto-immune diseases such as; rheumatoid ar-
thritis, multiple sclerosis and atherosclerosis (Garbers et al., 2018). In the following
studies, IL-6 is used as a marker of inflammation to determine if NISV, liposomes or

components thereof, have anti-inflammatory effects on the innate immune system.

PAMPs that have an alternate mechanism of activation were also included to expand
upon the findings of Roberts et al. Shown on Figure 3.2.1, LPS stimulates TLR4 and
activates signalling pathways TRIF and MyD88 resulting in activation of transcription
factors NF-aB and interferon regulatory factor 3 (IRF3) leading to a pro-inflammatory
response. LPS is a major component of Gram-negative bacteria outer membrane,
and when present in clinical samples suggests infection (Zanoni & Granucci, 2013).
Investigation of other PAMPs associated with other broad classes of pathogens al-
lows a comparative and more robust look at NISV immunomodulation. For this rea-
son, TLR1/2 agonist pam3csk4 and TLR3 agonist poly(l:C) were used as stimulants
in the following experiments. Pam3csk4 is a synthetic agonist of TLR1/2 which, when
stimulated activates the MyD88 signalling cascade triggering the activation of NF-aB
and production of pro-inflammatory mediators. TLR1/2 interact to respond to the ma-
jor component of the microbial cell wall peptidoglycan and lipopeptides, which are
commonly produced by infectious Gram-positive bacteria such as Pseudomonas ae-
ruginosa and Bacillus subtilis(Coutte et al., 2017; Farhat et al., 2008). Poly(l:C) is a
synthetic PAMP that stimulates TLR3, which would normally bind double stranded
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RNA molecules produced during viral infection and thus activate the anti-viral immune
response. This activation utilises the TRIF pathway inducing IRF3 to up-regulate pro-
inflammatory cytokines (Deguine & Barton, 2014, Liu et al, 2017). Using these three
PAMPS not only gives a wider look at NISV anti-inflammatory capabilities, but it allows
us to confirm if NISV have a direct effect on the pathways activated by the three
PAMPs associated with diverse pathogens and pathologies.
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PAMPs Pam3csk4, Poly(l:C) and LPS, respectivéihe acdivation pathways they initiat€reated with
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3.2.2 The Effects of Formulation

The following studies were performed to determine which particular characteristic of
NISV plays a role in modulation of the inflammatory response. Vesicle formulations
can be made with many different components and through many different methods in
order to produce differences in size, surface charge, uniformity and, according to the
following data, immunomodulation (Sakthivel et al, 2015). For the purpose of investi-
gating surfactant properties, a novel formulation was made using 1-O-hexadecyl-sh-
glycerol (HG) as the non-ionic surfactant. HG is identical to MPG in all ways but one,
where MPG contains an ester bond HG has an ether bond, as shown on Table 3.2.1.
The presence of an ether bond on HG makes the vesicles non-biodegradable, in-
creasing their stability and, by extension, their toxicity (zZhi et al., 2018). Thus, the
hypothesis is explored that vesicle stability may play a part in the anti-inflammatory
effects of NISV, with anti-inflammatory effects being limited when a more stable ves-
icle is used.

Liposomes are the most widely used and studied form of vesicle in the literature and
their interactions with the immune system are well documented. Comparing liposome
treatment with NISV treatment of macrophages stimulated with LPS could provide
further insight into the characteristics of NISV that are important for imnmunomodula-

tion.

With the introduction of liposomes, we introduce a new method of formulation. In this
study, liposomes are made using a microfluidics method utilising the nanoassemblr
platform. The nanoassemblr can make vesicles of varying sizes and uniformity de-
pending on the parameters of formulation, and in following published methods we

made vesicles with a small very uniform phenotype (Obeid et al, 2017).
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Table 3.2.1 Chemical structures of all vesicle components used in this study.

Vesicle Component Chemical Structure

(o]
DL-a-Palmitin (MPG) HO 0P
OH
HO/\i/\o/\/\/\/\/\/\/\/\
OH

sn-1-O-Hexadecyl-glycerol (HG)

Dicetyl Phosphate (DCP) /\Wg%
CHy
CH3
Cholesterol FsC CHy
CHs3
OH
1,2-distearoyl-sn-glycero-3- i ° ...... ) S
phosphocholine (DSPC) Chy :
Y\/\/\/W\/\/\l
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3.2.3 Investigating Breadth of NISV Function

In search of an even broader look into the immunomodulatory effects of vesicles, we

utilised the LEGENDplexce bead array. This assay all ows t

13 different cytokines related to macrophage polarisation and immune response. The
assay follows the same basic principle as sandwich immunoassays, utilising specific
capture beads and biotinylated detection antibody and the relevant cytokine to form
the bead-cytokine-detection antibody sandwich. Streptavidin-phycoerythrin is added
conferring the fluorescent signal, rather than an enzymatic signal. Each bead associ-
ated to a cytokine is differentiated by the internal fluorescence and size of the bead
which can be segregated and quantified by measuring the phycoerythrin signal on a
flow cytometer. The panel used in this experiment is the macrophage/microglial panel
which allows identification of the following array of cytokines shown on Table 3.2.2.
Measurement of these cytokines gives insight into vesicles effects on macrophage
polarisation as well as many aspects of the immune response. Eight of the 13 meas-

ured cytokines are identifiers of M1 macrophage activation, those eight are the chem-

okine CXCL1, interleukins 1b, 6, 12p4D.

With NISV expected to show anti-inflammatory effects it is expected that these eight
cytokines will be down-regulated showing a less inflammatory state than that of an
M1 macrophage. On the other hand, NISV could induce cells to show a phenotype
more similar to the traditionally anti-inflammatory M2 macrophage showing expres-
sion of their related cytokines, CCL17, CCL22 (Two chemoattractants of regulatory T
cells), G-CSF, IL-6, IL-10 and TGF-b 1(Orecchioni et al., 2019). If the anti-inflamma-
tory effects of NISV as shown by Roberts et al are confirmed it would be expected
that down-regulation of IL-1 b , -6 dnd. TNF-Uwould result.
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Table 3.2.2 Cytakes Covered in Cytometric Bead Array.

Target Cytokine Macrophage Polarisation

CCL17
CCL22
CXCL1
G-CSF
IL-1B
IL-6
IL-10
IL-12p40
IL-12p70
IL-18
IL-23
TGF-B1
TNF-a

M2
M2
M1
M2
M1
M1 & M2
M2
M1
M1
M1
M1
M2
M1
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3.2.4 Aims & Hypothesis

The aims of this chapter are to:

Confirm the ability of NISV, comprised of MPG, DCP and cholesterol to down-
regulate LPS-induced IL-6 production by murine macrophages and to better
understand which aspects of the NISV formulation contribute to this ability. To
achieve this the ability of the individual components that the NISV are com-
posed of will be tested for their relative ability to inhibit LPS induced IL-6 pro-
duction. Furthermore, the main component of these vesicles MPG, will be
substituted with 1-O-hexadecyl-sn-glycerol (HG), which has an identical struc-
ture to MPG with the exception of the substitution of an ester bond by an ether
bond at the junction of the head and tail groups.

Determine if the anti-inflammatory effects of NISV are specific to LPS stimula-
tion or if they are evident following stimulation with other TLR ligands that sig-
nal exclusively through the TLR2 receptor (pam3csk4) or through the TLR3
receptor (poly(l:C)). As these ligands signal through myd88 dependent and
independent pathways respectively, this should also provide insight into
breadth and potential mechanisms of the effects of NISV.

Determine the extent of the effects that NISV have on the ability of macro-
phages to produce a wide range of cytokines in the absence and in the pres-
ence of TLR-stimulation using a cytometric bead array and to compare this
with the effect of a widely used formulation of liposomes. This should provide
insight into the apparently contradictory properties of NISV in having both im-

munological adjuvant properties as well as anti-inflammatory properties.
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3.3 Are NISV Anti-Inflammatory Effects Real?
The size, polydispersity index (PDI) and charge of all vesicles were measured and
recorded prior to all individual experiments. This showed the effect of formulation and

component changes on the vesicle characteristics.

Table 3.3.1 shows us that all characteristics are affected by formulation method. Size
and PDI was larger in vesicles made via the melt method, and small when using mi-
crofluidics. Formulation methods used show effects on vesicle charge. When com-
paring MPG-based vesicles, charge increases when using the microfluidics methods
mirroring the net positive charges of other vesicles made by these methods. Due to
these changes in characteristics, we continued to study these vesicles, testing their

toxicity and immunomodulatory abilities.

To measure the anti-inflammatory effects of NISV and ensure minimal toxicity an IL-
6 ELISA was performed in tandem with an alamarBlue cell viability assay. This assay
measures the reduction of resazurin by the cells and is a proxy for general cell me-
tabolism. The results of the alamarBlue assay on Figure 3.3.1.A shows NISV have no
negative effects on cell viability. NISV treatment of BMDM increased the percentage
reduction of alamarBlue by 152% when compared to the control cells at 3mM. How-
ever, as the concentration of NISV was reduced so too was the reduction of alamar-
Blue to levels close to that of the control cells. LPS stimulation did not change ala-

marBlue reduction when compared to the control cells.

Figure 3.3.1.B shows the results of the IL-6 ELISA performed with the supernatants.
Minimal IL-6 was produced by unstimulated cells with or without NISV treatment. The
LPS stimulated cells produced >15ng/ml IL-6 from BMDM. Treatment of LPS stimu-
lated cells with NISV significantly reduced IL-6 production and followed a dose-de-

pendent response with reducing treatment starting at 3mM.

44



Table 3.3.1 Tablef Vesicle SizeBrior to experimentation, vesicle size, PDI and zetapotential wer

measured using the Malvern zetasizer nano zs

Vesicle Type | Formulation Polydispersity | Charge | Figure
Method Index (mV) Reference

NISV (MPG) Melt 1406 0.371 -29.5 3.3.1,3.3.2,
(+/-21.8) 3.3.3,3.6.1,
3.6.2
NISV (HG)  Melt 1338 (+/-99) 0.469 235 343
Liposome Microfluidics 143 (+/-2.6) 0.293 6.1 345,361,
3.6.3
NISV (MPG) Microfluidics 87.54 0.203 4.9 352
(+/-1.3)
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Figure 3.3.1: NISV reducé lproduction in LPS stimulated BMONID,000 BMDM were plategzer well
in triplicate and stimulated with LPS at 3ug/ml or media, in controls, followed by treatment with NISV at
descending concentrations with controls untreated. A shows alamarBlue reduction by BMDM under

these conditions and B shows6llevels in theupernatants after 24 hours.
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3.3.1 Characterising Immunomodulation of NISV

To determine if the immunomodulatory effects of vesicles is dependent on their com-
position, the individual components of NISV as well as other formulations were tested
to examine their ability to alter IL-6 production. Testing of the singular components of
NISV was expected to elucidate whether any of the three components were respon-
sible for the immunomodulatory effect. This would further the ability to fine tune and
control this effect. Other forms of vesicles would help answer a similar question, al-
lowing us to determine if changing components altered or nullified the anti-inflamma-

tory effect.

Testing of the primary components of the NISV formulation was performed first. Each
component was prepared as an NISV using the melt method to more closely mimic
the NISV preparation. Figure 3.3.1 demonstrates that high concentrations of MPG
(0.375-1.5mM) resulted in a reduction of cell viability. Concentrations lower than this
were non-toxic to cells. IL-6 production was not observed in control cells, but was
produced by cells stimulated with LPS. The concentrations of MPG and DCP used in
testing was equivalent to the amount present in NISV (i.e. 3mM NISV has 1.5mM
MPG). MPG had no significant effect on IL-6 production at non-toxic concentrations.
However, IL-6 production was reduced where cells were incubated with toxic concen-
trations of MPG.
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Cell viability was not profoundly affected by DCP in the presence or absence of LPS
as shown on figure 3.3.2. DCP did not notably affect IL-6 levels in LPS-stimulated

macrophages.

3.3.2 Inflammatory Effects of Other Vesicles.

Cell viability was affected at high concentrations of HG-based NISV at concentrations
of 1.5 - 3mM. IL-6 levels were minimal in unstimulated cells whether treated with
NISV or not (Figure 3.3.3.B). In LPS-stimulated macrophages HG-based NISV re-
duced the IL-6 response significantly in a dose dependent manner. This data shows
that the HG-based NISV were more toxic as hypothesised, but still mediate anti-in-
flammatory effects at non-toxic concentrations, indicating that the presence of an es-
ter bond is important for target cell viability, but not immunomodulation.

Liposomes showed no toxicity in BMDM at any concentration examined (Figure
3.3.4.A). Liposomes induced a pro-inflammatory response when administered at high
concentrations to unstimulated control cells where they induced IL-6 production. In
LPS-stimulated cells, liposomes at 3mM and 1.5mM augmented IL-6 production in-
duced by LPS in a dose dependent manner. This result further emphasised how im-

portant the components of a vesicle are to the immunomodulatory function.
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3.4 Effects of Formulation

Through the testing of other vesicle types, a different formulation method was intro-
duced as a variable. In order to know if the cause of variance between NISV and
liposomes was due to the change of component or a change in the formulation method
NISV, consisting of MPG, DCP and cholesterol, were made using the Nanoassemblr

to the same specifications as the liposomes.

Nanoassembled NISV had a toxic effect at 3mM in unstimulated cells and at both
3mM and 1.5mM in LPS-stimulated cells (figure 3.4.1). The NISV inhibited IL-6 pro-
duction in LPS-stimulated BMDM in a dose dependent manner at non-toxic concen-
trations. This result shows that the anti-inflammatory effect is replicable using the
nanoasemblr to formulate NISV. However, the toxicity of NISV is increased using the
nanoassemblr, relative to NISV made using the melt method.
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3.5 NISV Effects on Various PAMPs Stimulation Profiles

Following the confirmation of anti-inflammatory effects of NISV on macrophages stim-
ulated with LPS, the breadth of NISV effects were investigated. Poly(l:C), an agonist
of TLR3, and Pam3csk4, an agonist of TLR2, were used to stimulate BMDM in the

presence or absence of NISV.

Poly(I:C) showed an excitatory effect on BMDM increasing alamarblue reduction to
132% compared with the control cells (Figure 3.5.1.A). Levels of interleukin 6 were
again shown to be minimal in non-stimulated cells (Figure 3.5.1.B). NISV reduced IL-

6 production in poly(l:C)-stimulated BMDM in a dose-dependent manner.

Stimulation with pam3csk4 increased alamarBlue reduction (Figure 3.5.2.A). IL-6 was
reduced in pam3csk4-stimulated BMDM treated with NISV in a dose dependent man-
ner (Figure 3.5.2.B). This data further proves the anti-inflammatory effect of NISV. It
shows the effect is not exclusive to LPS stimulation and similar effects are seen with
poly(l:C) and pam3csk4.
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3.6 Bead Array Analysis of BMDM

The panel used in this study was the LEGENDplexE Mouse Macrophage/Microglial
panel, which is optimised for the detection of cytokines related to M1 and M2 macro-
phage expression profiles. Using this tool allowed a wider examination of the immuno-
modulatory profile of both NISV and liposomes in the presence of three stimulants

administered independently; LPS, pam3csk4 and poly(l:C).

3.6.1 BMDM stimulated with Vesicles or PAMPS

Stimulation of BMDM with vesicles alone or PAMPSs induced significant changes
from basal levels of cytokine production, as shown on Figure 3.6.1. BMDM stimulated
with NISV showed a pro-inflammatory phenotype with significant upregulation of all
cytokines other than CCL17, IL-12p40, IL-18 and IL-23, though not to the degree
shown by the three PAMPs. Similarly, liposomes stimulated BMDM showed upregu-
lation of pro-inflammatory cytokines and uniquely showed significant up-regulation of
CCL17. The only cytokines which were not significantly up-regulated in BMDM stim-
ulated with liposomes were CXCL1, IL-18 and IL-23. The three PAMPs all induced
significant stimulation of BMDM with LPS and pam3csk4 significantly upregulating all
cytokines other than CCL17 and TGF-b1, respectively. Poly(l:C) induced a less in-
flammatory profile than the other PAMPs significantly upregulating only 7 out of 13
cytokines and significantly downregulating CCL17 and TGF-b1.
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Figure 3.6.1 NISV and liposomes, both, are metabolically stimul&h§00 BMDM were plated per

well in triplicate. NISV, liposomes, LPS, poly(I:C) and pam3csk4 were then added toSthpecpis.

tantswere taken from the cells after 24 hours and mead using cytometric bead array analyidisat

map shows the Log2(fold change) of vesicle treatments and PAMP treatments compared to an unstim-

ulated control Statistical analysis was performed using Prism 8 where-g tw@
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3.6.2 Bead Array Analysis of BMDM treated simultaneously with NISV and
PAMP

The effects of NISV treatment on stimulation by LPS, pam3csk4 and poly(I:C) is
shown in Figure 3.6.2. NISV had a mostly anti-inflammatory effect on the effects of
LPS, reducing production of cytokines, CCL22, G-CSF, IL-6, IL12p40 and IL-12p70.
However, NISV did significantly increase IL-1b production in BMDM stimulated with
LPS. NISV significantly up-regulated IL-1b and TGF-b1 in poly(I:C), but significantly
down-regulated IL-12p40 and IL-6 in poly(l:C)-stimulated BMDM. NISV had a more
limited effect on pam3csk4-stimulated BMDM, up-regulating IL-1 b , -23land TNF-U ,
but significantly down-regulating 1L-12p40 and IL-10. These data demonstrate that
the immunomodulatory abilities of NISV on BMDM are robust, but exhibit distinct dif-

ferences depending on the PAMPS used in macrophages stimulation.

3.6.3 Bead Array Analysis of BMDM treated simultaneously with Liposomes
and PAMP

Liposome effects on LPS-stimulated BMDM were predominantly pro-inflammatory
showing significant increases in the cytokines G-CSF, IL-1b, IL-10, IL-23 and TNF-U
(Figure 3.6.3). Liposomes did significantly reduce IL-12p40 and TGF-b1 in LPS-stim-
ulated BMDM. When treated with liposomes, poly(l:C)-stimulated cells demonstrated
an increase in all cytokines measured, with statistically significant increases in
CCL22, CXCL1, IL-6, IL-12p40, TGF-b 1 anduU .Lipdsomes significantly de-

creased IL-6, IL-18and TNF-U and si gni f i c-& bandliLylO prodactioe a s e d

in pam3csk4-stimulated cells.
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Figure 3.6.2 NISV are not exclusivelyiafifimmatory.100,000 BMDM were plated per well in triplicate and were stimulated using 3pg/ml LPS, 10ug/ml poly(l:C) and
320ng/ml pam3csk4, these were then treated with 1.5mM NISV. After 24hpargatantsvere taken and analysed using the cytometric bead atieg.map shows
the Log2(fold change) of NISV compared to their respective PAMP &tatisilcal analysis was carried out using Prisshée a tweway ANOVA and Tukeya Y dzf G A LJt

comparisons test was performed.
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Figure 3.6.3 Maophage immune response is drastically altered by Liposd@®600 BMDM were plated per well in triplicate and were stimulated using 3ug/ml LPS,
10pg/ml poly(1:C) and 320ng/ml pam3csk4, these were then treated with 1.5mM Liposomes. After Q4pbaumintswere taken and analysed using the cytometric
bead arrayHeat map shows the Log2(fold change) of Liposomes compared to their respective PAMBtatistizdl analysis was carried out using Prismhée a
two-way ANOVA and Tukeyi Y dzf (i Asodfs fest Wed ekfihrnien.
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3.7 Discussion

The results found in this series of experiments are important in the context of all ves-
icle based treatments and the development of future vesicle drug formulations. They
may also shed light on unknown side effects of vesicle-based drugs. Being able to
choose appropriate vesicles or tailor vesicle properties could be an incredible boon

for the future.

3.7.1 NISV have Anti-Inflammatory Properties

It was determined that the components alone could not replicate the anti-inflammatory
effects of NISV. MPG reduced alamarBlue metabolism when introduced at high con-
centrations a likely result of it being a surfactant. It did not affect IL-6 production at
non-toxic concentrations. DCP did not reduce IL-6 production in LPS-stimulated
BMDM. Testing cholesterol alone was not feasible due to insolubility. However, the
literature would suggest that cholesterol accumulation in macrophages promotes IL-
6 and TNF-U production meaning it is unlikely that cholesterol alone would produce
the anti-inflammatory effects mediated by NISV (Li et al., 2005). Overall, these results
established that formulation of the components of NISV was necessary to mediate
the observed anti-inflammatory effects. Therefore, further studies were designed to
determine if the effects were dependent on the type of surfactant used to manufacture
the vesicles.

3.7.2 Variance in NISV

Studies were performed using a standard formulation of liposomes consisting of
DSPC and cholesterol which determined that unlike NISV, these vesicles augmented
LPS-induced IL-6 production. This indicated that the surfactant component of the
vesicle is likely to be important. Therefore, vesicles were formulated that substituted
the MPG component with 1-O-hexadecyl-sn-glycerol (HG) in NISV. These were then
tested for their ability to inhibit IL-6 production in LPS-stimulated BMDM.

At non-toxic concentrations, HG-based NISV performed better than MPG-based NISV
in terms of their ability to inhibit IL-6 production in LPS-stimulated BMDM. HG-based
NISV, however, had increased toxicity relative to MPG-based NISV. This is likely due
to the absence of an ester bond in this formulation, meaning the vesicle are not as
readily broken down as the MPG variant. Their ability to reduce IL-6 production was
also increased, again perhaps due to their increased stability. If this effect is con-
sistent in vivo, HG-NISV could prove useful in reducing the necessary dosage for
NISV desired effects.
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The method of formulation of an NISV was not found to affect their anti-inflammatory
properties as both melt-method and nanoassembled vesicles inhibited IL-6 production
in LPS-stimulated BMDM. However, nanoassembled NISV tended to be smaller,
more uniformed and more toxic to BMDM. MPG-based NISV, have indeed previously
been shown to be toxic at concentrations above 0.8mM in vesicles between 100 and
200nm regardless of formulation method (Obeid et al., 2017). This toxicity is poten-
tially due to the level of uptake possible by any macrophage. Small vesicles, such as
the nanoassembled NISV, are easily translocated across the cell membrane via
macropinocytosis and quickly localise to lysosomes allowing quick uptake, whereas
large nanopatrticles, as those made via the melt method, require phagocytosis mean-
ing larger vesicles are taken up less readily than smaller vesicles (Foroozandeh &
Aziz, 2018). One possibility is that toxicity caused by small NISV is due to rapid uptake
of too many vesicles, leading to the sudden release of surfactants as vesicles are
broken down, resulting in cell death by lysis. Larger vesicles require active uptake to
enter the cell meaning despite equal concentrations larger NISV could be less toxic
as the release of surfactant into the cell is slower and so non-lethal. Importantly, the
above studies established non-toxic doses of NISV formulations downregulate LPS-
induced IL-6 production. However, the studies do not provide obvious mechanistic
insight into the extent of these regulatory effects and how these effects are mediated.

3.7.3 Breadth of Immunomodulation mediated by NISV in BMDM

To dissect these results and determine how the NISV elicit their effect, a number of
immune stimulants were used that act through different toll-like receptors. These in-
cluded; LPS as a stimulant of TLR4, poly(l:C) a TLR3 agonist, and pam3csk4, a TLR2
agonist. NISV were shown to mediate dose dependent reduction of IL-6 production in
the presence of all three PAMPs. The ability of NISV to mediate an anti-inflammatory
effect regardless of TLR stimulated and resulting signalling pathway indicates that
NISV exert their effects downstream of TLR signalling and their effects are observed
in both MyD88 and TRIF signalling pathways.

To expand this, the LEGENDplexE Mouse Macrophage/Microglial bead array panel
was used. This panel is designed for the identification of M1 and M2 macrophage, but
is also broadly useful in determining the phenotype of macrophages. NISV were found
to stimulate the production of a number of products by macrophages that is in keeping

with their known adjuvant properties. These effects were considerably smaller and
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more subtle than noted in macrophages stimulated with any of the PAMPs used.
NISV were found to affect macrophage stimulation with all three PAMPs, altering the
profile of many inflammatory cytokines. Notably, NISV had no obvious effect on mac-
rophage known polarisation but did evidence the plasticity of the macrophages.

As liposomes were found to augment IL-6 production in resting macrophages and
LPS-stimulated macrophages, they were included in the cytometric bead array anal-
ysis for comparison. Liposomes generally augmented macrophage production of me-
diators induced by the PAMPs. This was most clear following LPS or poly(l:C) stimu-
lation, where the majority of cytokines were upregulated. The effects of liposomes on
pam3csk4-stimulated BMDM were more varied and production of some mediators
were ameliorated. These results reinforce the unigue properties of NISV and empha-

sises that not all vesicles are anti-inflammatory in all situations.

The above studies provide greater insight into the physico-chemical components of
NISV that are important for their anti-inflammatory effects, the cellular mechanisms
that they affect and provide an indication of the extent of their effects. They therefore
provide a data point that contributes to finding a mechanism of action, whereby NISV
affect downstream events converging from myD88-dependent and independent TLR-
induced signalling. However, how NISV induce these events is not clear. However,
MPG the primary component of NISV, shares structural similarity with the immuno-
regulatory sphingolipid, called sphingosine-1-phosphate (S1P). Sphingosine-1-phos-
phate is a bioactive sphingolipid that regulates many pathophysiological processes
including cancer, atherosclerosis and infection (Maceyka et al, 2012). S1P, its kinases
and receptors are all expressed and produced within macrophages, allowing S1Ps
direct effect on the innate immune system (Weigert et al, 2019). Intracellularly, S1P
is a direct activator of transcription factor NF-aB through TNF receptor-associated
factor 2 (TRAF2) in that sphingosine kinase 1 (SphK1) binds to the TRAF2 and allows
binding of S1P which stimulates it leading to NF-aB activation (Alvarez et al., 2010).
S1P is exported by cells via ATP-binding cassette transporters, where it then can
exert many effects via its five receptors (Sato et al., 2007). S1P receptor 1 (S1PR1)
signals through STAT3 inducing cytokine production and induces NLRP3, which is
integral in the inflammosome, as well as affecting macrophage migration (Liao et al.,
2018; Weichand et al., 2017). S1PR2 promotes opsonin-based uptake of pathogenic

fungus and has been linked to inflammosome function (McQuiston et al, 2011; Zhao
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etal., 2016). S1PR3 promotes reactive oxygen species (ROS) causing oxidative dam-
age to bacteria. When S1PR4 is activated it upregulates production of tumour pro-
moting cytokines IL-6 and IL-10 but its function is not fully understood (Olesch et al,
2017). S1PRS5 is associated with macrophage efferocytosis and when upregulated it
impairs this action (Barnawi et al, 2017). SphK1 and S1PR1 are closely related to
macrophage polarisation and when upregulated and activated by S1P induce M1
macrophages furthering their connection to the pro-inflammatory response. The array
of effects S1P can have on immunity indicates it and its receptors as promising drug
targets. The structural similarity between S1P and MPG does not prove MPG has any
effects on these processes. However, it is possible that NISV, upon being broken
down into its singular components could interrupt S1P signalling. This could have the

downstream effects of reducing pro-inflammatory mediators, as is shown in our data.

3.7.4 In Conclusion

This series of experiments demonstrated that the immunomodulatory properties of
NISV cannot be replicated by any single component and formulation of these compo-
nents into vesicles is essential, and in addition NISV properties cannot be mimicked
by liposomes. NISV formed using HG do have anti-inflammatory properties indicating
that substitution of the ester bond in MPG with an ether bond does not ablate their
effect, but does increase their toxicity. To further our knowledge of this phenomenon
and to provide additional mechanistic insight into the anti-inflammatory effects of
NISV, metabolic and transcriptomic analyses of NISV and liposomes effects on

BMDM will be performed in the following chapters.
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4. Transcriptomic Analysis of Vesicle Treatments

4.1 Abstract

As previously shown, NISV consisting of MPG, DCP and cholesterol have anti-inflam-
matory abilities. To further elucidate the potential mechanism(s) of action tran-
scriptomic analyses of treated cells were carried out allowing the investigation of
NISV-mediated effects spanning the entirety of cellular function including those not
directly associated with canonical immunity. Changes in genes related to sorting
nexins and Golgi trafficking were observed in NISV-treated and liposome-treated cells
compared with unstimulated cells indicating endosome associated uptake of NISV.
NISV treatment induced upregulation of transcripts including a number of downstream
immune products associated with MHC and antigen processing and immune media-
tors. This is consistent with their known adjuvant properties. In contrast, liposomes
had downregulatory effects on MHC and antigen processing. In LPS-stimulated cells,
NISV reduced the transcript levels of a number of inflammatory mediators. Specifi-
cally, NISV reduced expression of chemokines and their receptors, a number of inter-
leukins and their receptors and members of the TNF-U superfamily and their recep-
tors. Many of these effects are mechanistically linked to the observation that NISV
significantly reduced NF-aB subunit transcription in LPS-stimulated cells. In contrast
liposomes had a wide array of effects on transcripts, which included upregulation of
many inflammatory mediators including members of the TNF superfamily and their
receptors. Notably, and consistent with this observation, liposomes upregulated NF-
aB subunit transcription in LPS stimulated cells. This work in conjunction with previous
chapters, demonstrates that different vesicular preparation have unique effects on
BMDMs and gives further mechanistic insight into both the adjuvant and anti-inflam-

matory properties of NISV.

4.2 Introduction

4.2.1 Transcriptomics

Transcriptomics gives a snapshot of total cellular function at a single point in time.
With this information we can glean further information not just on the immune system,
as studied in the previous chapter, but the significant effects NISV exert on the other
systems of macrophage function. This new avenue of information allows further char-

acterisation of the interactions of macrophage and NISV.

67



Transcriptomic studies utilise a technique called RNA-Seq, this technigue utilises high
throughput sequencing to identify and quantify the RNA expression of a cell or cell
population at the time of extraction. This technology involves the conversion all RNA
in a sample into cDNA and the alignment of the cDNA to a reference genome, allowing
identification of which genes are transcribed, the read count of this cDNA allows quan-
tification of transcription of all genes within the cell (Wang, Gerstein, & Snyder, 2009).
With this technology we aimed to compare the effects of NISV and liposomes on both
unstimulated and LPS-stimulated BMDM. With data comprising the entire transcrip-
tome, the insight into the effects of these treatments on the immune system can be
characterised better than ever. Transcriptomics, however, will allow great insight into
NISV effects on other cellular systems we have yet to study in depth. NISV were ex-
pected to have great effects on the cell outwith LPS stimulation. It is hoped Insight will
be gained of NISV uptake and fate within the cellular environment as well as more

information on the effects on cellular respiration, detailed in the previous chapter.

The principles of transcriptomics relies on Next Generation Sequencing (NGS). The

specific form of NGS used in this study is lllumina, which is performed following the

principles shown in figure 4.2.1, providing highly accurate short DNA reads (Meyer &

Kircher, 2010). These reads can then be computationally stitched together forming a

full genome or other genetic material. For RNA analysis, after RNA is extracted it is

converted into complimentary DNA (cDNA) and then NGS is performed following the

steps outlined in figure 4.2.1. Following sequencing, the data is analysed using the
6tuxedo suited begi nnmnsnhg reads to &ref@eneetgéneme, whi ¢ h
then TopHat, which identifies exon-exon splice junctions in said alignment, and finally

by the Cufflinks software6s: Cufflinks, Cuf f
gquantifies the transcripts, Cuffmerge then merges the reads into full-length transcripts

and annotates them and Cuffdiff determines the differential expression and measure

the significant differences between different samples (Trapnell et al., 2010).

Transcriptomics Studies are not without limitations, the ability to see a snapshot of
RNA transcription is just that, a snapshot. It does not allow comparative results of
changes over time in the cell, unless the experiment is a time-point experiment. RNA
itself can be a limiting factor due to its instability and transience. RNA is quickly broken
down in the cellular environment and levels of transcription are quickly altered and

adapted to cellular needs, meaning sampling time is crucial and RNA levels can be
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affected by slight changes (Dunckley & Parker, 2001). These limitations must be ac-
counted for and the data carefully analysed in order to produce reliable results, as we
believe we have produced. Ideally, transcriptomics should be followed with assays to
prove deductions made from the data.
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Figure 4.2.1 Principles of lllumina sequenéihgwn is the process of lllumina sequencing. Beginning

with (1) Librarypreparation, followed by (2) bridge amplification on the flow cell, (3) DNA sequencing
and (4) the alignment and analysis. Library preparation involves the process of fixing primers to the ends
of the target DNA. During bridge amplification the primerd twirthose in the flow cell at both ends of

the DNA and the strand is replicated, they are then denatured leaving two identical strands of DNA, this
process repeats many times ensuing multiple copies of all DNA in the sample is created. In DNA library
seqiencing the single strand DNA are replicated again with fluorescently tagged nucleotides, whenever
one binds to it releases a signal, which is read giving the nucleotide sequence of the specific strand.
Alignment and data analysis is computationally peréatiand can utilise many different programs, they
function by aligning identical DNA strands, building a longer and longer sequence until the whole se-

guence is characteris€@irapnell et al., 2010)
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4.2.2 Depth of Cellular Processes

Up until this point, we have shown the changes NISV cause to products of macro-
phage cellular function, with transcriptomics we can identify changes made in path-
ways and processes leading to these products. For the immune system, transcriptom-
ics will allow in depth analysis of the genes affected by LPS stimulation and NISV
effects on cytokine production.

Investigating TLR4 signalling was one of the primary analyses of the immune system
performed. With this data we were able to identify the entire process from the cell
signalling molecules, through MyD88 and TRIF signalling down to NISV effects on the
transcription factors NFeB, AP-1 and IRF3. This analysis will bolster the assays per-
formed to elucidate NISV effects on these signalling pathways, performed in chapter
3. Beyond this, transcriptomics show the effects on downstream cytokines affected
by TLR4 signalling in extreme depth, allowing characterisation of the entire cytokine
profile. With this information, future experiments will be curated in order to prove or
disprove assumptions made based on this data.

Furthermore, this dataset allows an in depth look at the effects NISV have on sphin-
gosine transcription, allowing further insight into the accuracy of the sphingosine hy-

pothesis.
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4.2.3 Aims & Hypothesis

The aims of this chapter are to investigate the effects of NISV on the transcriptome of
murine resting macrophages and macrophages following LPS stimulation to gain
mechanistic insight into how they mediate anti-inflammatory and adjuvant effects. In
addition, these effects will be compared with the effect of liposome treatment in iden-
tical circumstances. Therefore, transcript levels determined by RNA-seq will be ana-

lysed using:

i.  An untargeted analysis to identify the most important changes in transcripts
induced in BMDM following NISV treatment. This should allow the elucidation
of the most affected pathways by NISV and allow further analysis of pathways
affected outside of the immune response.

ii. Atargeted analysis of the immune system to determine the effects of NISV on
pathways and products known to be influenced in macrophages (and largely
identified in chapter 3) by NISV treatment. This will include TLR4 signalling,
as initiated by LPS stimulation, from receptor interaction through signal trans-
duction and finally immune effector production. Furthermore, the hypothesis
established in chapter 3, pertaining to potential ability of NISV to interfere with
S1P signalling.

Together, these analyses will allow a detailed description and provide mechanistic

insight of how NISV affect the production of immune mediator transcription.
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4.3.1 Proof of Transcriptomics Samples Validity
Prior to Transcriptomics analysis, supernatants were taken from the cell cultures,
tested for inflammatory effects and parallel plates were set up for alamarBlue cell

viability analysis.

The cell viability assays and IL-6 ELISA show effects of NISV are consistent with the

data previously shown in section 3.3.

Following this confirmation, the supernatants were further characterised using cy-
tometric bead array analysis, reading 13 cytokines related to macrophage polarisa-
tion. Figure 4.2.2 shows that the previous bead array data, shown on figures 3.6.2
and 3.6.3, the same trends as shown but with less statistically significant changes,
most likely due to natural variation between the different batches of BMDM. In the
control samples, NISV shows significant increases of CXCL1, IL-6 and TNF-U and
minimal effects in the other measured cytokines. The NISV show significant reduction
of G-SCF, IL-6 and IL-12p40 as well as non-significant reductions in IL-12p70 and
TGF-b1 compared to the LPS stimulated cells, they also showed significant upregu-
lation of IL-1b.
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Figure 4.3.1 NISV show a Consistent|Afidimmatory Profile100,000BMDM were plated per well in

triplicate and stimulated with LPS at 3ug/mhuedia, in cotrols, followed by treatment with NISA

shows alamarBlue reduction by BMDM under these conditions stmal\B 1t6 levels in the supea-

tants of transcriptomicsanples after 24 hourstatistical analysis was cauli out using Prism 8 where

oneway ANOVA and Tukeya Y dzf G A LI S O2 Y LI NI indichtas statiSti&ah sigaifi- & LIS NJF
cance (p<0.05).
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Figure 4.3.2 NISV Repeat Anflammatory Effects in Bead Arrap0,000 BMDM were plated per well

in triplicate and were stimulated using 3ug/ml bP&ft unstimulatedthese werehen treated with

1.5mM NISVAfter 24 hoursupernatantsvere taken andinalysed using the cytometric bead array.

Statistical analysis was cali out using Prism 8 where tm@y ANOVA and Tukeya Y dzf GA LXK S O2Y

sons test was performetlindicates statistical significance (p<0.05).
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Prior to sequencing RNA quality and yield were measured and tested using the Bio-
analyzer and found to be of high quality (RNA Integrity Number > 7) and sufficient
weight (1pg in 20pl), so the experiment was performed. Samples were sent to Eurofins

to perform their INVIEW Transcriptome Explore service.

Upon receiving the data from Eurofins thorough analysis was performed, initially the
entire dataset was analysed using principle component analysis (PCA) to visualise
differences between groups and similarities within groups (Figure 4.3.1). Each sample
group, other than LPS and NISV + LPS, form tightly packed groups displaying the
groups are significantly different when comparing the entire transcriptome. LPS and
NISV + LPS formed a close group of six samples showing PCA could not discern
great difference between the groups, this analysis ruled out use of OPLS-DA to com-

pare differences between these two groups.

4.4 NISV and liposome effects on resting BMDM Transcriptome

To characterise the groups further the difference in gene expression between groups
was compared using volcano plots. Figures 4.4.1 & 4.4.2 show the significant differ-
ences between the unstimulated cells and those treated with NISV or liposomes. NISV
induced 3830 significant changes in expression compared with the unstimulated cells,
whereas liposomes induced more than double that, causing 9234 significant differ-

ences in expression relative to unstimulated cells.
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Figure 4.4.1 Visualisation of Differences found between all Groups TranscriptomeX By &GAriptomic analysis was performed on RNA extracted from BMDM stimulated
with LPS and treated with 1.5mM vesicle formulations NISV and liposomes, and the relevant controls, unstimulatedahidSig@donges alone. PCA analysis was performed
using 8MICA 16.
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Figure 4.4.2 Volcano Plots showing the Significant Differences caused by Vesicle Treatrsemptomic analysis was performed on RNA extracted from BMDM stimulated
with LPS and treated with 1.5mM vesicle formulations NISV and liposoth#fse aglevant controls, unstimulated, NISV alone and liposomes alone. Significance determined

by Cuffdiff. (p<0.05).
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4.4.1 Effect of vesicle treatment on BMDM

To understand the differential effects of NISV and liposomes on macrophage tran-
scription OPLS-DA was used to identify the genes that contribute most to the differ-
ences between groups. Figure 4.4.3.A shows the OPLS-DA produced comparing the
control cells with both treatment controls. The top 25 most affected coding transcripts
and the function with which they associate are listed by their VIP order with fold
change and adjusted p value. Transcripts identified through the OPLS-DA were gen-
erally but not always found to be significantly different between at least 2 sample
groups. As expected, the changes liposomal treatment show compared to both un-
stimulated and NISV treated cells contribute most to the VIP. We show NISV affect 5
of this selection of genes significantly, two of which affect cell structure, one the in-
flammatory response, one cell cycle and the final gene affects calcium transport. Lip-
osomes treatment group compared to both the control and NISV group contribute the
bulk of significant changes shown, with 11 significant difference from the control and
13 from NISV. The difference liposomes caused to levels of transcription in unstimu-
lated cells are evident in physiological processes and cell structure, affecting 4 and 5
genes respectively, with the remaining two genes affecting inflammatory processes
and lysosome activity. Changes caused by NISV treatment were poorly characterised
by VIP so a Venn diagram was created comparing the significant differences NISV
and liposomes make to unstimulated control cells. Further evidence that liposomes
cause many changes in cellular function when compared to NISV is demonstrated in
Figure 4.4.4.A. While both vesicle treatments shared 2328 significant transcript

changes, NISV had 953 unique effects on cells, and liposomes had 5091.

To characterise the unique effects NISV have on transcription, we used the gene on-
tology software GOrilla to sort the genes into processes mostly affected in these 953
genes. One of the most highly affected groups found by GOrilla was antigen pro-
cessing and presentation. The genes from this list were then taken and a heat map of
Log?2 fold change was produced (Figure 4.4.4.B). We show that NISV exclusively af-
fect various components of major histocompatibility complex | & Il processing and
production. NISV treatment induced an upregulation of both MHC class | and class Il
via the upregulation of Tap transporter, proteasome cathepsin and MHC genes. Lip-
osomes largely downregulated both MHC class | and I, inducing downregulation of
MHC, cathepsin and proteasome genes but upregulating the Tap transporter genes.
Further analysis of NISV effects on unstimulated cells was performed using GOirilla,

wher e @degpbneedvsms identified as the most affected groups. Due to the large
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amount of significant changesssenresppnasebdpt:
intothree gr oups, 6l mmune Effectorso, 6Cel l ul ar
(Figure 4.4.5). In unstimulated BMDMs NISV induced upregulation of all genes in-

cluded in the immune effector group, which included chemokines, cell surface recep-

tors, interleukins and members of the TNF superfamily. In cellular signalling, we see

some variation in effect in caspase and TLR expression but otherwise wholly positive

regulation by NISV, notably including NLRP3, MyD88 and NF-aB subunits. In struc-

ture and transport, we also see an exclusive upregulation of the genes identified by

GOirilla including Gbps, which are induced by interferons.

Due to findings by Woods et al (2020) indicating differential modes of uptake of NISV
in different cell types, genes related to vesicular uptake were measured and compared
(Woods et al., 2020). Genes related to clathrin and dynamin mediated uptake as well
as sorting endosomal uptake were investigated (Figure 4.4.6). NISV had no effect on
the clathrin genes but did regulate associated genes, Ap2a2 was downregulated and
Ap2bl upregulated. Dynamin related genes were unaffected by both NISV and lipo-
somes. Two Golgi genes were upregulated by NISV, Golga4 and Golgbl. Sorting
nexins were differentially affected by both NISV and liposome treatment. NISV upreg-
ulated 4 of these genes (Snx10, 19, 20 and 27) and downregulated 8 (Snx2, 5, 8, 13,
24, 29, 30 and 32), and liposomes upregulated 5 (Snx6, 15, 20, 21, and 33) and
downregulated 16 genes (Snx1, 2, 3, 5, 7, 8, 9, 13, 14, 17, 24, 25, 27, 29, 30, and
32).
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Figure 4.4.3 Vesicle Formulations Induceft8igm Changes in BMDNIranscriptomic analysis was performed on RNA extracted from BMDM stimulated with LPS and treated

with 1.5mM vesicle formulations NISV and liposomes, and the relevant controls, unstimulated, NISV alone and lipos@Pésatoael VIP analysis performed using

SIMCA 16. Significance determined by Cuffdiff. (p<@h@i&Jenoted by orange colouring
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Figure 4.4.4 NISV show significant effects on MHCII Expression not seen in Liposome Treatoeptomic analysis wasrformed on RNA extracted from BMDM stimulated
with LPS and treated with 1.5mM vesicle formulations NISV and liposomes, and the relevant controls, unstimulated, aNtSipatmmees alone. Venn diagram produced
using VENNY 2.1 shows significant diffees caused in unstimulated cells by NISV and liposomes in BMDM. Using Gorilla setaésdligénes were identified as exclusively
affected by NISV treatment. This was expanded upon and a heat map including genes related to MHC class | & Il W&3. gpsuio&jl
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Figure 4.4.5 NISV Effects on Defence Response show Adjuvant Cafabilisiesptomic analysis was
performed on RNA extracted from BMDM stimulated with LPS and treated with 1.5mMoresidée f

tions NISV and liposomes, and the relevant controls, unstimulated, NISV alone and liposomes alone. GO-
rilla identified defence response as the most affected group by NISV in unstimulated cells, which were
further separated into the group above; A sedmmune Effectors, B shows Cellular Signalling and C

shows Structure and Transport. Heat maps were produced using Prism 8. (p<0.05).
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Figure 4.4.6 Vesicle Treatments Effects on VesMaltinted Uptake genesranscriptomianalysis was
performed on RNA extracted from BMDM treated with 1.5mM vesicle formulations of NISV and lipo-
somes and unstimulated controls. Heat map produced using Prism 8 shows genes significantly altered

by NISV and liposomes that are associated to Vasigqutakes. (p<0.05).
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4.5 Analysis of NISV and Liposomes Immunomodulatory Effects on the
Transcriptome of LPS-Stimulated BMDM

Following the analysis of the transcriptome of unstimulated cells treated with NISV
and liposomes, a look into various immune processes affected by LPS-stimulation

and the effects of vesicle treatment on them was performed.

Volcano plots were used to analyse the total changes cause by NISV and liposomes
in LPS-stimulated cells. The similarity between the LPS and NISV + LPS found in
Figure 4.4.1 is further emphasised showing only 626 significant differences (figure
4.5.1A). Liposome treatment of LPS-stimulated cells on the other hand demonstrated
many more differences (8304 significant changes) in transcription compared with
those seen with NISV (figure 4.5.1B).

Due to the samples of LPS and NISV + LPS not forming separate groups in the PCA
the use of OPLS-DA and VIP to compare the groups was not appropriate. In order to
correctly compare the differences between these groups GOrilla was again used. Us-
ing the list of genes ranked by smallest log2 fold change to largest, the genes were

sorted into the most affected groups. The mo
fense response to virusao, 0 p oel surfacewexeptore gul at i
signalling pathwayo, al | of which are within

This data identified NISV as having a negat
BMDM (which includes LPS-induced signalling) and will be covered later in the chap-

ter due to many of the included genes being covered in the following figures. To iden-

tify the positive effects NISV have on BMDM stimulated with LPS this data was reor-

dered from highest log2 fold change to lowest and re-entered into GOrilla. This iden-

tified 6écatabolic processesd and 6écellular |
6Cellul ar |l ocalisationdé shows a predominant
cess, as expected, as well as some genes which are downregulated (Figure 4.5.2).

Of interest is the contradiction between some groups of genes involved in this process

such as the up and downregulation of different ATP-binding cassette genes,

DENN/MADD genes and low density lipoprotein related genes.

While OPLS-DA and VIP were not useful for analysis of the differences between the
LPS and NISV + LPS groups, the clear separation of LPS and Liposomes + LPS
ensured that OPLS-DA could be carried out and the VIP would produce meaningful
results. The OPLS-DA, Figure 4.5.3.A, demonstrated the clear separation between

groups and allowed us to produce the VIP, Figure 4.5.3.B, showing the most affected

85



genes by liposomal treatment in LPS stimulated cells. We show that most of the sig-
nificantly affected genes relate to immune response or membrane and cytoskeletal
function. Those related to the immune response all showed downregulation by lipo-
somes, in contradiction to our previous findings, other than the chemokine CXCL2.
Similarly, membrane and cytoskeletal function is affected negatively by liposomal
treatment, reducing expression of cell structure effectors and components, actin beta,
myosin-8 and collagenase 3, as well as endocytosis and exocytosis related genes
which express, PDZ domain-containing protein 4 and synaptotagamin-7.

Finally, to identify the effects NISV exclusively hold over liposomes in LPS stimulated

cells another Venn diagram was produced (Figure 4.5.4.A). From the Venn diagram,

the genes significantly affected only by NISV were taken and analysed using GOirilla,

whichi denti fied the O6épositive regulation of cy
process by these 124 genes (Figure 4.5.4.B).
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Figure4.5.1 Volcano Plots showing the Significant Differences found by Treatifirh#&ted BMDNvith NISV and Liposomé&sanscriptomic analysis was performed on RNA
extracted from BMDM stimulated with LPS and treated with 1.5mM vesicle formulations NISV and liposomes, and the redés;amstontlated, NISV alone and lipo-
somes alone. Signéiet difference determined by Cuffdiff. (p<0.05).
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Figure 4.5.2 NISV Significantly Alter Genes related to Cellular Localisatieotiptomic analysis was
performed on RNA extracted from BMDM stimulated with LPS and treateldSmitk vesicle formula-

tions NISV and liposomes, and the relevant controls, unstimulated, NISV alone and liposomes alone. Heat
map produced using Prism 8 shows genes significantly altered by NISV in a group identified by GOrilla

as cellular localisation. (p<05).
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Figure 4.8 Liposomes Primarily induce changes to Cell Surface and Strhctaseriptomic analysis was performed on RNA extracted from BMDM stimulated with LPS and

treated with 1.5mM vesicle formulations NISV andtipwes, and the relevant controls, unstimulated, NISV alone and liposomes aloi®A @RLYIP analysis performed

89



NISV Liposomes

Cd14

Cx3cl1

F3

IMa

1Mb

I112a
Nr4a3

Serpine1

log2 Fold Change

Figure 4.5.4 Unique and common genes &eteby NISV and liposomes in LPS stimulated BMBiscriptomic analysis was performed on RNA extracted from BMDM stimu-
lated with LPS and treated with 1.5mM vesicle formulations NISV and liposomes, and the relevant controls, unstimutdbee, NigN§osomes alone. Venn diagram
produced using VENNY 2.1 shows significant differences cause by Mifvul&#8d BMDM. Heat map produced using Prism 8 shows genes significantly altered by NISV
exclusively in a group identified by GOrilla as positive mgtpfdduction. (p<0.05).
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We looked at the effects NISV exert on the genes for the cytokines measured by bead
array. NISV had downregulatory effects on almost all of the genes related to the bead
array cytokines, with significant downregulation of all genes other than those encoding
CCL17, IL-18, IL-23 and TGF-b1 (Figure 4.5.5). When compared with the results of
the actual bead array, shown on Figure 3.6.2, the gene expressions do not match up
perfectly, with opposing results seen in ll1b and 1110 gene expression and the cyto-
kines IL-1b and IL-10. As observed in the bead array analysis liposomes have a more
variable effect on the expression of these cytokines, inducing a significant upregula-
tion of Cxcl1, 1123a, Tgfbl and Tnf and downregulation of Ccl22, Csf3, 116, IL12b and
[118. Again, these results do not match perfectly with those observed using the bead
array. On Figure 3.6.3, we see that CCL22, CXCL1, IL-6 and IL-18 levels are not
significantly affected by liposome treatment as the gene expression is on figure 4.5.1,

IL-16 and Tgf-b1 also show opposing effects between these two figures.
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Figure 4.5.5 NISV negatively regulated genes involved in Cytometric Beald#rsayiptomic analysis

was performed oRNA extracted from BMDM stimulated with LPS and treated with 1.5mM vesicle for-
mulations NISV and liposomes, and the relevant controls, unstimulated, NISV alone and liposomes alone.
Heat maps were produced using Prism 8, demonstrating the effects & tresithents on genes re-

lated to the cytometric bead array in ERighulated BMDM?* indicates significant chang@<0.05).
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4.5.1 NISV Downregulate LPS Binding and Signal Transduction

This analysis leads to further investigation of the systems within the cell that respond
to LPS stimulation and the effects NISV have on those systems. The genes of the
TLR4 receptor cascade are shown on Figure 4.5.6. heat map show NISV and lipo-
somes effects on transcription of LPS-stimulated BMDM on the diagram. NISV were
found to significantly downregulate Cd14 and Map3k7 (TAK1) and significantly upreg-
ulate Ticaml (TRIF), following LPS stimulation. In signal transduction we see no sig-
nificant effects in the Map3 kinase cascade, the IKK complex or TRAF-3 signalling.
Significant changes are shown in transcription factors expression, NF-oB and AP-1,
we show significant downregulation of NF-aB subunits 1, 2 and Rel, as well as non-
significant downregulation of all other NF-aB subunits. AP-1 subunits Jun and FoslI2
are significantly altered by NISV treatment, with Jun being upregulated and Fosl2
downregulated significantly, the expression of other subunits of AP-1 undergo similar
variation in expression but not significantly. We show Liposomes effects on TLR4 sig-
nalling, on receptor interaction downregulation of TLR4, MyD88, TAB1 and TAK1 ex-
pression and upregulation of IRAK1 and TRAF6 expression is shown. Within the
MyD88 signalling cascades, we see no significant effect on the IKK complex but var-
iable changes in the MAP3 kinase cascade, we show that Mapk3 (ERK1), Mapk8
(INK) and Mapk14 (p38) are all upregulated and Map2kl (MEK1), Map2k4 (MKK4)
and Mapk11 (p38b) are downregulated significantly. In the MyD88 affected transcrip-
tion factors, NF-aB show predominantly significant upregulation of its subunits with
the exception of Relb, which is significantly downregulated, and Nfkb1. AP-1 6 s s ubu -
nits have more variation in expression with four, Jun, Junb, Jund and Fosl1, genes
being significantly upregulated and two, Fos and FoslI2, being significantly downreg-
ulated. In TRIF signalling all genes in the pathway are significantly altered by lipo-
somes presence. TRIF expression itself is significantly upregulated but other receptor
related proteins, IKKE and TANK building kinase 1, are significantly downregulated.
Following the signalling, we show that TRAF-3 and IRF3 are significantly upregulated

and IRF7 is significantly downregulated.
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Figure4.5.6 NISV Significantly altersNB-Expressiof.ranscriptomic analysis was performed on RNA
extracted from BMDM stimulated with LPS and treated with 1.5mM vesicle formulations NISV and lipo-
somes, and the relevant controls, unstimulated, NISV alongasdmes alone. Heat maps show gene
expression involved in LPS signal transduction as they are altered by NISV and liposome treatment in

LPSstimulated cells. Heat maps were made using Prigrim8icates significant change. (p<0.05).
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4.5.2 Downstream Effects of NISV LPS Dampening
4.5.2.1 LP$duced signalling

Seeing the important effects NISV and liposomes have on TLR signalling and partic-
ularly NF-aB transcription, investigation of various chemokines, cytokines and recep-
tor expressions was performed to explore the downstream effects of the changes
made to TLR4 signalling. Firstly, we investigated the effects on chemokines (Figure
4.5.7). NISV and liposomes were found to affect the expression of chemokines and
their receptor subfamilies: CC, CXC, CX3C and XC. Liposomes caused more signifi-
cant changes than NISV and these changes were more extreme with a Log2 fold
change range of -6.78 to 1.25, whereas NISV-induced affects in chemokine expres-
sion fell between -0.94 and 0.72. All but one of NISV-induced significant changes
were downregulatory. NISV downregulated LPS-induced chemokine expression ra-
ther than receptor expression. NISV did significantly upregulate CCR4 transcription
in LPS stimulated BMDMs. Liposomes were found to significantly downregulate the
expression of 23 chemokines and receptors and significantly upregulate the expres-

sion of 4 genes.

4.5.2.2 LP$duced cytokine and associated receptors and proteins

NISV and liposome effects on LPS-induced interleukin expression are shown on Fig-
ure 4.5.8. Liposomes have a great effect on gene expression, when compared to
NISV. We see ranges of Log2 fold change from -1.98 to 0.76 with NISV and -4.18 to
1.36 with liposomes. Notably, the genes which NISV significantly downregulated, in-
cluded IL-1a, IL-1b, IL-6, IL-10, and IL-12, which are typically upregulated in inflam-
matory diseases. Liposomes, once again, show significant effects on a greater
breadth of transcripts in LPS-stimulated BMDMs than NISV. Liposomes affected ex-
pression of almost all interleukin transcripts, showing both upregulation (IL1bos, 11176,
119, 111r, drn, 114, 114i1, 116, 1171, [112b, 1115ra, 1118, 1118bp, 1123r and 1127) and down-
regulation (I11r2, lI6st, 117, 1110, 1116 and 1117r) of specific transcripts.
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Figure 4.5.7 Chemokines Downregulated by Vesicle Treatimamtscriptomic analysis was performed

on RNA extracted from BMDM stimulated with LPS and treated with 1.5mM vesicle formulations NISV
and liposomes, and the relevant controls, unstimulated, d8% and liposomes alone. Shown are the
effects of NISV and liposomes on the genes responsible for chemokine productiestinmlafs

BMDM. Heat maps were made using Prismil@dicates significant change. (p<0.05).
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Figure 4.5.8 Vesicle Treatments Differentially alter Interleukin Expré@saimcriptomic analysis was
performed on RNA extracted from BMDM stimulated with LPS and treated with 1.5mM vesicle formula-
tions NISV and liposomes, and the relevant controlimutated, NISV alone and liposomes alone.
Shown are the effects of NISV and liposomes on the genes responsible for interleukin produetion in LPS

stimulated BMDM. Heat maps were made using Prignn8icates significant change. (p<0.05).
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NISV and liposomes were found to affect LPS-induced expression of TNF-Uand re-
lated genes. These were analysed and shown in Figure 4.5.9. NISV were found to
significantly downregulate LPS-induced genes of this family, including Tnf (TNF-U),
TNF induced protein expression of Tnfaip2 and Tnfaip3 and superfamily members
Tnfsf4, Tnfsf9 and Tnfsfl5. Liposomes were mostly pro-inflammatory and upregulated

14 genes of the TNF superfamily and downregulated of 7 genes.

The effect of NISV on other cytokines including growth factors, differentiation effectors
and co-stimulatory molecules are shown in Figure 4.5.10. NISV had minimal effects
on this group of immune effectors in LPS-stimulated BMDMs and of these, only sig-
nificantly downregulated CD80 and G-CSF (Csf3) expression. Liposomes demon-
strated broad effects in transcription of these genes in LPS-stimulated BMDMs where
they significantly altered all but two of the measured genes. Specifically, liposomes
downregulated G-CSF and its receptor, interferon-o receptor 2 and TGF-b induced
protein (Tgfbi), but upregulated CD80, M-CSF (Csfl), GM-CSF (Csf2), the interferon-
o receptor 1, TGF-b1 and its receptor, TGF-b3 and TGF-b2 receptor.

The effect NISV and liposomes on toll-like receptors and cell selected surface mark-
ers of LPS-stimulated BMDMs are shown in Figure 4.5.11. NISV significantly down-
regulated TLR2 and upregulated TLR13. Liposome significantly downregulated 9 of
the 11 TLR genes detected by transcriptomics.
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Figure 4.5.9 TNF Expression affeceghtively by NISVranscriptomic analysis was performed on RNA
extracted from BMDM stimulated with LPS and treated with 1.5mM vesicle formulations NISV and lipo-
somes, and the relevant controls, unstimulated, NISV alone and liposomes alone. Showffectsthe e

of NISV and liposomes on the genes responsible fdr diNFits superfamily production in ER#nu-

lated BMDM. Heat maps were made using PrishirBlicates significant change. (p<0.05).
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Figure 4.5.10 NISV ahigposomes differentially affect Costimulatory Molecules and Differentiation Fac-

tors. Transcriptomic analysis was performed on RNA extracted from BMDM stimulated with LPS and
treated with 1.5mM vesicle formulations NISV and liposomes, and the relevaolscamstimulated,

NISV alone and liposomes alone. Shown are the effects of NISV and liposomes on the genes responsible
for costimulatory molecule and differentiation factor production indtiP&ilated BMDM. Heat maps

were made using Prism*8indicatessignificant change. (p<0.05).
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Figure 4.5.11 TLR Expression Significantly Downregulated by Lipdsansesiptomic analysis was per-

formed on RNA extracted from BMDM stimulated with LPS and treated with 1.5mM vesicleiéorsnulat

NISV and liposomes, and the relevant controls, unstimulated, NISV alone and liposomes alone. Shown
are the effects of NISV and liposomes on the genes responsiblelilae telteptor production in LPS

stimulated BMDM. Heat maps were made using RBignmdicates significant change. (p<0.05).
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The effect of NISV on the 6édefense responsedc
widely covered in the previous figures but the genes that were not discussed are

shown in figure 4. 5 waisidentfiedDas thegnospeof trarsEimo ns e 6
most downregulated by NISV treatment of LPS stimulated BMDMSs. This is consistent

with the expected anti-inflammatory effects of NISV on the LPS-mediated response

(and this analysed in the targeted analysis section). However, additional genes in this

broad definition were affected by NISV treatment outside of those associated with the
LPS-mediated response (Figure 4.5.12). Notably, NISV were found to downregulate

NOD and Notch signalling and NLRP3 a component of the inflammasome. NISV also

upregulated LPS induced CD180.

This targeted analysis of the immune response gave useful information on wider ef-
fects of NISV on the immune system as well as expanding our knowledge of the many
effects of liposomes on the transcriptome.
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Figure 4.5.12 LPS Response Significantly Downregulated By &iSadfiptomic analysis was performed

on RNA extracted from BMDM stimulated with LPS and treated with 1.5mM vesicle formulations NISV

and liposomes, arttie relevant controls, unstimulated, NISV alone and liposomes alone. Heat map pro-

duced using Prism 8 shows genes significantly altered by NIStimuR&d BMDM, in a group iden-

tified by GOirilla as defence response. (p<0.05).
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4.6 NISV affect Sphingosine-1-Phosphate Transcription

Prior to this chapter, in Chapters 3 & 4, NISV have been postulated to effect sphingo-
sine-1-phosphate-related functions due to the structural similarity of MPG with S1P.
Using transcriptomics we had the opportunity to delve further into this hypothesis and

either support or refute this hypothesis.

With transcriptomic analysis, the effects of NISV on various genes related to sphin-
gosine production and function were examined. In figure 4.7.1, we have previously
shown NISV significantly affect Sgpll expression in LPS stimulated cells and wanted
to further analyse transcripts related to sphingosine production. NISV caused notable
changes in S1P metabolism in unstimulated cells including upregulation of Cers6,
Psap and S1pr2 downregulation of Cers4, S1prl and Sgppl. NISV increased levels
of Psap and S1pr2 and decreased levels of Cers6 transcripts in LPS-stimulated cells
(Figure 4.6.1).

104



Cers2=
Cers4= * 1
Cers5+
Cers6= *
Degsl=
Degs2+

*

Slprl= *

Slpr2= * *
Slpr4d
SgpplH *
Sphkl-
Sphk2+ -1
Sphkap =
Spnsl=

Sptlc2=

|| | |
Control LPS
Cells Stimulated
Cells

Figure 4.6.1 NISV Significantly alter Expression rele@gthilegosine Productiofranscriptomic analysis

was performed on RNA extracted from BMDM stimulated with LPS and treated with 1.5mM vesicle for-
mulations NISV and liposomes, and the relevant controls, unstimulated, NISV alone and liposomes alone.
Heat mapsproduced using Prism 8, showing genes related to sphingosine production as they are af-
fected by NISV treatment in unstimulated cells anestifd8lated cells. * indicates significant change.

(p<0.05).
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4.7. Discussion

The studies described in this chapter have used transcriptomic analyses to expand
upon the effects of NISV on resting BMDMs and BMDMs stimulated with LPS. These
data provide mechanistic insight into how NISV mediate anti-inflammatory effects on

BMDM, but paradoxically can also function as an adjuvant.

4.7.1 Insight into how NISV mediate their anti-inflammatory effects

Initial studies confirmed the anti-inflammatory effects of NISV on LPS-stimulated
BMDM through comparison of the gene products analysed in the cytometric bead
array results. NISV were confirmed to downregulate the transcripts for Ccl22, Csf1,
116, l112a and 1112b, all of which products were noted to be downregulated in the cy-
tometric bead array. Transcripts for 1118, 1123a and Tgfb1 and their products were not
altered by NISV treatment. However, transcripts for IL-1b were downregulated, alt-
hough the gene product was noted to be upregulated in the cytometric bead array
analysis. This phenomenon is likely caused by two factors, the first being the transient
nature of RNA and its post-transcription fate, the second being the accumulation of
cytokines is not accounted for by the snapshot of cellular expression transcriptomics
gives. The combination of these datasets demonstrate the advantages and limitations
of a transcriptomic investigation. While transcripts are a good indication of protein
production, biological testing must be performed to measure gene products in order

to confirm hypotheses derived from the transcriptomic datasets.

The use of LPS as a stimulant in this study allowed a focused analysis into signalling
events in response to TLR4 activation of BMDM and subsequent down-stream
events. While NISV were found to generally downregulate transcripts for TLR4 medi-
ated MyD88 dependent signalling, liposomes were found to upregulate many tran-
scripts involved in this pathway. NISV also reduced CD14 significantly, which could
have a negative effect on LPS recognition and so reduce the cells reaction to this
stimulant (Tsukamoto et al, 2010; Wright et al, 1990; Zanoni & Granucci, 2013). Fur-
ther down-stream in this signalling cascade, NISV downregulated transcripts for Fosl|2
a critical component of the AP-1 transcription factor. Furthermore there is clear down-
regulation of transcripts for many NF-aB subunits in LPS-stimulated BMDM. Together
these effects should have profound anti-inflammatory consequences as these tran-
scription factors regulate the expression of many pro-inflammatory systems (Gilmore,
1999; Perkins, 2007). Notably, a reduction in NLRP3 transcript levels was observed

following treatment of LPS-stimulated BMDM with NISV. Liposomes have a wide-
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ranging effect on this pathway, while they downregulated TLR4 and MyD88 tran-
scripts, they upregulated MAP3K signalling showing an increase in end products
ERK1, JNK and p38 as well as an overall upregulation of AP-landNF-e B subunits.
Increased levels of these transcription factors would be predicted to induce rather
than ameliorate inflammation. The TRIF signalling cascade, while unaffected by
NISV, was affected variably by liposomes showing eventual upregulation of tran-
scripts for the IRF3, but downregulation of IRF7 transcription factors. Overall lipo-
somes upregulate many aspects of TLR4 signalling inducing a pro-inflammatory re-
sponse. This is broadly consistent with the ability of liposomes to upregulate the pro-
duction of many LPS-induced cytokines including IL-10, IL-12and TNF-U as seen i n

the cytometric bead array.

Further analysis of various immune effectors encompassing both chemokines and
cytokines supports the hypothesis that NISV mediates their effects through modula-

tion of NF-a B a n-d traAsBription factors. In NISV-treated, LPS-stimulated BMDM

all significantly affected genes are downregulated other than CXCR4. Transcripts for

the macrophage chemoattractant, CCL3 (MIP-1 U) CCld)( MICXCL 2, CXCL
and CX3CL1, are all significantly downregulated. This would indicate a potential neg-

ative effect on macrophage recruitment caused by NISV treatment (Cocchi et al.,

1987; Smith, Galkina, Ley, & Huo, 2005). Other downregulated chemokine transcripts

are related to leukocyte (CCL22), T Cell (CCL24) and neutrophil (CXCL1) attraction

and so NISV also show the potential to reduce recruitment of these immune cells and

by proxy the immune response (Nakayama et al., 2004; Patel et al., 1997). The vast
majority of the chemokines affected are known to be regulated by NF-e B ( CCL 3,
CCL4, CCL22, CXCL1, CXCL3 and CX3CL1) and/or AP-1 (CXCL9) and thus further
supports the downstream effect of NISV downregulation of NF-a B a n-d sighd-

ling.

Liposomes predominantly downregulated chemokine expression in LPS-stimulated
BMDM, with the exception of CCL4 (MIP-1 b ) , CXCL1 CXCL2 and CXCI
upregulated chemokines are macrophage (CCL4 & CXCL2) and neutrophil chemoat-
tractants (CXCL1) and CXCR4 the receptor for CXCL12 (Blackwell et al, 2001; Wolpe
et al., 1989). The upregulation of some of these chemokines and their receptors is
consistent with the observation that liposomes increased NF-e B tr anscr-i pts i
stimulated BMDM. However, the reason for the downregulation of some chemokines

and receptors is not clear, but likely indicates at least some of liposome-mediated
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effects are outside TLR-4-induced signalling events. Ultimately, further studies that
carefully dissect signalling events will be necessary to confirm findings and explore

hypotheses generated from the transcriptomic dataset.

As previously mentioned, NISV significantly downregulated transcripts for NF-a B
pendent cytokines (Nfkbl, Nfkb2 and Rel) in LPS-stimulated BMDM. Liposomes
downregulated transcripts for pro-inflammatory interleukins IL-4, IL-6 and IL-12p40
and upregulated transcripts for IL-16 and the anti-inflammatory IL-10 in LPS-stimu-
lated BMDM. The effects on IL-10 and IL-12p40 were consistent with protein levels
measured in the cytometric bead array. However, IL-6 was upregulated by liposomes
in the bead array and ELISA. Importantly, TNF-U protein | evel s
LPS-stimulated BMDM treated with liposomes (consistent with transcript modulation).
However, TNF-a protein levels were unaffected in NISV treated LPS-stimulated
BMDM although a decrease in their transcripts was observed. These data demon-
strate that modulation of transcript levels is not always consistent with protein levels
and shows the importance of measuring actual cytokine production. As previously
stated, liposome effects on the transcription factors induced by TLR4 signalling were
inconsistent and this data on chemokines and interleukins strengthens the hypothesis
that liposome have effects outwith TLR4 signalling.

In keeping with the cytometric bead array results that demonstrated NISV induced a
significant decrease of G-CSF, transcripts for its gene Csf3 were downregulated in
NISV-treated, LPS-stimulated cells. G-CSF is important in the production of granulo-
cytes and the proliferation and differentiation of neutrophils, consequently a reduction
of this cytokine would inhibit these effects reducing the inflammatory capabilities of
granulocytes and neutrophils (Roberts., 2005). In comparison to the bead arrays re-
sults, liposomes effects on transcription of growth factors does not line up with actual
protein production. Liposomes downregulated Csf3 transcripts, but upregulated its
gene product G-CSF in the cytometric bead array in LPS-stimulated BMDM. Lipo-
somes also upregulated of Tgfbl transcripts but downregulated TGF-b 1  pr ot
duction in LPS-stimulated BMDM. This again emphasises the importance of confirm-
ing transcriptomics results by protein measurement. The transcripts of these growth
and differentiation mediators indicate a mixture of pro and anti-inflammatory effects
caused by liposomes the consequences of which cannot be deduced without further

experimentation.
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In TLR transcription, NISV were found to downregulated TLR2 only, which is regulated
by NF-a BJohnson & Tapping, 2007). This effect would reduce the response to Gram-
positive organisms adding to the effects found in TLR4 signalling.

In chapter 3 liposomes were shown to significantly increase BMDM cytokine produc-
tion stimulated by LPS or Polyl:C, but paradoxically transcripts levels of all TLRs, with
the exceptions of TLR2 and 5, were reduced by liposome treatment. Discrepancies
like these are likely a shortcoming of the transient nature of RNA which is often meas-
ured at a single time point. A solution to this and many problems of transcriptomics
would be to perform a time series and collate the results, giving a better picture of the

physical phenotype the cells take.

4.7.2 Insight into how NISV Function as Adjuvants

Evidence indicating NISV modify the immune status of unstimulated BMDM was iden-
tified using GOrilla. This analysis highlighted immune-stimulatory effects of NISV in
unstimulated cells. GOrilla almost exclusively identified immune related groupings,
with defence response encompassing the majority of groups. The effects of NISV on
defence response in unstimulated cells were stimulatory, in direct opposition to their
previously discussed anti-inflammatory effects. However, the specific nature of the
effects and their magnitude were distinct and less profound than noted in LPS-stimu-
lated BMDM. For example, upregulation of MHC class | (proteasome, cathepsins,
TAP transporters) and class Il (subunit, activator) related genes showed NISV pro-
inflammatory effects were noted in NISV treated BMDM. In direct contrast to their
effects on LPS-stimulated cells, NISV induced an upregulation of NF-aB subunit tran-
scripts as well as many inflammatory mediators governed by this transcription factor
including IL-1U, IL-16 and TNF-U genes as well as the genes of many chemokines.
The costimulatory molecule, CD40, was also found to be upregulated in unstimulated
cells treated with NISV. Overall these effects provide evidence supporting previous
studies that have used NISV as vaccine adjuvants, despite their apparent anti-inflam-
matory effects within LPS-stimulated cells (Brewer & Alexander, 1992; Hassan et al,
1996).

NISV induced significant changes in Golgi and sorting nexin transcripts, indicating
uptake could be controlled by sorting endosomes and Golgi trafficking but confirma-

tion would require further experimentation.
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4.7.3 NISV Effects on Sphingosine Transcription

Finally, as previous results have led to the hypothesis that NISV exert their anti-in-
flammatory effects through interfering with sphingosine-1-phosphate synthesis, sig-
nalling and/or transport, we investigated levels of transcript for the genes involved.
Specifically, we wish to explore the hypotheses that: (i) MPG is an antagonist of the
S1P receptors, or (ii) MPG is a sphingosine kinase inhibitor or subversive substrate.
In unstimulated conditions, NISV upregulated Cers6 transcripts but downregulated
Cers4 ceramide synthases, but had no obvious effect on Cers2 and Cers5, making it
difficult to draw any immediate conclusion of the likely consequences. NISV also af-
fected transcript levels of sphingosine-1-phosphate receptors, with upregulation of
S1PR2 transcripts, which is involved in macrophage and dendritic cell activation and
downregulation of S1PR1 transcripts which is involved in immune trafficking in mac-
rophages. These results are largely consistent with the adjuvant properties of NISV.
NISV also downregulated transcripts for sphingosine-1-phosphate phosphatase
(Sgppl) which is involved in S1P degradation. This would result in maintenance of
S1P levels. Prosaposin (Psap) transcripts were raised in NISV treated BMDM (irre-
spective of whether they were stimulated with LPS or not). This is a pro-enzyme which
is cleaved into saposins, enzymes related to lysozyme function where they catabolise
glycosphingolipids (Morimoto et al, 1990). This protein has been hypothesised to se-
quester lipids and make them more accessible for degradation. Due to the structural
similarity of MPG with sphingosine, a likely function of these increased levels of
saposins would be the sequestering of MPG for eventual degradation (Ponting, 1994).
Also in LPS-stimulated cells we see downregulation of Cer6 (ceramide synthase 6)
indicating a possible reduction in certain types of ceramide synthesis (Lahiri et al.,
2007). As in unstimulated cells, NISV induced upregulation in S1pr2 transcripts. This
gene encodes the receptor S1IPR2 which, when phosphorylated, activates a cascade
culminating in NF-aB inducing a pro-inflammatory response. Its upregulation is con-
tradictory to our previous finding where NF-aB expression was downregulated follow-
ing NISV treatment of LPS stimulated BMDM. This might support the hypothesis that
MPG is an antagonist of the S1P receptors, rather than a sphingosine kinase inhibitor
or subversive substrate. These results remain inconclusive neither confirming NISV
involvement in S1P synthesis, signalling and/or transport nor ruling it out. Future func-

tional studies will be required to further explore these hypotheses remains.
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4.7.4 In Conclusion

Overall, these studies further support the data presented in chapter 3 that demon-
strates the anti-inflammatory effects of NISV are not a general property of all vesicular
systems. Moreover, the data illustrate that NISV have profound effects on TLR4-me-
diated signalling events culminating in downregulation of NF-kB and AP-1 transcripts
and subsequent gene products. Although liposomes do not share these properties,
they do have multifarious effects on cell transcription and immune mediators. The
data also provide mechanistic insight into how NISV can function as an adjuvant de-
spite their anti-inflammatory effects in LPS stimulated cells. Notably they upregulate
transcripts for MHC 1and 2 processing, the CD40 costimulatory molecule and NF-a B
as well as a number of down-stream cytokines important in the development of adap-
tive immunity. Confirmatory studies will be necessary to substantiate and further

mechanistically dissect the hypotheses formed from this transcriptomic data.
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5. NISV Effects on Cellular Metabolism

5.1 Abstract

Recent studies have demonstrated that LPS stimulation of macrophages not only in-
duces pro-inflammatory cytokine production, but also induces metabolic changes.
Some of these changes in metabolism, notably increased glycolysis and reduced ox-
idative phosphorylation are believed to facilitate the metabolic demands of the im-
mune response including cytokine production, but others including changes to argi-
nine and tryptophan metabolism are known to have direct immunological functions.
In the following studies the effects of NISV consisting of MPG, DCP and cholesterol
on BMDM and LPS-stimulated BMDM are examined. NISV had no profound effect on
the energy metabolism of BMDM, but induced production of itaconate, creatine and
taurine. Importantly, itaconate can have anti-inflammatory effects. In LPS-stimulated
macrophages, NISV increased the rate of glycolysis as determined by a reduction in
the intermediate glyceraldehyde-3-phosphate, and an increase in pyruvate and lac-
tate. Commensurate with these observations increases in transcripts for key glycoly-
sis-related enzymes were observed. NISV ameliorated LPS-induced production of
succinate and itaconate. NISV reduced LPS-induced argino-succinate and Nos2 tran-
script levels in BMDM. These studies demonstrate that NISV interfere with LPS-in-
duced changes to the metabolome of BMDM. Many of the observed effects of NISV
on LPS-stimulated BMDM have the potential to reduce inflammation. Whether these
effects mediate the anti-inflammatory actions of NISV or are merely a consequence

is not known.

5.2 Introduction

Previous chapters identified immunomodulatory effects of NISV on BMDM utilising a
combination of ELISAs, cytometric bead arrays and RNAseq methods. The following
studies were performed to characterise the effects of NISV on the metabolism of rest-
ing BMDM and LPS-stimulated BMDM. LPS stimulation of macrophages is known to

induce a number of changes to their metabolism, some of which are discussed below.

5.2.1 The Warburg Effect

The Warburg effect was first described by, its namesake, Otto Warburg in the 1920s
in tumour cells. In simple terms the Warburg effect is defined by high glucose uptake,
aerobic glycolysis and lactate secretion as well as reduced oxidative phosphorylation

(OXPHOS) (Warburg, 1925). The inflammatory profiles of immune cells has been
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studied since the discovery that in inflammatory situations, neutrophils depend on the
i War b ur g(Raekerf1872)t Similar observations have now been documented in
a number of other cell types including macrophages and dendritic cells (Hargrave et
al., 2019).

Aerobic glycolysis is relatively inefficient compared to OXPHOS in the generation of
ATP but, as it is accompanied with changes to the TCA cycle, it ultimately results in
increased production of a number of biosynthetic intermediates, which are essential
for cell proliferation, cytokine production and the inflammatory response (Krebs &
Johnson, 1980; Vander Heiden et al, 2009). In a pro-inflammatory M1 macrophage,
glycolysis provides substrates for the pentose phosphate pathway (PPP) and TCA
cycle (Viola et al., 2019). Glucose-6-phosphate is directed to the PPP where it is con-
verted to ribose-6-phosphate, which is used to reduce NADP* to NADPH this is then
used in the generation of reactive oxygen species (ROS). Glycolysis also provides
pyruvate for the TCA cycle, but in a pro-inflammatory reaction the TCA cycle is mod-
ified to produce and promote pro-inflammatory mediators.

The alterations to the TCA cycle disables its energy output instead producing three
mediators: citrate, itaconate and succinate. In the canonical TCA cycle citrate is se-
guentially converted through many forms, as shown on figure 5.2.1, producing energy
for cellular function and some intermediates for biosynthetic processes. However, in
activated M1 macrophages, where oxidative glycolysis is induced, and the TCA cycle
remodelled, citrate can be exported into the cytosol. In the cytosol citrate is essential
for three inflammatory response mechanisms, nitric oxide (NO), reactive oxygen spe-
cies (ROS) and prostaglandin E2 production. This is because citrate is required for
conversion into acetyl CoA, feeding prostaglandin synthesis, and oxaloacetate, feed-
ing NADPH production which is necessary for ROS and NO production (Infantino et
al, 2013). Cis-aconitate is converted into itaconate rather than isocitrate in M1 acti-
vated macrophage. Itaconate has a number of immune functions. During the pro-in-
flammatory response, itaconate is produced for its bactericidal effects against gram-
negative organisms as it has been shown to inhibit bacterial isocitrate lyase. Itaconate
has also been shown to have anti-inflammatory effects on macrophages (Berg,
Filatova, & Ivanovsky, 2002). Itaconate inhibits nuclear factor erythroid 2-related fac-
tor 2 (NRF2), through degradating of Kelch-like ECH-associated protein 1 (KEAP1)
which would normally signal NRF2 for degradation itself. In this way itaconate in-

creases NRF2 levels, which upon translocation to the nucleus induces transcription

113



of genes involved in protection against apoptosis and oxidative stress. Itaconate is
also an inhibitor of succinate dehydrogenase (SHD) which leads to accumulation of
succinate ( O6 Nei | | & A rHigh levels of succhd@elircrpases binding to
the succinate receptor SUCNR1, beginning a signalling cascade culminating in up-
regulation of IL-1b and maintaining the pro-inflammatory phenotype. Within the cell
succinate functions as a stabilizing element for hypoxia induced factor 1 alpha (HIF1U)
by inhibiting prolyl hydroxylases (PHD), this transcription factor regulates glycolytic
enzymes and pro-inflammatory mediators including; IL-16, IL-6 and TNF-U . HI
function supports glycolysis and promotes the inflammatory phenotype of the M1
macrophage (Tannahill et al., 2013).
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5.2.2 Amino Acid Metabolism & Inflammation

Inflammation is greatly affected by glycolysis and the TCA cycle, but these two path-
ways also provide precursors and have the potential to metabolise a number of amino
acids. Some of these amino acids or their metabolites sustain the inflammatory re-
sponse providing precursors or even regulate the immune response. Others are ma-

nipulated by the immune response to result in antimicrobial effects.

The amino acid glutamine is essential in the activated macrophage, sustaining the
alternate TCA cycl e funct i onDuetothesactidgtiésPoBA S s hu
citrate and cis-aconitate in M1 macrophages the TCA cycle is stunted and because
of this glutamine is funnelled into the TCA cycle via the GABA shunt. In this process,
glutamine is converted into glutamate, then 2-aminobutyric acid (GABA), succinic
semialdehyde and finally succinate. This allows succinate production despite the dys-
functional TCA cycle, meaning succinate can exert is pro-inflammatory mediation. In
M2 macrophages glutamine supplements normal TCA function being converted into
U-ketoglutarate. With this, U-ketoglutarate promotes prolyl hydroxylases (PHD) func-
tion inhibiting HIF1LUexpression, in direct opposition of succinates function in M1 mac-

rophages (Tannahill et al., 2013).

Nitric oxide production is controlled by the fate of arginine metabolism, which can be
directed in two ways depending on the immune response and can have direct effects
on macrophage polarisation. In pro-inflammatory M1 macrophages, arginine metab-
olism is directed into citrulline and NO production by iINOS, boosting the antimicrobial
abilities of the macrophage. NO also prevents M1 macrophages from repolarising into
the M2 phenotype by blocking OXPHOS (Van den Bossche et al., 2016). NO is pro-
duced when arginine is converted into citrulline by iINOS, but citrulline is then con-
verted into arginosuccinate which is broken down into arginine, forming the nitric oxide
cycle, allowing constant recycling of arginine and thus sustained NO production. M2
macrophages direct arginine to be converted into ornithine through the overexpres-
sion of arginase 1 (ARG1). Ornithine is then directed into polyamine synthesis, pro-
moting tissue repair and controlling cell growth (Viola et al., 2019). Notably, the avail-
ability of arginine has been shown to affect immune cell proliferation and the growth

of certain microbes such as Toxoplasma gondii (Werner et al., 2017).

Metabolism of tryptophan can deprive auxotrophic microbes of this essential amino
acid and has been reported to limit T cell proliferation in some circumstances (Edinger

& Thompson, 2002). Furthermore, metabolism can also dampen the pro-inflammatory
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response by upregulating kynurenine production. Indoleamine 2,3-dioxygenase (IDO)

converts tryptophan into kynurenine and in macrophages IDO overexpression is in-

duced by pro-inflammatory mediators such as IFN-o2 and TNF-U . Kynurenine ac
an anti-inflammatory regulator of T cells and dendritic cells (DCs) by acting upon the

aryl hydrocarbon receptor (AHR) (Opitz et al., 2011). In Trq4 cells AHR is responsible

for the downregulation of pro-i nf | ammat ory transcription f act
tion of the anti-inflammatory cytokine, IL-10. In the pro-inflammatory Ty17 cells AHR

induces the differentiation of the cell into the immune supressing Treg cells. DCs too

undergo an inflammatory transformation, with ARH down-regulating cytokines, IL-6

and IL-12, as well as the receptors, CD40 and MHC class Il (Opitz et al., 2011,

Rothhammer & Quintana, 2019).

5.2.3 The Effects of Metabolism in Disease
With the complexity of immunometabolism, its dysfunction can lead to major illness
and infectious agents and cancerous cells can further exacerbate this dysfunction.

In cancers, tumour associated macrophages (TAMs), M2d macrophages, which ex-
press a number of metabolites and cytokines which control the inflammatory environ-
ment in the associated area. To manipulate the metabolism of the local macrophage
population, TAMs overexpress and export IDO leading to upregulation of kynurenine
in the non-tumour associated macrophages which, in turn, causes the suppression of
T cell activation and imposing an anti-inflammatory profile on dendritic cells. Another
anti-inflammatory measure taken by TAMs, and bacterial agents, is the overexpres-
sion of ARGL1 (Zhou et al., 2020). This leads to the conversion of arginine into ornithine
and urea, as opposed to citrulline and NO, promoting further the anti-inflammatory
phenotype in the tumour-surrounding environment protecting the tumour from the im-

mune system.

The ability to control macrophage metabolism is useful in many ways. Understanding
the effect NISV have on these complex processes is important if they are to be further

developed into a therapeutic, but could also provide insight into their mechanisms.
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5.2.4 Aims & Hypothesis

The aims of this chapter are to investigate the effects of NISV comprised of MPG,
DCP and cholesterol on the metabolism of BMDMs and determine how NISV alter the
immunometabolomic changes induced by LPS in these cells. This will be achieved
through the use of LCMS to detect metabolites and cross-interrogation of the RNAseq
data obtained in the previous chapter to determine key enzyme transcript levels. Spe-

cifically, studies will:

i. Use atargeted approach to determine the effects of NISV on metabolic pro-
cesses known to be important in immunometabolism including, glycolysis and
the TCA cycle, arginine, tryptophan, and glutamine metabolism.

ii.  Use anon-targeted approach to identify unique effects of NISV on BMDM me-
tabolism and analyse their function within or external to the spectrum of the
immune system. This will be done utilising broad system analyses to identify
systems of interest. After which their metabolic pathways will be analysed.
This should potentially provide insight into the effects of NISV on novel aspects
of immunometabolism and effects they have other than those linked directly

to immunity.
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5.3 Metabolomics Analysis

Following confirmation inflammatory modulation was achieved in the samples
(through use of an ELISA for IL-6 and a cytometric bead array), metabolite extracts
were sent to Glasgow PolyOmics for LCMS/MS analysis. The raw data was processed
using Glasgow Polyomics PiMP pipeline. The samples metabolic profiles were then
compared using SIMCA 14.1. This analysis was performed to find if the samples were
significantly different and to find the metabolites which contribute most to their differ-

ences.

Principle component analysis (PCA) was performed, figure 5.3.1, and shows the var-
iation within and between the groups tested. Surprisingly the largest variation within
groups was in the control, which did not show close grouping in PCA. The unstimu-
lated groups with NISV treatment shows tight grouping, as did the LPS stimulated
group. NISV are most closely related to NISV+LPS. The LPS stimulated cells show a
distinct separation from all other groupings.

Following PCA of all groups, focussed comparisons between specific groups using
orthogonal partial least squares discriminant analysis (OPLS-DA) was carried out.
With this analysis distinct groups were found between the test groups LPS and
NISV+LPS and were able to identify the metabolites which contribute most to differ-
ences between these groups using a variable importance in projection (VIP) plot. The
OPLS-DA of LPS and NISV + LPS further demonstrates the separation between these
groups and from this OPSL-DA a VIP plot was produced showing the metabolites
contributing most to the difference between these groups (figure 5.3.2.A). The most
notable of the metabolites identified on the VIP table are involved in the TCA cycle
(itaconate), and arginase metabolism (glutamine, proline, arginine, ornithine). Other
important metabolites identified as contributors to the difference between LPS stimu-
lated cells and NISV treated stimulated cells are creatine, taurine, phenylalanine and
pyridoxine (vitamin B6). Following this global analysis of the metabolome, a more tar-

geted analysis was performed.
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Figure 5.3.1 Principle Component Analysis of Metabolic changes shows grouping based on Treatment but
not Stimulation.100,000 BMDM were plated per well in triplicate and were stimulated using 3pg/ml LPS

or left unstimulatedthese werehien treated with 1.5mM NISV. After 24 hours supernstaere re-

moved and cells werelgacted to metabolite extraction, metdties were then quantified by LCMS/MS.

The data was analysed using SIMCA and a PCA plot was produced.
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Figure 5.3.2 NISV Alter LPS Stimulated Macrophages Metah6lisé20 BMDM were plated per welkriplicate and were stimulated using 3pg/ml bP®ft unstimu-
lated, these werehien treated with 1.5mM NISV. After 24 hours supernatants were removed and cells were objected to metabolite extraatiites metabthen

quantified by LCMS/MS. Thetalwas analysed using SIMCA and an @RL& VIP plot were produced.
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5.4 Vesicle Treatment & the Warburg Effect

A targeted analysis on specific pathways related to the immune system was per-
formed. Glycolysis and the TCA cycle are essential to macrophage polarisation and
by extension the inflammatory profile of a macrophage. The effects of NISV on these
processes were analysed to find if NISV induce changes to the Warburg effect in LPS
stimulated cells and to investigate the changes cause in unstimulated cells. This anal-
ysis used metabolomics data in tandem with transcriptomics data to define the
changes treatments made to both the metabolites and the enzymes which catalyse
reactions in the pathways.

5.4.1 Glycolysis

The effects NISV on glycolysis are shown on figure 5.4.1, part A shows all the de-
tected metabolites and transcripts related to glycolysis and part B shows those that
were significantly affected by treatment with NISV. Levels of the metabolite D-glycer-
aldehyde 3-phosphate are significantly (p<0.05) upregulated in LPS stimulated
BMDM consistent with the ability of LPS to induce the Warburg effect. NISV and lipo-
somes had little effect on D-glyceraldehyde 3-phosphate levels administered to
BMDMs, but ameliorated LPS-induced levels reducing relative intensity from 520853
to 197948 and 216507. Pyruvate levels were also significantly increased by NISV in
both unstimulated and stimulated cells, from a relative intensity of 930236 to 1502884
and 669416 to 1056341. NISV increased lactate levels, but only in LPS-stimulated
cells (relative intensity of 34926857 to 41934274), but not in unstimulated cells.

Enzyme transcripts were also affected by NISV treatment. NISV increased transcrip-
tion of Aldoartl in both stimulated (from FKPMs of 775 to 1110), and unstimulated
cells (from 966 to 1487). Aldoa transcription was increased in LPS-stimulated cells by
NISV (FKPM from 0.13 to 255). Triosephosphate isomerase, Tpil, is increased by
NISV in both stimulated (from FKPM 381 to 1189), and unstimulated cells (from 631
to 1186). Pgam1 shows this same phenotype with NISV increasing transcription, from
FKPMs of 298 and 235 to 432 and 385 in unstimulated and stimulated cells respec-
tively.

5.4.2 The TCA Cycle
Continuing from glycolysis analysis, analysis of the effect of vesicle treatments on the
macrophage TCA cycle through analysis of the metabolites and transcripts related to

its processes.
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Figure 5.4.2.A shows the detected metabolites and transcripts associated with the
TCA cycle and the alternate M1 macrophage TCA cycle. Part B shows the metabolites
and transcripts which were significantly affected by vesicle treatment. NISV reduced
succinate and itaconate metabolites significantly in LPS-stimulated cells, reducing the
relative intensity of succinate from 146453 to 85161 and itaconate from 7017459 to
3712409. In unstimulated cells NISV increased itaconate levels from relative intensi-
ties of 139779 to 2670894. Transcription of citrate synthase, Cs, was significantly up-
regulated by NISV in unstimulated cells, from an FKPM of 55 to 60. Fh1 transcription
was reduced in NISV treated unstimulated cells (FKPM of 44 to 33), but not affected
in LPS-stimulated cells. Malate dehydrogenase, Mhd2, transcripts were increased by
NISV in unstimulated cells (from FKPM from 72 to 78).

123



D-Glyceraldehyde 3-phosphate Pyruvate Lactat
Glucose
l % 600000 2 15000004 ’_‘ z ’—‘
s H S ax107
Glucose 6 phosphate Ehas i e
g 200000 E 500000+ E 2ot
[ 4
L] 0 (]
Fructose 6 phosphate & E S
&
& B
1 Aldoart1

Fructose 1, 6 phosphate

Aldoa /\

Glyceraldehyde Dihydroxyacetone
3 phosphate *—  phosphate
Tpil

400

1, 3 Bisphosphoglycerate
1 Pgam1 it Lo

2 Phosphoglycerate ’L . r |_|
1 500

Phosphenolpyruvate 100

500

FKPM

Pyruvate

Figure 5.4.1 Vesicles effects on Glycoli8i000 BMDM wre plated per well asOlreplicatesand stimulated with LPS at 3ug/mliraedia, in cotiols, followed by
treatment with NISVSamples were pooled to make 1,000,000 cells/sampkth€elunderwent metabolite extraction and were sent for metabolomics analysis. Pathway
diagramsindicated metabolite detection in green and f@tection in black. Statistical analysis was performed on prism 8 ushggltwd ! b h + ! FyR ¢dzl Se

comparisons test. * Indicates statistical significance (p<0.05).
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Figure 5.4.2 NISV effects on the TCA c$6l2 000 BMDM wre plated per well as 10 replicat@sd stimulated with LPS at 3pg/mlmoedia, in cotrols, followed by
treatment with NISVSamples were pooled to make 1,000,000 cells/sampkth€elunderwent metabolite extraction and were sent for metabolomics analysis. Pathway
diagrams indicated metabolite detection in green anddetection in black. Statistical analysis was performed on prism 8 ushdgltwéo ! b h + ! YR ¢dzl Se

comprisons test* Indicates statistical significance (p<0.05).
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5.5 Amino Acid Metabolism

5.5.1 Arginine Metabolism

In M1 macrophages arginine metabolism is directed to citrulline production in order to
induce nitric oxide production. Whereas, in anti-inflammatory M2 macrophages pro-
duction is driven towards ornithine rather than citrulline, to be converted into spermine
and putrescine pushing the cell toward proliferation and growth. The effects of NISV

of these processes was investigated in resting and LPS-stimulated BMDM.

Figure 5.5.1.A shows us the metabolites and transcripts detected in our samples re-
lated to arginase metabolism. Part B of this figure shows the significantly affected
metabolites and transcripts related to this pathway. NISV had no effect on proline
levels in unstimulated cells, but significantly upregulated this amino acid in LPS stim-
ulated cells, increasing the relative intensity from 54541745 to 75476330. N-(L-ar-
ginino) succinate was significantly reduced in LPS-stimulated cells treated with NISV,
from 146453 to 85161. In LPS-stimulated cells NISV increased ornithine levels but
not to a significant degree. Transcription of Nos2 was significantly downregulated by
NISV in LPS stimulated cells, from FKPMs of 574 to 492.

5.5.2 Tryptophan metabolism

Kynurenine is important in the maturation of T cells and DCs and is produced from
the amino acid tryptophan. Figure 5.5.2.A shows the metabolites and transcripts de-
tected within the tryptophan degradation pathway, with part B showing those that are
significantly changed by vesicle treatment. NISV significantly increased tryptophan in
LPS-stimulated cells, from a relative intensity of 1050395 to 1514004. Nicotonic acid
mononucleotide adenylyltransferase 1, Nmnat, transcription was significantly reduced
from 7.1 to 1.7) by LPS stimulation of BMDM, but this effect was ameliorated by NISV
treatment of LPS-stimulated BMDM (rising to 8.5).
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Figure 5.5.1 Vesicle effects on Arginine MetabdliSh000 BMDM wre plated per well as 10 replicatasd stimulated with LPS at 3ug/mimnedia, in cotrols, followed
by treatment with NIS\Samples were pooled to make 1,000,000 cells/sampletieellunderwent metabolite extraction and were sent fotalm@omics analysis.
Pathway diagrams indicated metabolite detection in green andietattion in black. Statistical analysis was performed on prism 8 usiggltw® ! bh+! | Yy R ¢ d

multiple comparisons test.Indicates statistical significance (p<0.05)
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Figure 5.5.2 The effects of Vesicle treatment on Tryptophan Metalddliz®00 BMDM we plated per well as 10 replicatasd stimulated with LPS at 3ug/minoedia,
in controls, followed by treatment with NISY¥amples were pooled to make 1,000 &l3/sample. Cslthen underwent metabolite extraction and were sent for metab-

olomics analysi®?athway diagrams indicated metabolite detection in green anelataction in black. Statistical analysis was performed on prism 8 uskiveaiwo

ANOVAand Ték& Qa Y dzf (i A LI S Infigated statisiical Sgyiificante@<G.0B).
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