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Abstract 
 

Toll-like receptors (TLRs) are the sensors of pathogen associated molecules that 

trigger tailored innate immune intracellular signalling responses. TLRs are 

expressed on cells of the immune system and play an important role in immune cell 

activation and inflammatory responses. Indeed, TLRs have been implicated in  

many diseases, with data from human and animal studies identifying TLRs as 

players in the pathogenesis of multiple sclerosis (MS). Uncontrolled and atypical 

activation of TLR signalling can result in neuroinflammation, and in macrophages, 

innate immune responses to bacterial (via TLR4) and viral (via TLR3) signalling is 

key in mediating cellular inflammation. Targeting TLR3/4 signalling with novel 

therapeutics may represent an important avenue on the road to developing improved 

therapies for MS, and possibly other neuroinflammatory conditions.  

 

Cannabinoids are biologically active compounds extracted from the hemp plant 

Cannabis sativa L. (C. sativa), commonly known as phytocannabinoids, 

synthesised in our bodies (endogenous cannabinoids) or are artificially created 

(synthetic cannabinoids). Cannabinoids can reduce the symptoms associated with 

experimental autoimmune encephalomyelitis (EAE), the murine model of MS, and 

clinical studies have demonstrated the therapeutic potential of phytocannabinoids 

in people with (pw)MS. Indeed, Sativex is an oromucosal spray containing 

cannabidiol (CBD) and 9-tetrahydrocannabinol (THC) as its most abundant 

phytocannabinoid components, in addition to other phytocannabinoids and non-

phytocannabinoid components, and has been shown to palliate symptoms 

associated with MS. The full cellular mechanism of action of the components of 

Sativex in human cells is unclear. A growing body of literature indicates that 

cannabinoids can modulate TLR-induced inflammatory signalling events. Indeed, 

evidence suggests that TLR3 signalling via TIR-domain-containing adaptor-

inducing IFN-β (TRIF)-dependent activation of interferon regulatory factor 3 

(IRF3), in addition to TLR4 signalling via myeloid differentiation primary response 

88 (MyD88) to nuclear factor (NF)-B, may be targeted by cannabinoids to regulate 

cellular inflammation.  
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The data presented herein characterised TLR3 and TLR4 signalling in the human 

THP-1 monocyte cell line, THP-1-derived macrophages and primary human 

peripheral blood mononuclear cells (PBMCs) in terms of inflammatory cytokine 

(TNF) chemokine (CCL5, CXCL10) and type I interferon (IFN)-β expression. 

This study demonstrates that THP-1 monocytes are a poor model for investigating 

TLR3-induced signalling mechanisms and  that TLR3 and TLR4 signalling is 

operative in THP-1-derived macrophages. Importantly, CBD and THC 

differentially targeted MyD88-dependent and independent signalling mechanisms 

via TLR3 and TLR4 in THP-1-derived macrophages, in terms of IFN-β and 

CXCL10 expression. Data also suggests that THC and CBD do not target TLR 

signalling via the cannabinoid receptors (CB1 and CB2) and the PPARγ receptor in 

THP-1 macrophages. In addition, the effects of THC and CBD were examined in 

PBMCs isolated from pwMS and healthy control (HC) donors. PBMC data identify 

THC and CBD as potential novel regulators of TLR3/4 signalling in primary 

immune cells, and highlights possible mechanisms to be targeted in the 

development of new cannabinoid therapeutics for the treatment of disorders such 

as MS. Finally, the effect of a range of novel highly purified botanically-derived 

cannabinoids on the viability of THP-1 monocytes, THP-1  macrophages, and 

PBMCs from HC donors and pwMS was determined. Findings here suggest that 

phytocannabinoids are generally well tolerated by immune cells, however the effect 

was dependent on the cannabinoid used, the concentration administered, and the 

immune cell examined. Overall this study offers mechanistic insight on the role of 

phytocannabinoids in modulating cellular inflammatory signalling events 

controlled by TLR3/4. 
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Introduction 
 

1.1 Introduction to Innate Immunity 

The human immune system is a complex arrangement of tissues and cells that work 

together to fight against invading pathogens and prevent disease and infection. This 

system consists of two branches, innate and adaptive, which are not separate, but 

synergistically cooperate to eradicate host infection. The cells of the immune 

system originate in bone marrow from hematopoietic stem cells. These cells can 

differentiate to a common lymphoid progenitor which can differentiate further to 

adaptive immune cells (B cells, T cells, natural killer (NK) cells, and NK-T cells) 

or into a common myeloid precursor which can differentiate to innate immune cells 

(monocytes, macrophages, neutrophils, dendritic cells (DCs), eosinophils, 

basophils and mast cells) [1]. Originally, the innate immune system was considered 

an inelegant precursor to the more sophisticated adaptive immune system, and 

Immunologists regarded the innate immune system as the initiation event that took 

place to enable the mature adaptive immune response to confer its protective effect 

on the organism. The production of innate immune cytokines such as interleukin-1 

(IL-1), tumour necrosis factor (TNF), and IL-6, was unknown, alongside the 

signalling events that governed the production of interferons (IFNs) [2]. As research 

advanced, the importance of innate immunity became clear. The innate immune 

system is now recognised as the first line of host defence against pathogens. This 

system detects the presence of infection, and regulates the initiation of the adaptive 

immune response [3]. The discovery of DCs, complement and Toll-like receptors 

(TLRs) has further expanded research interest in this field. 

 

1.2 TLRs  

TLRs are pathogen-recognition receptors (PRRs) that recognise specific conserved 

pathogen patterns from microorganisms, termed pathogen-associated molecular 

patters (PAMPs), or danger-associated molecular patterns (DAMPs) from damaged 

tissue. TLRs are expressed on/in immune cells and cells of the central nervous 

system (CNS), however TLR expression is ubiquitous and has been detected on 

many organs and cell types [4]. To date 10 functional TLRs have been characterised 

in humans and 12 in mice [5]. TLR3, 7, 8 and 9 are expressed on endosomal 

compartments, while TLR1, 2, 4, 5, 6, and 10 are expressed on cellular membranes. 
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TLRs are categorised as a family of type I transmembrane receptors, and these 

receptors contain an extracellular leucine-rich repeat (LRR) domain and an 

intracellular Toll/IL-1 receptor (TIR) domain responsible for downstream signal 

transduction [6]. TLR ligands differ greatly in structure and origin, nevertheless, 

common motifs do exist. The mechanism(s) by which TLRs recognise ligands is 

still not fully characterised, however, some data suggest that ligands are recognised 

by direct binding [3]. The cellular location of TLRs determines their recognition of 

specific biological ligands. Indeed, TLRs expressed on the cell surface recognise 

bacterial PAMPs, while TLRs expressed intracellularly (predominately on 

endosomes) recognise viral single stranded RNA (ssRNA), double stranded RNA 

(dsRNA) and unmethylated CpG DNA [7]. Furthermore, other PRRs exist, 

including nucleotide-binding and oligomerization domain (NOD)-like receptors 

(NLRs) and retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs). In 

humans currently there are 22 known NLRs [8] and 3 members of the RLR family 

[5], and both PRRs reside in the cytoplasm. 

 

1.3 TLR signalling mechanisms 

TLR-induced signal transduction pathways promote the induction of various genes 

that function in host defence, such as controlling the expression of inflammatory 

cytokines and chemokines [9]. Ligand binding to TLRs induces conformational 

changes and dimerization, which promotes the recruitment of adaptor proteins to 

bind and recruit further downstream signalling molecules. The TLR family are 

characterised by the presence of type I transmembrane proteins consisting of LRRs, 

and activate nuclear factor kappa light-chain enhancer of activated B cells (NF-κB) 

and mitogen-activated protein (MAP) kinases via a TIR domain to induce target 

genes [10]. TLR recruitment of MAP kinases results in the activation of the 

activator protein-1 (AP-1) family of transcription factors, resulting in inflammatory 

cytokine production and the regulation of the inflammatory response [11]. 

However, some differences exist in the signalling pathways employed by TLRs. 

Broadly, TLR signalling pathways are characterised as ‘shared’ and ‘specific’ 

pathways. A shared signalling pathway is utilized by all TLRs, while specific 

pathways are only activated by certain TLRs, or an individual TLR [3]. The shared 

signalling pathway, employed by all TLRs, includes several essential components: 
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(i) the adaptor proteins, myeloid differentiation primary response 88 (MyD88) [12] 

and Toll-interacting protein (TOLLIP) [13], (ii) a protein kinase, IL-1R-associated 

kinase (IRAK) [14], and (iii) another adaptor, TNF-receptor-associated factor 6 

(TRAF6) [14]. MyD88 is an essential adaptor protein that binds to the TIR domain 

of the TLR and recruits other proteins to the receptor domain, which in turn induces 

phosphorylation and the activation of NF-κB, c-Jun-N-terminal kinase (JNK) and 

p38 MAP kinase [15]. This is known as MyD88-dependent signalling. However, 

MyD88-independent signalling is also utilized by TLR3 and TLR4. Indeed, TLR3 

and TLR4 employ the use of TIR-domain-containing adapter-inducing IFN-β 

(TRIF), instead of MyD88, to recruit adaptor proteins, which promotes the nuclear 

sequestration of IFN regulatory factor 3 (IRF3) and promotes the induction of 

inflammatory cytokines and type I IFNs [16]. Cellular anti-viral signalling also 

utilises MyD88-dependent signalling via TLR7 and TLR9 to activate the 

transcription factor IRF7, promoting the downstream production of IFN-α [17]. The 

mechanisms by which TLRs signal via MyD88-dependent (TLR1, TLR2, TLR4, 

TLR5, TLR6, TLR11) and -independent (TLR3, TL7, TLR8, TLR9) mechanisms 

to activate a suite of transcription factors including AP-1, NF-κB, and IRFs, are 

outlined in Figure 1. 

 

 

Figure 1. Overview of TLR-induced MyD88-dependent and -independent 

intracellular signalling mechanisms. From [18]. 
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1.4 TLR3 

External nucleic acids, such as dsRNA from viruses, are potent activators of TLR3 

to mount a host response to viral infection. TLR3 is a highly conserved TLR among 

vertebrates [19] and is expressed in the population of peripheral blood mononuclear 

cells (PBMCs) [20]. Among this population of cells, evidence indicates that TLR3 

is expressed at low levels in NK cells, T cells, monocytes and B cells [21]; however, 

studies elsewhere have shown that TLR3 expression is specific to DCs [22]. TLR3 

is a receptor for dsRNA [23] produced by most viruses, and TLR3 has an essential 

role in combatting viral infection. Polyinosine-polycytidylic (polyI:C) is a synthetic 

analogue of dsRNA commonly used for research purposes. Indeed, dsRNA and 

poly(I:C) induce antiviral immune responses through a signalling cascade which 

promotes the production of both type I IFNs and inflammatory cytokines [24]. 

TLR3 is a unique TLR in that it does not contain a specific conserved proline 

residue. Substitution of this residue in other TLRs can render the TLR unresponsive 

to a known ligand and can abolish signalling activities [25]. This interesting data 

suggests that TLR3 utilises a different signalling mechanism, with a large body of 

research evidence indicating that TLR3 utilizes the MyD88-independent signalling 

pathway by recruiting TRIF, promoting the downstream activation of both IRF3 

and NF-κB [26].  

 

NF-κB activation via TLR3 requires the recruitment of TRAF6 via TRIF and the 

activation of transforming growth factor beta-activated kinase 1 (TAK1) and TAB2. 

TRAF6-TAK1-TAB2 are translocated to the cytosol where TAK1 is 

phosphorylated with subsequent activation of NF-κB [27]. Additionally, the kinase 

receptor interacting protein-1 (RIP-1) has been identified as an essential component 

of NF-κB activation via TLR3, which is dependent upon the TRIF adaptor [28].  

NF-κB is located in the cytosol in an inactive form bound to and inhibited by 

inhibitor of κB (IκB) proteins. Upstream NF-κB activation is associated with the 

activation of an inhibitor of kappaB kinase (IKK) complex, which when activated 

promotes the phosphorylation of IκB proteins. Hence, once IκB is phosphorylated, 

it is tagged with ubiquitin and degraded, freeing NF-κB. The active protein can then 

translocate to the nucleus where, alone or in combination with other transcription 

factors, it can induce target inflammatory gene expression [29].  
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The IRF family consists of 9 members in mammals and are key regulators of type 

I IFN expression and the expression of IFN-inducible genes [30]. Of the family of 

IRFs, IRF3 and IRF7 are the primary inducers of type I IFNs. TLR3 activation by 

dsRNA promotes IRF3 activation, while ssRNA can activate intracellular 

endosomal TLR7/8, which leads to the production of IFN-α via recruitment of the 

adaptor protein TRAF6 and subsequent IRF7 activation [10]. In terms of IRF3 

activation, the TRIF adaptor recruits a signalling complex (IKKs, TBK1) that 

catalyses the phosphorylation of IRF3. The signalling complex is then activated by 

TRAF3, which has been shown to be crucial in IFN-β induction through TRAF3 

deficiency studies [31]. Once IRF3 is phosphorylated, this transcription factor 

translocates to the nucleus to promote IFN-β expression.  

 

TLR3 activation has also been shown to induce the expression of the pro-

inflammatory chemokine RANTES (also known as CCL5) [32] and the pro-

inflammatory cytokine TNF𝛼, which are differentially induced in different cell 

types [33]. Furthermore, TLR3 activation of IRF3, NF-κB and AP-1 can promote 

the induction of other pro-inflammatory chemokines such as CXCL10, which is an 

IFN-stimulated gene (ISG) [34, 35]. Indeed, secreted IFN-α and IFN-β, produced 

following TLR3 activation, can promote autocrine and paracrine signalling through 

binding to the heterodimeric IFN receptor. IFN cell surface receptor is composed 

of two subunits, IFN-α receptor 1 (IFNAR1) and receptor 2 (IFNAR2) [36]. IFNAR 

engagement activates receptor-associated protein tyrosine kinases Janus kinase 1 

(JAK1) and tyrosine kinase 2 (TYK2), which in turn activate the transcription 

factors signal transducer and activator of transcription 1 (STAT1) and STAT2 [37]. 

Upon phosphorylation of STAT1 and STAT2, dimerization of the transcription 

factors take place, facilitating the translocation of the heterodimer to the nucleus 

where it forms a complex with IRF9 (known as IFN-stimulated gene factor 3; 

ISGF3). This then binds IFN-stimulated response elements (ISREs) to promote the 

production of ISGs such as CXCL10 [36].  
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Figure 2. Overview of TLR3 and IFNAR signalling pathways. TLR3 activation 

induces IFN-β (and CXCL10) expression which can activate IFNAR in an autocrine 

manner to promote the production of further ISGs. From [38]. 

 

1.5 TLR4  

The TLR4 signal transduction pathway plays an important role in the host response 

to bacterial infection and provides the initial immune response to invading bacterial 

endotoxins in the body. TLR4 is expressed on human immune cells including 

monocytes, macrophages, granulocytes and mature DCs [21]. TLR4 recognises 

bacterial infection and therefore can be activated via the use of lipopolysaccharide 

(LPS), a component of the wall of  Gram-negative bacteria, which leads to the 

induction of pro-inflammatory cytokines and chemokines such as TNF𝛼 and 

RANTES [39]. LPS does not bind to TLR4 directly, instead it incorporates the 

adaptor protein MD-2 (also known as lymphocyte antigen 96). MD-2 binds to the 

lipophilic domain of LPS and forms a complex, which then associates with TLR4 

to form the activated heterodimer LPS/MD-2/TLR4 [40, 41]. LPS is chaperoned to 

MD-2 by the cluster of differentiation 14 (CD14) protein, which aids in the 

formation of the LPS/MD-2/TLR4 complex. Upon activation of the TLR4/MD-2 

heterodimer on the surface of the cell, intracellular signalling is induced via two 
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mechanisms. Indeed, TLR4 signals via the MyD88-dependent pathway which 

regulates NF-κB activation, and the MyD88-independent pathway (TRIF-TRAM) 

which activates IRF3 and type I IFNs [42] (Fig. 1). Both of these pathways are 

competitive and mutually exclusive [43]. TLR4/MD-2 activation on the cellular 

membrane initiates MyD88-dependent signalling whereas TLR4/TRIF-dependent 

signalling occurs following internalisation into endosomes which is controlled by 

CD14 [44].  

 

1.6 THP-1 cells: a cell culture model to investigate TLR signalling 

THP-1 cells are a human monocytic cell line adapted from a male with acute 

monocytic leukaemia which express distinct monocytic markers such as Fc and C3b 

receptors [45]. THP-1 monocytes are recognised as a valuable tool for investigating 

the function of monocytes in health and disease [46]. However, it must be noted 

that caution should be applied when making research comparisons of this cell type 

to its physiological counterpart, primary human monocytes. Indeed, evidence 

indicates that primary monocytes are more reactive to LPS when compared to THP-

1 cells. This is due to the high expression of CD14 on primary monocytes, which 

forms a complex with TLR4 and exacerbates the cellular response of primary 

monocytes to LPS [47, 48]. Conversely, THP-1 cells express low levels of CD14 

[49]. However, THP-1 cells are widely employed for modelling a monocytic 

response and for the study of inflammatory signalling events mediated by TLRs 

[50, 51].  

 

THP-1 cells are differentiated to a macrophage-like phenotype using phorbol 12-

myristate 13-acetate (PMA) [52], 1,25-dihydroyvitamin D3 (VD3) [53], retinoic 

acid [54], or cytokines (TNF𝛼, IFN-𝛾) [55]. For the purposes of this study, PMA 

was used to promote THP-1 monocyte differentiation. However, the use of PMA at 

high concentrations has been shown to upregulate the expression of certain genes 

which can result in the activation of intracellular signalling systems associated with 

inflammation, particularly when other stimuli are used [56]. Therefore, the 

appropriate concentration of PMA is required to induce cell differentiation, but to 

limit the upregulation of undesirable genes [56]. 
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THP-1 cells have been widely used to study disease models and to assess TLR3 and 

TLR4 signalling. Indeed, inhibition of NF-κB attenuates LPS-induced TLR4 

activation in THP-1 cells [57], and LPS has been shown to up-regulate TNF𝛼, IL-

1β and IL-8 expression in this cell type [58]. Data also indicate that TLR3 is not 

abundantly expressed in THP-1 cells [59], therefore, there are few studies assessing 

the impact of poly(I:C) treatment on signalling events in THP-1 cells. However, 

LPS has been shown to up-regulate TLR3 expression in THP-1 cells [60], and 

furthermore poly(I:C) can activate the NLRP3 inflammasome in THP-1 cells [61]. 

Both of these studies employed the use of poly(I:C) transfection to promote 

endosomal TLR3 activation. In addition, the effects of poly(I:C) on 

cytokine/chemokine analysis in this cell type are commonly studied using 

differentiated THP-1-derived macrophages [62]. In contrast, in terms of TLR4 

signalling, evidence indicates that THP-1 cells do not require differentiation, or 

transfection with LPS, to promote TLR4 signalling in THP-1 cells. It is noteworthy 

however that upon differentiation of THP-1 cells, cytoplasmic NF-κB expression is 

upregulated, which primes the cells to LPS stimulation [63]. 

 

1.7 Multiple Sclerosis 

Multiple Sclerosis (MS) is a chronic inflammatory progressive disease of the central 

nervous system (CNS) and is considered an autoimmune disorder given the 

involvement of CD4+ T cells in the well-characterised demyelination associated 

with the disease [64]. However, recently there has been a shift in the classic dogma 

that MS is a T-cell mediated autoimmune disorder due to the emergence of 

efficacious B-cell targeted therapies [65]. Hallmarks of the disease include 

demyelination of the myelin sheath, axonal loss, inflammation and gliosis [66]. 

Both the grey and white matter of the CNS are affected which can lead to neuronal 

and axonal death [67]. Common symptoms include paraesthesia, diplopia, loss of 

vision, numbness or weakness of the limbs, bowel or bladder dysfunction, 

spasticity, ataxia, fatigue and cognitive changes [68]. MS is more common in 

females than males, with a usual ratio of close to 3:1 reported [69]. MS commonly 

manifests in patients between the ages of 20 and 40 years, but cases have been 

reported at all stages of life [70]. The average onset age for MS is 29 years [71]. 
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It is estimated that more than 2 million people worldwide suffer from MS, and 

currently it is the primary cause of neurological disability in young adults [72]. 

Worldwide incidence rates and prevalence differs depending on the region and the 

sub-population specified, and efforts to define a pattern of geographical differences 

in MS frequency remain difficult. The main problem encountered is the variability 

in surveyed population sizes, age, ethnic origins, and inadequate recognition of 

benign and very early cases of the disorder. Moreover, a distinct racial and ethnic 

pattern does exist for the incidence of MS that has highlighted the rarity of MS 

among Samis, Turkmen, Uzbeks, Kazakhs, Krygyzis, native Siberians, North and 

South Amerindians, Chinese, Japanese, African blacks and New Zealand Maoris, 

as well as the high risk among Sardinians, Parsis and Palestinians. This clearly 

demonstrates that the different susceptibilities of distinct racial groups are 

important in understanding the uneven geographical distribution of MS [73]. 

 

MS epidemiology is well characterised in Ireland, with a national incidence rate of 

newly diagnosed MS reported as 6/100,000 (approximately 300 new cases per year) 

[74]. According to MS Ireland, approximately 8,000 people currently have MS in 

Ireland. Interestingly, in the North West of Ireland, the prevalence of MS is reported 

to be as high as 1 in 400. Publications from the UK indicate an incidence rate of 

9.64/100,000 [75]. 

 

1.8 Pathology and Types of MS 

MS is classified into four clinically distinct types: (i) relapsing-remitting MS 

(RRMS), (ii) secondary-progressive MS (SPMS), (iii) primary-progressive MS 

(PPMS), and (iv) progressive-relapsing MS (PRMS). RRMS is the most common 

form of MS, representing approximately 80% of all cases. RRMS begins with a uni- 

or multi-focal demyelinating attack known as a clinically isolated syndrome (CIS) 

[76]. Post-initial symptoms, follow on attacks commonly occur, which are 

classified as relapses. Complete or partial recovery may occur, with or without 

treatment. Of the four types of clinical MS, in most cases patients are first diagnosed 

with RRMS [77]. Of the patients diagnosed with RRMS, approximately 50% will 

develop SPMS after 10-15 years [67], at an average age of 42 years. As time 

progresses, each relapse can leave the patient with residual disability that over time 
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can accumulate into permanent disability. SPMS is a chronic phase characterised 

by attacks without recovery, leading to neurological impairments and consequently 

progressive physical deterioration of the patient [78]. SPMS, but not PPMS, is 

preceded by RRMS. PPMS accounts for approximately 10% of new MS cases and 

is characterised by gradual accrual of disability from the onset [79]. PRMS is the 

least common subtype of MS, with approximately 5% of all cases of MS 

categorised as this subtype. PRMS is characterised by progressive neurological 

deterioration from onset coupled by clear acute relapses, with or without recovery 

[80].  

 

Clinically when an individual presents with a CIS, a diagnosis of MS is commonly 

investigated. Patients are commonly mono- or poly-symptomatic depending on the 

location of inflammatory lesion activity. Commonly reported presentations of the 

disease are optic neuritis, brainstem and spinal cord syndromes, however there are 

many less frequent manifestations of the disease [81]. The typical MS relapse 

progresses over hours or days until reaching a plateau for multiple weeks, followed 

finally by steady recovery. Individuals recently diagnosed with MS can appear to 

fully recover from relapses, however, the majority of relapses can result in some 

permanent damage. Diagnosing MS is based on multiple lines of evidence including 

medical history, neurological examination using imaging techniques (magnetic 

resonance imaging; MRI), lumbar puncture for cerebrospinal fluid (CSF) analysis, 

evoked potentials and blood read-outs [82]. Presently, the McDonald criteria is the 

mostly widely adopted set of criteria for diagnosing MS by clinicians and 

researchers. The McDonald criteria focuses on the demonstration of dissemination 

of lesions in both time and space using MRI [83]. These criteria are constantly re-

evaluated and updated using the latest research available. In 2017 the McDonald 

criteria was updated to facilitate a diagnosis of MS in patients with a CIS, a 

demonstration of dissemination in space and the presences of CSF-specific 

oligoclonal bands [84]. Additionally, the progression of disability in pwMS is 

quantified using the expanded disability status scale (EDSS). The EDSS is the most 

commonly used scale for measuring disability status in MS, and is also regarded as 

being an effective method of quantifying disability [85]. The scale functions as a 

score out of 10, where a score of zero indicates normal neurological examination. 

Any score up to 5 points reflects fully ambulatory patients, scores over 5 reflect 
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ambulation status as the primary determinant in the degree of disability, and finally, 

a score of 10 indicates death due to MS [86]. 

 

1.9 Pathogenesis and Aetiology of MS 

Much scientific research has elucidated the pathogenesis of MS. Nevertheless, the 

exact molecular mechanisms of disease progression remain unknown. Generally, it 

is accepted that clinically observed hallmarks of MS are a consequence of three 

neural tissue injury mechanisms combining synergistically, inflammation, 

demyelination, and axonal damage [87]. The inflammatory lesions associated with 

MS are populated by immune cells such as T cells, B cells, macrophages, and 

microglia, alongside an extensive repertoire of cytokines, chemokines, antibodies 

and complement. T-lymphocytes, which are myelin-specific (autoreactive), are 

thought to underlie nervous system attack and commencement of disease 

progression [87]. The most common theory of T-lymphocyte activation is through 

molecular mimicry. Once activated, a cascade of detrimental events occur which 

ultimately lead to neurodegeneration and microglial scarring. Microglia also 

contribute to inflammation observed in MS by producing proteolytic enzymes, 

cytokines, oxidative products and free radicals, all of which display toxicity towards 

oligodendrocytes and myelin [88]. Consequently, the loss of the protective myelin 

sheath from axons promotes neuronal degeneration and subsequent neural 

dysfunction. MS is thought to initiate in the periphery where T cells are primed to 

CNS autoantigens and cross the BBB where they can then activate microglia and 

macrophages [89]. Many studies have primarily focused on the effects of CD4+ T 

cells in MS and EAE, however many other lymphocyte subsets have been 

highlighted to play a role in MS pathogenesis. For instance, CD8+ T cells have been 

found in greater abundance than CD4+ T cells in MS lesions [90]. DCs are antigen 

presenting cells (APCs) which play a role in the activation and differentiation of 

naïve T cells. The interaction between DCs and T cells determines T cell 

differentiation into effector T cells (Th1, Th2, and Th17) or Tregs [91]. PRRs such 

as TLRs are expressed by DCs and activation of these receptors triggers maturation 

of DCs and increased expression of co-stimulatory molecules which are crucial for 

activating naïve T cells [92]. Furthermore, co-stimulation occurs through DC-

bound co-stimulatory molecules which induces full activation and effector function 

of the T cell [93]. Understanding the role APCs, and in particular DCs, play in MS 
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progression is crucial as many approved therapies for MS lead to a significant 

modulation of DCs [94]. 

 

The cause of MS is not attributed to one underlying factor but is considered the 

combination of an unknown environmental trigger and genetic susceptibility. There 

is a trend in the global distribution of MS that indicates there is an increased 

incidence of disease with distance from the equator [95]. Indeed, MS is prevalent 

in geographical locations populated by northern Europeans. People with MS 

(pwMS) generally report infection with measles, mumps, rubella, and Epstein-Barr 

virus (EBV) at later ages than their genetically (HLA-DR2) matching controls [96]. 

In particular, research indicates that infection with EBV as a young adult increases 

the risk of developing MS (relative risk 3·0 [95% CI 1·3–6·5]) [97]. Indeed, testing 

negative for EBV is considered a protective factor for developing MS [98], whereas 

being symptomatic with EBV increases the risk of developing MS two-fold [99]. 

In addition other environmental triggers have been linked to MS pathogenesis 

including low exposure to sunlight, vitamin D deficiency, diet, geomagnetism, air 

pollutants, radioactive rocks, cigarette use and toxins [100]. The potential role of 

vitamin D in the development of MS is associated with studies that demonstrate a 

correlation between latitude and MS prevalence. The latitudinal gradient correlates 

with exposure to UVB, which can synthesise vitamin D through photolyzing 7-

dehydrocholesterol found in the skin to vitamin D3 or cholecalciferol [101]. Low 

vitamin D levels through reduced exposure to the sun, and low dietary intake in 

pwMS, coupled with a genetic polymorphism causing low vitamin D expression, 

have highlighted vitamin D as a potential risk factor in developing MS [102]. 

Furthermore, a double-blind, randomised, placebo controlled trial of vitamin D3 in 

CIS and healthy donors found that there was no alteration in CD4+ T cells between 

study groups [103]. Additionally, the authors found that vitamin D3 treatment had 

no immunological, MRI or clinical evidence of benefit. The environmental 

component of MS disease aetiology should not be underestimated and may be the 

leading trigger in disease progression. This is clear from migration studies which 

demonstrated that migrants moving from what are considered low risk MS countries 

(such as the West Indies), to high risk MS regions (such as Europe), were not at 

higher risk of developing MS. However, data indicate that the migrant’s children 

had a higher risk of developing MS due to their geographical location in a high risk 
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region [104]. This suggests that environmental factors supersede genetic factors 

during MS aetiology and progression.  

 

Data from familial and population-based studies of MS indicate that there is a 

genetic component to the disease. Indeed, approximately 1 in 8 pwMS have a family 

history of the disease, highlighting a genetic susceptibility to MS [105]. In the 

1970’s the first link between MS and alleles of the major histocompatibility 

complex (MHC) were identified [106]. More specifically, the markers were refined 

to DR15 and DQ6. The primary genetic risk associated with MS is in the HLA-

DRB1*15 allele. Specifically, homozygotes for HLA-DRB1*15 are more likely 

than heterozygotes to develop MS, however the mechanism by which this allele 

influences MS pathogenesis is unknown [107]. The association of these markers 

are observed in all populations (strongest in northern Europeans), except for the 

Sardinian population, and some other Mediterranean sub-populations, which have 

a correlation with DR4 [108]. As increased scientific research of the genome or 

regions of interest was completed, single nucleotide polymorphic markers for the 

IL-2 and IL-7 receptor α chains were identified as further susceptibility markers 

[109]. Indeed, a study using ImmunoChip genotyping array identified 135 

potentially associated genetic regions to MS susceptibility, however the odds ratio 

associated with most of these is low [110]. Interestingly, the majority of such single 

nucleotide polymorphisms are in close proximity to genes involved in immune 

function, and are typically found in regulatory, instead of coding, regions. Overall, 

MS aetiology should be considered as both genetic and environmental. 

 

1.10 Current treatments of MS 

Many disease-modifying therapies (DMTs) have been developed for the treatment 

of MS, however there is currently no cure for the disorder. Several treatment options 

have been approved by the United States food and drug administration (FDA) and 

European medicines agency (EMA) and are currently available on prescription to 

pwMS. MS DMTs show reasonable and varying efficacy and act by several 

therapeutic mechanisms, including immunomodulation, restoration of the blood 

brain barrier (BBB) and neuroprotection, and have been shown to reduce the rate 

of relapse and accrual of disability [71]. Approved medications include beta-

interferon (IFN-β), Glatiramer acetate (GA), Tysabri, Gilenya, Mitoxantrone, 
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Fingolimod and Sativex. Recently, several new DMTs have received regulatory 

approval for MS, including Aubagio [71] and Dimethyl fumarate (BG-12), both of 

which are available for the treatment of RRMS. BG-12, like Gilenya and Sativex, 

is administered orally and has shown efficacy in MS [111]. All immunotherapeutic 

drugs developed for MS target the RR phenotype of the disease. Importantly, 

Ocrelizumab is another MS DMT that has been approved by the FDA for treatment 

of both RRMS and PPMS following a positive phase III clinical trial, with the 

authors noting that extended observations are required to determine the long-term 

safety and efficacy profile of the drug [112].  

 

In light of the current severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) pandemic, there is concern surrounding the use of DMTs as these drugs act 

as immunosuppressives and may increase the risk of contracting SARS-CoV-2 and 

severe disease. However, it has been proposed that immunosuppression may not be 

detrimental in pwMS infected with SARS-CoV-2 [113]. Here the authors state that 

most DMTs (except for Alemtuzumab) for RRMS do not affect the viral specific 

CD8+ T cell response, which may assist in eliminating SARS-CoV-2. Additionally, 

the authors note that DMTs do not generally inhibit immature B cell development, 

therefore facilitating antibody production and possibly preventing re-infection, as 

well as allowing antibody development during a vaccine response. Furthermore, a 

recent case study of a RRMS patient receiving Fingolimod therapy who presented 

with a severe SARS-CoV-2 infection noted that Fingolimod treatment was 

associated with lymphopenia, which may be detrimental in recovering from SARS-

CoV-2  [114], but was also associated with enhanced lung endothelial cell integrity, 

which may be beneficial [115]. However, infected SARS-CoV-2 patients with a 

severe disease course report increased levels of circulating cytokines [116]. 

Therefore, immunomodulation therapy may be beneficial for infected patients and 

Fingolimod may be of value in controlling severe SARS-CoV-2 infection. Much 

work is required to understand how DMTs for RRMS may interact with the SARS-

CoV-2 disease course.  

 

IFN-β is one the most commonly used therapies employed for the treatment of MS. 

Indeed, endogenous IFN-β insufficiency has been shown in MS patients [117]. IFN-

β is primarily produced by fibroblasts, however evidence also indicates that IFN-β 
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is also synthesised by immune cells such as NK cells, B cells, T cells, macrophages 

and plasmacytoid DCs [118]. Two types of therapy exist, IFN-β1a and IFN-β1b, 

and administration is either via intramuscular or subcutaneous injection. Avonex, 

Rebif, Plegridy, Extavia and Betaseron are the current approved IFN-β therapeutics, 

and they are, along with GA, recognised as first-line disease modifying agents 

[119]. IFN-β therapy has been shown to reduce relapse rate in RRMS patients, as 

well as having anti-viral and anti-tumour properties [120]. A comprehensive 

mechanism(s) of therapeutic actions of IFN-β is incompletely understood, but it is 

known that IFN-β has anti-inflammatory properties, as well as effects on BBB 

permeability [121]. Indeed, IFN-β is thought to act by regulating the expression of 

pro- and anti-inflammatory cytokines in the brain and spinal cord and has been 

shown to reduce the number of inflammatory cells that can cross the BBB. 

Specifically, IFN-β can attenuate IL-17 levels and Th17 cell populations in pwMS 

[122], which are involved in MS progression [123]. Common side-effects of IFN-

β treatments include flu-like symptoms, headache, injection site reactions, asthenia, 

lymphopenia, elevated hepatic enzymes, and pain.  

 

GA, marketed as Copaxone, is a synthetic mimic of myelin basic protein (MBP), 

containing 4 amino acids (glutamic acid, lysine, alanine, and tyrosine) which acts 

be competing with endogenous antigenic MBP peptides that complex with MHC 

class II. GA was initially designed to induce experimental allergic 

encephalomyelitis (EAE) in mice, a murine model of MS. However, GA was found 

to suppress EAE and was therefore translated to human MS trials [123]. The 

mechanism of action of GA involves shifting Th1 cells to a Th2 phenotype, which 

suppresses inflammation and promotes the activation of regulatory T cells (Tregs) 

[124]. Clinical trial data indicate that GA reduces relapse rate by approximately 

30% in RRMS [125]. GA is administered via injection which can result in injection 

site reactions, with further reported side effects including fever, cardiovascular, 

digestive, muscular and respiratory issues.  

 

Dimethyl fumarate, marketed as BG-12 or Tecfidera, is a methyl ester of fumaric 

acid that has been shown to have immunomodulatory properties. Indeed, Phase III 

clinical trials in pwMS using BG-12 twice or three times daily resulted in a 53% 

and 48% reduction in relapses, respectively, when compared to placebo control 
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[111]. The trial also found that BG-12 increased the time to disability progression 

in RRMS patients. BG-12 activates the transcription factor nuclear factor erythroid 

2-related factor (Nrf2), which is protective against oxidative damage and 

inflammation, and can also inhibit the migration of inflammatory immune cells 

across the BBB [126]. BG-12 is administered orally and therefore bypasses the 

injection site reactions commonly observed during the administration of other 

DMTs for MS (IFN-β, GA). Side effects of BG-12 treatment include 

gastrointestinal disturbances such as diarrhoea, nausea, and upper abdominal pain, 

in addition to decreased lymphocyte counts and elevated liver aminotransferase 

levels.  

 

Fingolimod, trade name Gilenya, is a sphingosine 1-phosphate (S1P) receptor 

modulator which upon activation in peripheral immune cells attenuates CNS 

infiltration of auto-reactive lymphocytes by sequestering lymphocytes in lymph 

nodes [127]. Phase III clinical trials of fingolimod versus placebo in RRMS patients 

demonstrated that fingolimod has the proclivity to reduce relapse rate by between 

54% and 60%, depending on the dose of drug used [128]. Indeed, trials comparing 

the effect of IFN-β and fingolimod therapy in RRMS patients demonstrated greater 

efficacy of fingolimod, when compared to IFN-β, with respect to relapse rate and 

MRI outcomes; however, there was no difference in progression of disability 

between the groups tested [129]. Fingolimod is administered orally and common 

side effects include bradycardia, blurred vision, diarrhoea, back pain, headache, 

cough, and vomiting.  

 

Teriflunomide (Aubagio) is another orally administered DMT for RRMS. This 

therapeutic is a more recent addition to the market for treating RRMS and received 

FDA and EMA approval in 2012 and 2013, respectively. Teriflunomide is an active 

metabolite of leflunomide, a DMT used for the treatment of rheumatoid arthritis 

(RA). Teriflunomide acts by inhibiting dihydroorotate dehydrogenase and the 

proliferation of B and T cells [130]. Indeed, evidence indicates that Teriflunomide 

inhibits IFN-γ producing T cells, while having no impact on IL-4 and IL-10 

producing T cells [131]. Phase III trials in pwMS indicate an association between 

orally administered Teriflunomide, reduced relapse rate and reduced disability 
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progression, when compared to placebo [132]. Adverse reactions include elevated 

alanine aminotransferase, hair thinning and headache.  

 

Finally, several humanised monoclonal antibodies are currently in use as DMTs for 

RRMS. These include Natalizumab (Tysabri), Alemtuzumab (Lemtrada), 

Daclizumab (Zinbryta), Ocrelizumab (Ocrevus) and Ofatumumab (Arzerra). 

Ofatumumab is an anti-CD20 antibody which binds to B cells and reduces the 

number of autoreactive B cells present in the CNS. Currently, Ofatumumab is under 

investigation in phase II trials for MS and the results of these trials are highly 

anticipated. Importantly, Ocrelizumab is the first approved therapy for PPMS, and 

phase III clinical trials have shown that the use of Ocrelizumab was associated with 

lower rates of clinical and MRI progression, when compared to placebo control 

[112]. Alemtuzumab is a further humanised monoclonal antibody against CD52, a 

marker expressed by B and T cells, and is thought to suppress B and T cell function 

and autoreactivity [133]. Finally, Natalizumab is a humanised monoclonal antibody 

against the cellular adhesion molecule α4-integrin. By blocking α4-integrin 

Natalizumab inhibits immune cell transendothelial migration across the BBB via its 

interaction with vascular endothelial adhesion molecule-1 [134]. Phase III clinical 

trials indicate that Natalizumab reduced inflammatory brain lesions, reduced 

relapse rate and the progression of disability [135]. 

 

1.11 New and emerging treatments in MS 

There are a number of new approaches currently under investigated for the 

treatment of MS, with a number of avenues that avoid the use of non-specific 

immunosuppressive drugs under intense investigation. For example, stem cell 

transplants are being investigated as a possible therapeutic for MS. Hematopoietic 

stem cell transplantation (HSCT) was first employed in the 1990’s in a leukaemia 

patient with MS, and in this case a marked improvement in MS brain lesion load 

was recorded [136]. Furthermore, a meta-analysis of HSCT treatment in pwMS 

found that at 2 years post-HSCT treatment, 83% of patients demonstrated no 

evidence of disease activity, and at 5 years this was reduced to 67%. However, the 

authors suggest that HSCT should only be considered in patients with aggressive 

RRMS who are refractory to conventional therapies [137]. No phase III clinical 
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trials of HSCT have been completed to date, with one trial in the USA (BEAT-MS) 

currently taking place at the time of writing. 

 

DNA vaccines represent another approach currently under investigated for the 

treatment of MS. To date, one vaccine therapy has progressed to phase II trial 

evaluation. The DNA vaccine, known as BHT-3009, encodes human MBP, which 

is the target of autoreactive immune cells in MS. Therefore, the aim of the vaccine 

is to tolerise pwMS against MBP [138]. Data has shown that BHT-3009 is safe and 

well tolerated and can reduce inflammatory lesions on brain MRI, in addition to 

reducing the number of CD4+ T cells in peripheral blood [139], however, more 

work is needed to determine if vaccine therapy is a viable avenue for MS treatment.  

 

Nanoparticles have also been implicated as an avenue for MS therapy. Indeed, 

polymeric biodegradable lactic-glycolic acid (PLGA) nanoparticles carrying 

MOG35-55 peptides and recombinant IL-10 have been investigated in a number of 

studies. In EAE studies, PLGA nanoparticles (MOG35-55 peptide and IL-10) have 

been shown to ameliorate EAE progression and reduce IL-17 and IFN-γ produced 

by splenic T cells [140]. Therefore, nanoparticles are a promising avenue for 

treating the symptoms of MS by delivering self-antigens. 

1.12 The role of TLR3 and TLR4 signalling in disease: focus in MS 

pathogenesis  

TLRs play a critical role in orchestrating both innate and adaptive immune 

responses, and over-, or, under-activation of these PRRs can result in the 

development of inflammatory disorders and autoimmunity. Indeed, overexpression 

of TLR2 is associated with type 2 diabetes [141] and TLR2, TLR4, and TLR9 

polymorphisms are linked with the development of Crohn’s disease [142]. 

Furthermore, nucleic acid sensing TLRs, which are found on endosomal 

compartments, including TLR 7, 8, and 9, have been shown to play key roles in 

numerous autoimmune diseases. For example, sera from patients with systemic 

lupus erythematosus (SLE) has been shown to contain increased amounts of 

endogenous ligands for TLR7, 8, and 9, therefore, over-stimulation of such TLRs 

can contribute to disease pathogenesis in SLE [143]. TLR-targeted therapies are 

currently being developed given their potential in preventing infectious disease 

[144], with potential agonists and antagonists under development. Indeed, TLR4 
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antagonists are regarded as a primary target for treating sepsis, as evidence indicates 

that viable bacteria and LPS from the gastrointestinal tract may influence the 

pathophysiology of sepsis [145]. Additionally, high expression levels of TLRs (in 

particular TLR3 and TLR4), and their endogenous ligands, have been detected in 

synovial tissue from RA patients, a chronic autoimmune inflammatory disease 

[146]. Necrotic synovial fluid cells isolated from RA patients have been shown to 

release RNA, which can then activate TLR3 expressed on synovial fibroblasts 

[147]. Additionally, TLR4 agonists, such as fibronectin and heat-shock proteins, 

have been detected in synovial fluid isolated from individuals with RA, further 

suggesting a role for TLR4 in disease pathogenesis [148]. In the context of MS, the 

soluble form of TLR2 has been proposed as a potential biomarker for the disease, 

as data from Hossain and colleagues (2018) indicate significantly elevated levels of 

soluble TLR2 in serum isolated from pwMS, when compared to healthy control 

(HC) subjects [149]. Importantly, CNS TLRs are expressed on glial cells 

(microglia, astrocytes and oligodendrocytes) [150], and are also expressed on 

activated lymphocytes which can infiltrate the nervous system. Therefore, TLRs 

and their activation may be critical in the development of neurodegenerative 

disease.  

 

TLR3 has been implicated to play a role in neurodegenerative disease, particularly 

MS. Indeed, poly(I:C) stimulation has been shown to suppress demyelination in a 

murine EAE model via induction of endogenous IFN-β [151]. The transcription 

factor utilized by TLR3, IRF3, plays a critical role in the development of EAE, as 

indicated in mice deficient in IRF3 [152]. Additionally, TRIF deficiency improved 

the severity and neurological scores in EAE [153]. Furthermore, poly(I:C) has been 

shown to promote myelin repair in oligodendrocyte precursor cells (OPCs) [154]. 

Interestingly, previous data from our laboratory indicates that PBMCs from pwMS 

are refractory to poly(I:C) stimulation in terms of TNF𝛼 and IL-8 production [155]. 

These data indicate that the TLR3 signalling axis may be crucial in MS disease 

progression. 

 

TLR4 has been widely studied in autoimmune disease [156] and has also been 

implicated in the pathogenesis of MS. Indeed, the Asp299Gly polymorphism on the 

TLR4 gene has been linked to MS given that PBMCs from pwMS that are 
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heterozygous for the Asp299Gly mutation demonstrate reduced proliferative 

capacity, when compared PBMCs from wild-type patients [157]. Data from our 

laboratory also indicates that PBMCs from newly diagnosed treatment naïve MS 

cases are hypersensitive to TLR4 stimulation with LPS, showing an increased 

production of TNF𝛼 and IL-8 [155]. Furthermore, TLR4 knockout in CD4+ T cells 

diminishes disease symptoms in EAE through reduced Th17 and Th1 responses 

[158]. Additionally, increased levels of TLR4 mRNA was detected in MOG-

induced EAE [159] and Dark Agouti rat EAE models [160]. Elsewhere, there has 

been conflicting evidence regarding the role of TLR4 in EAE pathogenesis. Indeed, 

data from Marta et al., (2008) indicate that TLR4 knockout mice exhibit an 

increased severity in EAE symptoms, when compared to wild type mice [161], 

whereas other laboratories have suggested that TLR4 does not play a part in EAE 

progression [162]. Interestingly, MyD88 deficient mice are completely resistant to 

EAE, highlighting a crucial role for this adaptor protein in EAE progression [161]. 

Recently, it has also been reported that monocytes from pwMS express higher basal 

levels of TLR4 mRNA, when compared to monocytes from HC subjects [163]. 

These data suggest that TLR4 plays a complex role in MS pathogenesis. 

 

IFN-β is an anti-inflammatory cytokine that is a member of the type I IFN family. 

TLR3 and TLR4 signalling mechanisms promote the induction of IFN-β [16]. 

Indeed, as discussed previously, TLR3 can act via TRIF and IRF3 to induce the 

expression of IFN-β. Furthermore TLR4 can signal via a TRIF-dependent 

mechanism through the kinase RIP1 to activate NF-κB and induce IFN-β 

expression [164]. Efficient production of IFN-β is well characterised and 

transcriptional regulation is dependent upon the assembly of a transcription 

enhancer complex known as the enhanceosome [165]. The enhancer region contains 

four positive regulatory domains (PRDs I-IV) that are recognised by specific 

transcription factors. PRD I and III are recognised by IRFs, PRD II is recognised 

by NF-κB, and PRD IV is recognised by AP-1 (ATF-1/c-Jun) [166]. Therefore, 

TLR3/4 signalling is critical in the efficient production of type I IFNs. Importantly, 

IFN-β (Betaseron, Avonex, Rebif) is used as a front-line treatment for RRMS [167], 

and has been shown to reduce relapse rate in pwMS and also provide protection in 

EAE [168]. As previously discussed, IFN-β engages IFNAR and initiates JAK-

STAT signalling which regulates cytokine/chemokine production. Studies have 
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shown that IFN-β supresses Th17 immune responses by regulating the expression 

of specific cytokines including IL-4, IL-10 and IL-27 [169]. Research elsewhere 

has shown that IFN-β inhibits T-cell activation via down-regulation of the MHC II 

co-stimulatory molecules and cell adhesion molecules on APCs [170]. 

Additionally, Arbour and colleagues (2004) have shown that IFN-β can induce T-

cell apoptosis in MS [171], and IFN-β also exerts neuroprotective propensity by 

acting on the novel neurotensin high affinity receptor 1 pathway [172]. Overall, 

understanding the mechanisms that regulate endogenous IFN-β production may 

represent an important therapeutic avenue for future drug design.  

 

It has been reported that a subset of pwMS demonstrate an increased endogenous 

IFN-like activity prior to initiation of IFN-β therapy [173]. Indeed, clinical non-

responders to IFN-β therapy have been reported to overexpress ISGs before 

commencement of therapy, when compared to clinical IFN-β responders. 

Furthermore, data indicate that there is an upregulation of ISGs in clinical 

responders following IFN-β treatment, while no change in ISG expression levels 

were detected in clinical non-responder [173]. The increased IFN signature in 

clinical responders was attributed to activation of IFNAR1 and JAK-STAT 

signalling in monocytes, and decreased expression levels of IRAK3, when 

compared to clinical non-responders [174, 175]. Data elsewhere indicates higher 

basal expression of IFN-β in serum in a small patient population of non-responders 

to IFN-β therapy [176]. However, Feng et al. [177] reported that active MS is 

associated with lower expression of ISGs such as 2’,5’-oligoadenylate synthetase 

and myxovirus resistance A (MxA), and this lower expression is linked to 

subnormal phosphorylation of STAT1. The authors conclude that IFN signalling 

may be predictive of MS disease progression and response to therapy. Finally, in a 

large RRMS patient study, elevated expression of MX1 mRNA (an ISG) in blood 

samples was associated with a longer time to first new relapse [178]. Overall, these 

studies highlight the complex nature of IFN signalling and ISG regulation in MS 

pathogenesis, and suggest that endogenous IFN signatures may be predictive of 

disease course. 
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1.13 Cannabis and Cannabinoids 

Cannabis, commonly known as marijuana, is a derivative of an Indian hemp plant 

Cannabis sativa L. (C. sativa). Cannabis is the most commonly used illegal 

substance by adults, with approximately 5 million daily cannabis users worldwide 

[179]. There is a long history of cannabis use recreationally and medicinally in 

human populations [180]. The Irish physician William O’Shaugnessy is credited 

with introducing cannabis as a treatment option in western medicine after 

researching the medicinal properties of a range of indigenous plants [181]. Various 

parts of the C. sativa plant, including the leaves, flowers, seeds, stalks and resin 

glands are documented for use as food, fuel and medicine [182]. Structurally, 

cannabinoids are a set of over 100 oxygen-containing aromatic hydrocarbons [183], 

and all parts of the male and female plant contain euphoric cannabinoids. 

Cannabinoids are grouped into three subsets: (a) plant-derived (phyto) 

cannabinoids are compounds found only in the cannabis plant and comprise all 

active components of the plant; (b) the endogenous cannabinoids 

(endocannabinoids) constitute the cannabinoids that naturally occur in the body, (c) 

and synthetic cannabinoids (sCB) are artificially designed ligands used 

predominantly for pharmacological scientific research [184].  

 

1.14 Phytocannabinoids  

Phytocannabinoids are derived directly from C. sativa and are an extensively 

studied group of cannabinoids. Cannabinoids are classed as terpenophenolic 

compounds that contain 22 carbons or 21 carbons in neutral form. Neutral 

cannabinoids are formed by decarboxylation of the acid form of the cannabinoid 

via increased temperature [185]. Phytocannabinoids are synthesised via two distinct 

pathways, the polyketide pathway and the plastidal 2-C-methyl-D-erythritol 4-

phosphate (MEP) pathway [186] (Fig. 3). The polyketide pathway forms olivetolic 

acid (OLA) from hexanoyl CoA and the MEP pathway produces geranyl 

diphosphate (GPP). OLA is alkylated with GPP via the enzyme 

geranylpyrophosphate:olivetolate geranyltransferase, which leads to the production 

of cannabigerolic acid (CBGA) [187]. Importantly, CBGA is the precursor to the 

majority of phytocannabinoids, reacting with oxidocyclases to produce an array of 

cannabinoids. Tetrahydrocannabinolic acid (THCA) synthase converts CBGA to 
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THCA which can lead to the synthesis of Δ9-Tetrahydrocannabinol (THC), whereas 

cannabidiolic acid (CBDA) synthase forms CBDA which can undergo 

decarboxylation to cannabidiol (CBD), and finally cannabichromenic acid (CBCA) 

synthase forms CBCA, which results in the production cannabichromene (CBC) 

following decarboxylation [188-190]. Finally, phytocannabinoids that contain a 

propyl group, instead of a pentyl group side chain, such as tetrahydrocannabivarinic 

(THCV) acid and cannabidivarin (CBDV) acid, are instead formed by the 

combination of GPP with divarinic acid [185]. THCV acid and CBDV acid are 

decarboxylated to produce THCV and CBDV. Figure 3 below summarises the 

pathways associated with phytocannabinoid synthesis.  

 

Figure 3. Biosynthesis of the major phytocannabinoids. From [191]. 

 

A large group of phytocannabinoids have been isolated and characterised in the 

plant, the most well-known being THC, the euphoric component of cannabis. CBD 

is a second major phytocannabinoid of relevance to the present study, which is 

described as the major non-euphoric ingredient in cannabis [192]. A large body of 

literature indicates that both THC and CBD have potential as neuroprotective [193], 

anti-inflammatory [194], antioxidant [195] and anti-excitotoxic compounds [196]. 

Furthermore, some published data suggest that other phytocannabinoids, including 

THCV, THCA, CBDV, CBDA, CBC and cannabigerol (CBG), have potential 
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therapeutic value. All phytocannabinoids indicated above were characterised in 

terms of their toxicity profile in the present study. Overall, further research is 

required to delineate the pharmacology of phytocannabinoids, their behaviour 

physiologically and their therapeutic potential. 

 

Some research, albeit limited, has investigated the propensity of THCA, THCV, 

CBDA, CBDV, CBG and CBC as neuroprotective, analgesic, anti-nausea, and 

immunomodulatory compounds. Indeed, THCA, the acid variant of THC, has been 

shown to be neuroprotective in mice intoxicated with the mitochondrial toxin 3-

nitropropionic acid (3-NPA) [197]. THCA can attenuate microgliosis, astrogliosis, 

and pro-inflammatory markers via engagement of the peroxisome proliferator-

activated receptor (PPAR)-γ receptor [197]. In addition, THCA has potential as an 

anti-emetic and immunomodulatory compound via CB1-dependent and 

independent mechanisms [198, 199]. Data elsewhere indicates that THCV 

decreases inflammation markers in mice injected with carrageenan or formalin 

[200], and data from Garcia and colleagues (2011) indicate that THCV can alleviate 

symptoms of Parkinson’s disease (PD) through activation of the cannabinoids 

receptors (discussed below) CB2, and antagonizing CB1 receptors, in rats [201]. In 

terms of CBDA, there is evidence that CBDA has anti-inflammatory and anti-

hyperalgesia effects in a rat model of inflammation [202], and can bind to the 

transient receptor potential cation channel subfamily V member 1 (TRPV1) 

receptor [203]. CBDV, is the propyl analogue of CBD, acts as an allosteric 

modulator of CB1, an antagonist of G protein coupled receptor 55 (GPR55) and can 

also activate TRPV1 [204]. The potential of CBDV as an anti-convulsant 

compound has been shown in seizure models in rats [205], while data also indicate 

that CBDV is an anti-emetic [206]. CBG is a major non-euphoric phytocannabinoid 

and has been shown to bind to both CB1 and CB2 [207], TRPV1 and PPARγ [197] 

receptors. Data indicate that CBG has potential as an appetite stimulant in pre-

satiated rats [208] and as a neuroprotective agent via attenuation of IL-1β, TNFα, 

IFN-γ and PPARγ expression [209]. Finally, the non-euphoric cannabinoid CBC is 

a CB2 receptor agonist [210], activator of TRP ankyrin-1 (TRPA1) channels [211], 

and can inhibit nitric oxide (NO) production in macrophages [212]. Furthermore, 

CBC has been shown to be antimicrobial [213], anti-inflammatory [214], an 

analgesic [215] and to possess anti-depressant properties [216]. Overall, there is 
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clear evidence that phytocannabinoids have potential as therapies for many 

inflammatory and neurodegenerative disorders, however, much research is needed 

to further elucidate their mechanism(s) of action.  

 

1.15 The endogenous cannabinoid system (ECS) 

The endocannabinoids, cannabinoid receptors CB1 and CB2, and the enzymes that 

regulate the synthesis and degradation of endocannabinoids, comprise the ECS 

[217]. To date, two cannabinoid receptors, CB1 and CB2, have been cloned and 

characterised, and both receptors are classic G-protein-coupled receptors [218]. The 

affinity of endocannabinoids and phytocannabinoids for CB1 and CB2 vary greatly 

between ligands [219]. For example, THC has been reported to bind to CB1 and 

CB2 receptors with Ki values in the low nanomolar range, but has a greater affinity 

for CB1 [220]. Furthermore, CBD is reported to have low affinity for both 

cannabinoid receptors and displaces [3H]CP55940 radioligand binding to the 

receptors in the micromolar range [219]. In terms of the expression profile of CB1 

and CB2, the receptor distribution varies quite considerably between both receptors. 

Indeed, CB1 is expressed predominately in the CNS, and is the receptor that has a 

greater affinity for THC and mediates its euphoric effects [221]. Indeed, CB1 has 

been detected on many different cell types of the CNS, including several classes of 

neurons and glial cells [221, 222]. CB1 expression is not uniform across all types of 

neurons however, for example GABAergic interneurons express higher levels of 

CB1 than glutamatergic principal neurons [223]. Furthermore, in a seminal 

immunohistochemical analysis of CB1 expression in the rat CNS performed by 

Tsou et al., (1998), CB1 expression was determined on axons, cell bodies and 

dendrites, and was generally well distributed in the forebrain with more restricted 

distribution in the hindbrain and spinal cord [224]. CB1 has also been detected, to a 

lesser extent, on cells of the immune system (B cells, NK cells, neutrophils, T cells 

and monocytes), testis, vascular endothelium, small intestine and peripheral nerve 

presynapses [225, 226]. Conversely, the CB2 receptor is expressed almost 

exclusively on immune cells (macrophages, mast cells, B and T lymphocytes) and 

organs of the immune system (spleen, thymus, lymph nodes) [222]. Importantly, 

some evidence suggests that the CB2 receptor is expressed on microglia of the CNS 

[227], and CB2 receptor mRNA and protein has been localised on brainstem 
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neurons [228]. In addition, there is evidence that CB2 is expressed predominately 

on neuronal somatodendritic areas (postsynaptically) [229]. 

 

The most well-known and characterised endocannabinoids are anandamide (AEA) 

and 2-arachidonyl glycerol (2-AG). 2-AG is a full agonist for CB1 (EC50 = 125 nM) 

and CB2 (EC50 = 38.9 nM) [230], while AEA has low affinity for CB1 (EC50 = 1349 

nM) and higher affinity for CB2 (EC50 = 121 nM) [231]. Additionally, cannabinoids 

can target non-classical cannabinoid receptors such as PPAR’s and TRP channels. 

Indeed, TRPV1 is activated by AEA (EC50 = 5.31 nM) under certain conditions 

[232] and AEA can also signal via PPAR𝛾 (EC50 = 8 µM)  [233]. Some data indicate 

that GPR55, another G-protein coupled receptor, is a cannabinoid target [234], and 

there is some evidence that the serotonin receptors (5-HT1A) are also targets of 

cannabinoids [235]. 

 

Cannabinoid receptor signalling (both CB1 and CB2) involves pertussis toxin 

sensitive G-proteins (Gi/o) coupling to the inhibition of adenylate cyclase (AC) 

[236]. AC activation results in increased cyclic AMP (cAMP)/ protein kinase A 

(PKA) signalling, therefore, CB1/2 receptor activation results in the inhibition of 

cAMP/PKA signalling [222]. CB1 activation leads to guanosine 

diphosphate/guanosine triphosphate exchange of the α and βγ subunit proteins, 

resulting in the regulation of many effector proteins and subsequent biological 

functions [237]. Cannabinoid receptor signalling has been linked to well 

characterised signalling events. For example, CB2 activation promotes MAPK 

activation, including the activation of extracellular signal-regulated kinase (ERK) 

signalling [238] and the activation of p38 MAPK pathways [239]. CB1 activation 

can also lead to phosphorylation and activation of MAPKs (ERK and p38 MAPK) 

and JNK [240]. In terms of  endocannabinoids, AEA has also been shown to inhibit 

cAMP and adenylyl cyclase indicating a requirement for Gi/o proteins [241]. 

Additionally, AEA can inhibit neuronal progenitor cell differentiation via 

attenuation of the ERK pathway [242]. There is also evidence that the 

endocannabinoid 2-AG can dose-dependently increase cAMP levels in primary 

adipocytes, which can be reversed through inhibition of CB1 [243]. Furthermore, 

ion channels have been implicated in being impacted by cannabinoids. CB1 

receptors can influence activated A-type potassium currents by decreasing cAMP 
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signalling [244] and potassium channels (K+) can be inhibited by AEA [245]. 

Furthermore, 2-AG can increase intracellular free (calcium) Ca2+ in a 

neuroblastoma/glioma hybrid cell model [246] and inhibit sodium (Na) ion 

channels [247]. Finally, there is also evidence that cannabinoids can modulate a 

number of neurotransmitter systems, including dopamine, serotonin, noradrenaline, 

GABA and glutamate (for full review see [248]). 

1.16 sCB 

sCB represent a large group of artificial compounds which have been developed as 

pharmacological tools to activate the ECS, and also represent potential avenues for 

therapeutic development. These compounds interact with CB1 and CB2 and elicit 

cannabimimetic effects similar to THC [249]. However, sCB have been reported to 

have higher binding affinity at the cannabinoid receptors than THC, in both in vitro 

and in vivo studies [250, 251]. Many sCB’s have been developed as 

pharmacological tools, including arachidonyl-2’-chloroethylamide (ACEA), 1-

pentyl-3-(1-adamantoyl)indole (AB-001), R(+)WIN55,212-2, AM694, CP55,940, 

HU-210, ADB-PINACA, JWH-018, JWH-175/6, JWH-307, JWH-250, PB-22 and 

UR-144 [252]. sCBs can also bind and activate non-classical cannabinoid receptors, 

such as TRP channels and PPARs. Indeed, the synthetic cannabinoid 

R(+)WIN55,212-2 has been shown to modulate intracellular signalling mechanisms 

controlling IFN-β expression in a PPARα-dependent manner [253]. Additionally, 

R(+)WIN55,212-2 has been found to exert analgesic effects by desensitizing both 

TRPV1 and TRPA1 [254]. 

 

1.17 Cannabinoids and neuroinflammation: focus on MS 

Neuroinflammation is a key event in myelin degenerative disorders, particularly 

MS [255]. A broad range of events are encompassed by inflammation of the CNS, 

including activation of glial cells, modulation of cytokine and chemokine balance, 

neuronal dysfunction, and neurodegeneration [256]. Neuroinflammation is a key 

event in many neurological disorders such as ischaemia, Alzheimer’s disease (AD), 

PD [257], psychiatric disorders (such as schizophrenia and bipolar disorder) [258], 

and neurodevelopmental disorders such as autism spectrum disorder [259]. There 

is increasing evidence that cannabinoids have potential to modulate 

neuroinflammatory events and are therefore under investigation as therapeutic 
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targets for a range of neuroinflammatory disorders. For example, the 

endocannabinoid 2-AG has been shown to decrease BBB permeability and inhibit 

the expression of TNFα, IL-1β, and IL-6 in mice following traumatic brain injury  

[260]. Additionally, the selective CB1 agonist ACEA, is protective against 

inflammatory and endoplasmic reticulum stress in an in vitro neuronal model [261]. 

In terms of MS, large bodies of data indicate that cannabinoids have anti-

inflammatory potential in neuroinflammatory events underlying the progression of 

EAE, the murine model of MS. For example, to study the effect of THC on rodents 

with EAE, Lyman and co-workers (1989) administered THC to rodents once daily, 

starting several days prior to inoculation and continuing after inoculation with EAE 

using MBP. Their findings indicate that the development of EAE was prevented, 

indicating that THC suppressed the development of EAE [262]. This experiment 

was also repeated to assess the role of THC on the progression of EAE post-

immunisation. In this model, onset of symptoms was delayed and the clinical index 

lowered [262]. Following histological studies of the spinal cords of rodents, 

significantly less inflammation was observed in THC-treated rodents, when 

compared to vehicle-treated rodents. In addition, research has shown that CBD is 

also an effective phytocannabinoid in terms of ameliorating the clinical signs of 

EAE. Data from Kozela et al., (2011) indicate that CBD reduced the severity of 

EAE in mice, which was accompanied by diminished axonal damage and 

inflammation, as well as reduced microglial activation and T-cell recruitment in the 

spinal cord [263]. Furthermore, the sCB R(+)WIN55,212 has potent 

immunoregulatory properties and can ameliorate the progression of clinical disease 

symptoms in a viral murine model of MS [264]. Similarly, AEA has been shown to 

downregulate IL-23 and IL-12 expression in the spinal cord and serum in a viral 

model of MS [265]. Interestingly, knockout of the enzyme fatty acid amide 

hydrolase (FAAH), which hydrolyses AEA and acts as a key regulator of AEA 

[266] and 2-AG [267], results in the clinical remission of EAE [268]. Overall, there 

is much evidence that indicates that phytocannabinoids, endocannabinoids and 

sCBs have potential as cannabinoid-based therapies in EAE and MS and can target 

several mechanisms contributing to the pathogenesis of MS (Figure 4). 

 

Much in vitro data also supports the anti-inflammatory nature of cannabinoids in 

neuroinflammation. Cannabinoids have been shown to supress inflammation in 
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cultured CNS cells, particularly inflammation induced by IL-1β, IFN-γ, amyloid-

beta (Aβ) and hypoxia-ischemia [269]. Cannabinoid receptor signalling has also 

been linked to neurodegeneration and neuroinflammation in EAE [270]. Indeed, 

CB1 knockout mice in EAE show more severe loss of neurofilament and myelin 

basic protein levels in their spinal cords, when compared to ‘normal’ EAE mice, 

highlighting a neuroprotective effect for this receptor [271]. Additionally, CB2 

knockout mice in EAE exhibit an exacerbated clinical score of disease, extended 

axonal loss, increased CD4+ T cell infiltration and microglial activation, when 

compared to their wildtype littermates, suggesting a protective role for CB2 in EAE 

pathology [270]. Furthermore, evidence indicates that the CSF and peripheral 

lymphocytes of RRMS patients demonstrate altered levels of endocannabinoids 

when compared to CSF/lymphocytes from HC subjects, and this has also been 

demonstrated in the brains of EAE mice [272]. Overall, a large body of research 

evidence strongly links the cannabinoid system with the pathophysiological 

mechanisms associated with MS, and this system offers potential for therapeutic 

interventions in this disease [273]. 

 

1.18 The role of cannabinoids in innate immunity 

As discussed previously, TLRs are key components of the innate immune system, 

orchestrating innate immune  responses to pathogens and promoting the production 

of inflammatory mediators. Importantly, there is a growing body of literature which 

demonstrates that a novel interplay exists between the TLR and cannabinoid 

systems, both centrally and peripherally [274]. TLRs and cannabinoid receptors 

share common signalling intermediates (i.e. MAP kinases), with direct cross-talk 

between these two cascades identified. Indeed, evidence indicates that cannabinoids 

inhibit TLR-induced cytokine/chemokine expression, in addition to interfering with 

the activation of TLR-induced transcription factors and signalling proteins [269].   

 

Much research evidence has elucidated the effects of phytocannabinoids 

(particularly THC and CBD) on immune cell signalling and function. For example, 

THC inhibits TLR4-induced inflammation [275], induces apoptosis [276], and can 

inhibit migration [277] in macrophages. THC has also been shown to negatively 

regulate NK cell activity [278] and induce apoptosis in DCs [279]. Studies on the 

effects of CBD on the innate immune system have demonstrated that CBD inhibits 
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neutrophil migration in a periodontitis experimental model in rats which is 

accompanied by a CBD-induced decrease in the activator of NF-κB ligand RANKL 

[280]. In the same study, the researchers found that gingival tissues from CBD-

treated rats had decreased IL-1β and TNFα expression. Studies elsewhere have 

highlighted a role for cannabinoids in immune cell signalling and function. Using 

the BV-2 microglial cell line, researchers found that THC and CBD can regulate 

the expression of LPS-induced micro-RNAs (miRNAs) which are associated with 

TLR and NF-κB signalling, including miR-146a and miR-155 [281]. In the same 

study, CBD treatment alone was sufficient to upregulate miR-34a which is 

associated with the regulation of cell cycle pathways and Notch-DII1 signalling 

[281]. Furthermore, microarray and pathway analysis data from the same laboratory 

indicates that treatment with CBD had a greater impact than THC on LPS-induced 

gene expression, which may be due to the proclivity of CBD to upregulate genes 

that encode negative regulators of NF-κB and AP-1 transcriptional activities, which 

emphasises the immunosuppressant activities of cannabinoids and their ability to 

target TLR signalling mechanisms [282]. Finally, Kozela et al., (2010) reported that 

THC and CBD attenuate LPS-induced inflammatory cytokine (IL-1β, IL-6) and 

IFN-β expression in BV-2 microglial cells and that this effect was independent of 

the cannabinoid receptors [283]. Here, the researchers also found that CBD, but not 

THC, reduced NF-κB signalling while upregulating the activation of STAT3 to 

promote anti-inflammatory signalling. Additionally, both phytocannabinoids 

decreased LPS-induced STAT1 activation, which is critical in IFN-β-dependent 

inflammatory signalling processes. There is also evidence that THC and CBD may 

be protective to methamphetamine-induced neuroinflammation and mitochondrial 

dysfunction via phytocannabinoid modulation of TLR4-NF-κB signalling (for full 

review see [284]).  

 

In terms of cannabinoid receptors, CB1 has been shown to mediate LPS-induced 

fever responses (including LPS-induced hypothermia, hyperalgesia, and pro-

inflammatory cytokine production in macrophages), indicating that CB1 is pivotal 

in mediating TLR4-induced febrile responses [285]. Furthermore, cannabinoid-

induced modulation of TLR signalling has been reported in adipocytes and 

endothelia. Indeed, the sCB R(+)WIN55,212-2 and endocannabinoid N-

arachidonoyl dopamine (NADA), have been shown to ablate both LPS- and FSL-1 
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(TLR2/6 ligand)-induced proinflammatory cytokine expression in endothelia [286]. 

TLR4-induced pro-inflammatory cytokine production in adipocytes is blocked by 

the CB1 antagonist SR141716A, indicating that CB1 regulates LPS-induced 

inflammation in adipocytes [287]. Interestingly, some evidence suggests that 

cannabinoid-induced effects on TLR signalling may be independent of the 

cannabinoid receptors [288]. Indeed, using the sCB R(+)WIN55,212-2, Downer 

and colleagues (2011) showed evidence that R(+)WIN55,212-2 is a regulator of 

TLR3 and TLR4 signalling, independent of CB1/2. Specifically, R(+)WIN55,212-2 

inhibited the pro-inflammatory signalling axis activated by TLR3 and TLR4, while 

amplifying the activation of the IRF3 protein and consequently, IFN-β, with 

resulting anti-inflammatory effects in EAE [184]. Elsewhere, the CB2 receptor 

agonists JWH-133 and JWH-015, in addition to THC, were sufficient to modulate 

TLR9-induced IFN-α and TNFα expression in primary human pDCs. Indeed, JWH-

113, JWH-015 and THC, attenuated the TLR9-induced phosphorylation of IRF7, 

TBK1, NF-κB and IKKγ in pDCs, which are all key factors in pDC activation [289]. 

Furthermore, there is evidence linking THC regulation of TLR7-induced IL-1β 

expression in monocytes through CB2. Indeed, THC attenuation of TLR7-IL-1β 

production in a co-culture of monocytes and astrocytes, resulting in decreased 

astrocyte production of monocyte chemoattractant protein 1 (MCP-1) and IL-6 

[290]. 

 

In terms of endocannabinoids, studies have shown that AEA can modulate TLR7/8-

dependent, but not TLR4/5-dependent, release of cytokines/chemokines in 

monocytes isolated from  pwMS [163]. Similarly, TLR7/8 activation promotes 

cytokine expression in myeloid DC isolated from healthy individuals and pwMS, 

and these effects are attenuated by both AEA, in addition to the sCB JWH-015, in 

a CB2-dependent manner [291]. Additionally, it has been demonstrated that the 

novel cannabinoid receptor GPR55 potentiates LPS-induced pro-inflammatory 

cytokine expression in monocytes [292], suggesting that GPR55 signalling 

modulates TLR4 signalling in immune cells. Studies such as these demonstrate the 

potential of cannabinoids to modulate TLR-induced events and highlight their 

potential as immunosuppressive agents (Figure 4). 
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Several important findings indicate that cannabinoid and TLR signalling may 

overlap in the CNS. Cannabinoid receptors are expressed by major glial cells [293] 

and there is growing evidence that suggests that cannabinoids negatively regulate 

TLR4-induced inflammation in glial cells. Moreover, cannabinoids, including THC 

and CBD, can downregulate pro-inflammatory mediator expression induced by the 

TLR4 agonist LPS in microglia [294]. TLR3 has been shown to promote the 

expression of neuroinflammatory mediators in the hippocampus of rats, and these 

effects are regulated by the FAAH inhibitor URB597 [295]. Indeed, administration 

of a monoacylglycerol lipase (MAGL) inhibitor (MJN110), which results in 

increased levels of the endocannabinoid 2-AG, does not affect TLR3-induced 

CXCL10, IRF7, or TNFα expression in the spleen or hypothalamus of rats [296]. 

Conversely, utilisation of the FAAH inhibitor, URB597, which results in increased 

levels of AEA, attenuated TLR3-induced inflammatory events in the hypothalamus 

of rats, indicating a role for endocannabinoid regulation of TLR3-induced 

neuroinflammatory events [296]. Additionally, data from the same group identified 

that URB597 treatment was sufficient to attenuate TLR3-induced fever, 

hypothermia and anxiety-like behaviour in rats. The authors note that URB597 

decreased expression of TLR3-induced microglia/macrophage activation [297]. 

Recent data from Corcoran et al., (2020) [298] have also demonstrated a role for 

the ECS in pain- and fear-related disorders in rat models. Here, the researchers 

found that microinjection of MJN110 (which will increase the expression levels of 

2-AG) in the anterior cingulate cortex attenuated fear-conditioned analgesia, and 

that this effect was blocked using the CB2 antagonist AM630 [298]. Data elsewhere 

indicates that administration of WIN55,212-2 attenuates the number of LPS-

activated microglia in the rat hippocampus in vivo [299]. Furthermore, LPS also 

reduces CB2 expression on macrophages and microglia, indicating that CB2 

expression undergoes modulatory changes due to cell activation [300]. These 

studies outline the potential for cannabinoids to regulate TLR-induced mechanisms 

and further highlight their potential development as therapeutics (see the authors 

review in appendix 1 for a table summarising  cannabinoid overlap with TLRs). For 

full review of TLR signalling as a cannabinoid target see Fitzpatrick and Downer, 

2017 (Appendix 1) [274]. 
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Figure 4. Overview of immune cell activation in MS pathogenesis [274]. 

 

1.19 The effect of cannabinoids on cellular metabolism and viability 

There is now considerable evidence that cannabinoids can modulate immune cell 

function by regulating innate immune signalling pathways, altering 

cytokine/chemokine release, and potentially controlling cellular metabolism. The 

recently emerging field of immunometabolism has shed light on how metabolic 

cellular reactions and processes can function as a mechanism to control immunity 

and inflammation [301]. Indeed, there is evidence that cannabinoids may promote 

oxidative metabolism by upregulating adenosine monophosphate-activated protein 

kinase (AMPK), which is the master regulator of cellular energy levels [302]. 

AMPK is involved in promoting energy production strategies such as mitochondrial 

biogenesis and autophagy [303]. Indeed, AMPK controls the balance between 

anabolism and catabolism [304] through the phosphorylation of key proteins 

including the mechanistic target of rapamycin (mTOR), which is involved in cell 

growth and metabolism [305], lipid homeostasis [306], glycolysis [307] and 

mitochondrial homeostasis [308]. Indeed, AMPK activation can increase fatty acid 

oxidation [309] and mitochondrial biogenesis [310], which can induce an increase 
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in oxidative phosphorylation (OXPHOS). It has been reported that OXPHOS can 

skew immune cells towards an anti-inflammatory, tolerogenic phenotype [311]; 

therefore, AMPK activation can promote a cellular phenotype capable of 

attenuating inflammation.  

 

Cannabinoids have been linked with the activation of AMPK and may utilize this 

master regulator of the cell response to energy stress to supress inflammation. For 

example, CB2 activation using THC and the sCB JWH-015, has been shown to 

promote AMPK activation in hepatocellular carcinoma [312]. Findings elsewhere 

indicate that cannabinoids induce AMPK-dependent autophagy via a reactive 

oxygen species (ROS)-dependent increase in AMP/ATP ratio in pancreatic cancer 

cells [313]. However, there is evidence to suggest that cannabinoid activation of 

AMPK is cell-type specific. Indeed, in a mouse model of obesity, CB1 receptor 

stimulation decreased mitochondrial biogenesis through attenuation of AMPK in 

white adipocytes through extracellular nitric oxide synthase (NOS) downregulation 

and p38 MAPK activation [314]. Additionally, the metabolic profile of immune 

cells can be regulated by cannabinoids and is a mechanism by which cannabinoids 

may control inflammation. One group has shown that knockout of CB2 can increase 

glucose uptake and ATP levels in B cells [315]. Indeed, activation of CB2 with the 

sCB HU308 has been shown to attenuate LPS-induced NLRP3 inflammasome 

activation in murine macrophages [316]. The same group also reported that 

macrophages with CB2 genetically ablated demonstrate increased inflammasome 

activity, which the authors mechanistically attribute to the AMPK-mTOR-P70S6K 

signalling pathway [316]. It is clear that there is evidence implicating a role for 

cannabinoids in regulating energy metabolism in adaptive and innate immune cells 

via activation of AMPK. However, there is much work still required to fully 

elucidate the mechanisms by which cannabinoids alter immune cell metabolism and 

induce an anti-inflammatory phenotype. 

 

There is also evidence of cannabinoids altering cellular viability, however, these 

studies are limited. THC treatment in cultured cortical neurons induces apoptosis 

in a CB1-dependent manner through activation of JNK and caspase-3 [317]. Indeed, 

in vitro THC treatment of cerebral cortical slices obtained from neonatal rats 

activates the stress-activated protein kinase, JNK, and caspase-3, however, THC 
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treatment of adult cortical slices did not impact these pro-apoptotic pathways [318]. 

These data suggest that neonatal rat brain is more susceptible to the neurotoxic 

effects of THC than the adult rat brain [318]. Data elsewhere indicate that THC, 

alongside sCBs (CP55,940 and WIN55212-2), concentration-dependently increase 

B-cell proliferation, indicating that these tested cannabinoids are not cytotoxic to B 

cells and increase B cell viability [318]. A toxicity screen (using MTT assays) of a 

panel of non-psychoactive cannabinoids (CBD, CBC, CBG, THCV and CBGV) in 

human keratinocyte cells, indicated that all cannabinoids tested were not cytotoxic 

at the concentrations examined (10-20 µM) [194]. Furthermore, in the THP-1 

monocytic cell line, CBD treatment was found to concentration-dependently 

increase intracellular ROS production and to promote apoptosis [319]. 

Furthermore, there is evidence that the phytocannabinoid CBG is protective against 

motor neuron loss after treatment with media from LPS-stimulated macrophages 

[209]. Indeed, the neuroprotective properties of CBG were associated with reducing 

nitrotyrosine, superoxide dismutase 1 (SOD1) and iNOS expression, while 

restoring Nrf-2 levels [209]. Previously reported studies have shown a protective 

effect of phyto- and synthetic-cannabinoids in B cells, however, there is evidence 

that the endocannabinoid AEA can inhibit primary human T and B lymphocyte 

proliferation by promoting DNA fragmentation [320]. Elsewhere, data from 

Sanchez et al., (2006) indicate that the sCB WIN55212-2 concentration- and time-

dependently induces apoptosis in encephalitogenic T cells during EAE, which may 

contribute to the anti-inflammatory propensity of WIN55212-2 in EAE models 

[321]. It is clear that cannabinoids have diverse effects on cellular viability which 

is dependent on the cell type examined (immune versus neural cells), the 

concentration and time of cannabinoid treatment, and the type of cannabinoid being 

tested (phyto- versus endo- versus sCB). 

 

1.20 Cannabis based medicines 

The development of cannabis-based therapeutics has advanced in recent decades 

due to increased evidence linking the cannabinoid system with disease 

pathogenesis. With relation to MS, cannabinoids have shown much therapeutic 

promise and have been shown to alleviate disease symptoms, particularly muscle 

spasticity, spasms, bladder dysfunction and pain in pwMS [322]. In addition, it is 
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widely accepted that some pwMS self-medicate with cannabis, and clinical trial 

evidence indicates that cannabis extracts benefit the patient in terms of 

controlling/alleviating the symptoms of MS [323].  

 

Currently several cannabinoid-based therapies are in the clinic. Dronabinol and 

Nabilone are two approved cannabis-based medicines which were developed in the 

1980’s/1990’s for the treatment of nausea in patients receiving chemotherapy [324], 

and as an appetite stimulant for patients with AIDs [325]. Dronabinol and Nabilone 

contain a synthetic form of THC [326], and some evidence, albeit limited, indicates 

that Dronabinol has efficacy as an analgesic in MS [327]. Epidiolex is a plant-

derived highly purified CBD oral solution developed by GW Pharmaceuticals. 

Epidiolex is approved for the treatment of seizures associated with Dravet 

syndrome (DS), Lennox-Gastaut syndrome (LGS) and tuberous sclerosis complex 

(TSC) in the United States, and as an adjunctive treatment to clobazam for DS and 

LGS in Europe [328]. Sativex is another important cannabinoid-based medication 

containing CBD and THC as its most abundant phytocannabinoid components, in 

addition to other phytocannabinoids and non-phytocannabinoid components, and is 

administered as an oromucosal spray. Sativex is prescribed for pwMS with 

moderate to severe spasticity [329]. There is much clinical evidence of the efficacy 

and safety of the oral cannabinoid-based spray in terms of reducing spasticity, 

spasm frequency and pain [330]. In terms of potential pyschoactivity, Sativex is 

generally well tolerated, although dizziness, dry mouth and somnolence have been 

reported in a small percentage of users [331]. The oral administration of Sativex 

has the advantage of fast onset of action and high bioavailability [332]. Patients are 

given the freedom to self-titrate the dosage according to their need and tolerance of 

the drug. Sativex was first prescribed in Canada in 2005 and in 2010, Sativex gained 

regulatory approval in the UK and is now approved in over 20 European countries. 

In December 2016, the minister for health in Ireland commissioned a report from 

the Health Products Regulatory Authority (HPRA) to assess cannabis for medical 

use. The HPRA report concluded that cannabis-based medicines should be used in 

‘compassionate cases’ when other medications are ineffective. Despite the 

development of cannabis-based therapeutics, much research is required to elucidate 

the cellular mechanisms of action of cannabinoids, including THC and CBD present 

in Sativex.  



38 
 

1.2 Hypothesis and aims 

Hypothesis 

The study hypothesis is that the botanically-derived phytocannabinoids, THC and 

CBD, are novel regulators of both viral (TLR3-mediated) and bacterial (TLR4-

mediated) signalling pathways in monocyte and macrophage cell lines, and in 

PBMCs isolated from healthy donors and pwMS.  

 

Overall aims 

The specific aims of this study are: 

1. To characterise TLR3 and TLR4 signalling in THP-1 monocyte and 

macrophage cell lines, in addition to primary PBMCs isolated from whole 

blood. 

2. To investigate the proclivity of THC and CBD, when administered alone 

and in combination (1:1), to regulate TLR3 and TLR4 signalling 

mechanisms in monocytes, macrophages and primary human PBMCs from 

HC subjects and pwMS. 

3. To determine if the impact of THC and CBD on TLR3 and TLR4 signalling 

events are mediated by CB1/2 receptors. 

4. To determine if differences exist in PBMCs isolated from HC volunteers 

and pwMS in terms of cellular responses to treatment with TLR3/4 ligands 

and the phytocannabinoids THC and CBD. 

5. To determine the effect of a panel of botanically-derived cannabinoids 

(THC, CBD, CBDV, CBDA, THCV, THCA, CBG, CBC) on immune cell 

toxicity/viability. 
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Chapter 2: Materials and methods 
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2.1 Culture of cell lines 

2.1.1 Culture of the THP-1 monocyte cell line 

The human monocytic cell line (THP-1) were kind gifts from Prof. Marina Lynch 

and Prof. Andrew Bowie, Trinity College Dublin. These cells were originally 

derived from the peripheral blood of a 1-year-old male with acute monocytic 

leukaemia. THP-1 monocytes were maintained in RPMI 1640 (Gibco, Life 

Technologies) supplemented with 10% (v/v) FBS (Sigma-Aldrich, Dorset, UK) and 

penicillin streptomycin (100 g/ml) solution (Gibco) in a humidified environment 

at 37°C with 5% CO2. Cells were passaged using dissociation every 2-3 days. 

 

2.1.2 Phorbol myristate acetate (PMA)-induced THP-1 monocyte 

differentiation  

PMA (Sigma-Aldrich) was dissolved in sterile ethanol (Sigma-Aldrich) and 

vortexed, giving a final concentration of 0.2 mg/ml. PMA was aliquoted and stored 

in the dark at -20oC. Repeated freeze-thaw cycles were avoided. To induce THP-1 

monocyte differentiation, THP-1 cells were resuspended and seeded in RPMI 1640 

medium containing 10 ng/ml PMA. Cells were maintained in 5% CO2 at 37°C for 

48 h to allow for differentiation which is consistent with publications elsewhere 

[333].  

 

2.2 Isolation of PBMCs  

Written informed consent was obtained from each donor and the study received 

ethical approval from the School of Medicine Research Ethics Committee, TCD 

and Beaumont Hospital, Dublin (Appendix 2). Human PBMCs were collected from 

venous blood of HC donors (max 50 ml per donor) using a density gradient through 

lymphoprep (Axis-Shield, Oslo, Norway). Blood samples were initially diluted 1:1 

with sterile PBS and gently overlaid onto lymphoprep. Each sample was subjected 

to centrifugation (800 g, 20 min, brake off) while in contact with the lymphoprep. 

Plasma was aliquoted and stored at -80°C until analysis and the PBMC layer was 

separated, diluted with PBS and centrifuged at 400 g for 10 min. The supernatant 

was discarded, and the pellet resuspended in PBS, prior to further centrifugation 

(400 g, 10 min). The pellet was resuspended in 1 ml of RPMI (10% FBS, 100 μg/ml 

of penicillin, and 100 μg/ml of streptomycin) and a cell count was performed. 



41 
 

PBMCs were plated at 1 x 106 cells/ml in 6- or 24-well plates for assessment of 

poly(I:C), LPS, and phytocannabinoid-induced signalling events.  The remaining 

PBMCs (where applicable) were then cryopreserved (at 5-10 x 106 cells/ml in foetal 

bovine serum (FBS) containing 20% DMSO) in liquid nitrogen. 

 

2.3 Drug treatments 

2.3.1 LPS stimulation 

THP-1 monocytes, THP-1-derived macrophages and human PBMCs were cultured 

at cell densities ranging from 0.2-1 x 106 cells/ml in 6-, 24-, and 96-well sterile cell 

culture plates. Stock LPS (10 g/ml) (ALEXIS Biochemicals, USA) was diluted 

separately in RPMI media to the desired working concentrations (1-1000 ng/ml). 

Cells were stimulated for time points ranging from 10 min - 48 h. Control wells 

were incubated with RPMI media, using the same volume added to LPS-treated 

wells. At time zero, supernatants, cells and coverslips (if required) were harvested 

for ELISA, RT-qPCR and immunocytochemical analysis, respectively. 

 

2.3.2 Poly(I:C) stimulation 

THP-1 monocytes, THP-1-derived macrophages and human PBMCs were cultured 

at cell densities ranging from 0.2-1 x 106 cells/ml in 6-, 24-, and 96-well sterile cell 

culture plates. Stock poly(I:C) (1 mg/ml) (Invitrogen, France) was diluted 

separately in RPMI media to the desired working concentrations (0.5-50 g/ml). 

Cells were stimulated for time points ranging from 10 min - 48 h. Control wells 

were incubated with RPMI media, using the same volume added to poly(I:C)-

treated wells. At time zero, supernatants, cells and coverslips (if required) were 

harvested for ELISA, RT-qPCR and immunocytochemical analysis, respectively. 

Additionally, three different sources of poly(I:C) were used in some experiments 

(Fig. 3.1, 3.2, 3.3, 3.4, 3.7). Two sources were kind gifts from Prof. Aisling Dunne 

and Prof. Ursula Fearon, and the third source was the stock poly(I:C) mentioned 

previously. All sources of poly(I:C) were high molecular weight and from 

Invitrogen, France. Poly(I:C) 1 signified the drug compound from the laboratory, 

poly(I:C) 2 signified drug from Prof. Dunne, and poly(I:C) 3 signified drug from 

Prof. Fearon.  
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2.3.3 Cannabinoid treatment 

THP-1 monocytes, THP-1-derived macrophages and human PBMCs were cultured 

at cell densities ranging from 0.2-1 x 106 cells/ml in 6-, 24-, and 96-well sterile cell 

culture plates. Eight phytocannabinoids, THC (batch no: THC/CG/1601), CBD 

(batch no: 6046727), CBDV (batch no: CBDV220914), CBDA (batch no: 

CBDA040912), THCV (batch no: THCV/CG/1005), THCA (THCA-CB-1001, 

CBG (batch no: CBG-CG-1501), and CBC (batch no: CBC/CG/0910) (supplied by 

GW Research Ltd, Cambridge, UK) were dissolved in sterile ethanol and stored 

protected from light at 4°C at a stock solution of 10 mM. The cannabinoids were 

diluted separately in RPMI media to the desired working concentrations (0.1-10 

M). For ELISA, RT-qPCR, and immunocytochemistry analysis, cells were pre-

treated with either THC, CBD or a 1:1 combination of THC:CBD for 30-45 min 

prior to stimulation with either poly(I:C) or LPS for time points ranging from 30 

min to 24 h. Control wells were incubated with RPMI media or RPMI media 

containing ethanol (0.1%), giving an overall same volume as the stimulated 

treatment wells. At time zero, supernatants, cells and coverslips (if required) were 

harvested for ELISA, RT-qPCR and immunocytochemical analysis, respectively. 

5). In some experiments, cells were pre-treated with the CB1 receptor antagonist 

SR141716 (N-[piperidin-1-yl]-5-[4-chlorophenyl]-1-[2,4-dichlorophenyl]-4-

methyl-1-H-pyrazole-3-carboxamide], NIMH Chemical Synthesis Programme  

Batch 12,446–49-1; 1 μM for 1 h), the CB2 receptor antagonist SR144528 ([N-[(1 

s)-endo-1,3,3-timethylbicyclo[2.2.1]heptan-2-yl]5-(4-choro-3-methylpanyl)-1-(4-

methlbenzyl)pyrazole-3-carboxamide] Chemical Synthesis Programme: Batch No. 

11183–173-2; 1 μM for 1 h), or the PPARγ receptor antagonist T0070907 (Tocris 

Bioscience; 1 μM; 1 h) prior to treatment with the phytocannabinoids and LPS or 

poly(I:C). 

 

2.4 Thiazoyl blue (MTT) cytotoxity assay 

THP-1 monocytes (4 x 104 per well) or primary PBMCs (0.1 x 106 per well) were 

cultured in a 96-well plate in RPMI 1640 phenol red free media (Gibco, Life 

Technologies). For THP-1-derived macrophages, monocytes (4 x 104 per well) 

were allowed to differentiate to macrophages prior to analysis (see section 2.1.2) 

and cultured in RPMI 1640 media. Cells were maintained in culture at 37°C for 
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approximately 1 h before treatment with DMSO (0.1-2%), ethanol (0.1-1%), LPS 

(100 ng/ml), poly(I:C) (10-25 g/ml), THC (0.1-10 M), CBD (0.1-10 M), 

THC:CBD (0.1-10 M; equal concentration for both phytocannabinoids), CBDV 

(0.1-10 M), CBDA (0.1-10 M), THCV (0.1-10 M), THCA (0.1-10 M), CBG 

(0.1-10 M), or CBC (0.1-10 M) for 4 or 24 h. Triplicate wells were used for each 

treatment. Triton x100 (0.2%) (Sigma) was used as a positive control and was added 

10 min prior to the addition of MTT to permeabilise the membrane. MTT (20 µl, 5 

mg/ml dissolved in PBS, filter sterilised) was added to each well and incubated for 

3.5 h. Finally, isopropanol (100 µl) (Hazardous material facility, TCD) was added 

to each well (for monocytes and PBMCs) to dissolve the purple formazan product. 

For macrophages, at time zero the RPMI media was aspirated and isopropanol was 

added to each well. The absorbance of each well was measured at 540-560 nm in a 

multiwell plate reader. Data was normalised to the control wells.  

 

2.5 Immunocytochemistry 

2.5.1 Preparation of sterile coverslips 

To ensure sterility, 13mm diameter glass coverslips (VWR International, USA) 

were prepared. Coverslips were soaked in 70% ethanol and separated individually 

on sterile tissue in a laminar flow hood. Sterile coverslips were then placed into a 

petri dish (Sarstedt, Germany) containing filter sterilised poly-L-lysine (Sigma-

Aldrich, Dorset, UK) solution (40 µg/ml in sterile H2O), pushed individually to the 

base of the dish, and incubated for 3-4 h at 37°C to provide a suitable surface to 

which cells could adhere. Post 3-4 h incubation, coated coverslips were separated 

individually on sterile tissue in the laminar flow workstation and coverslips stored 

at 4°C in a sterile 50 ml falcon tube until required for use. 

 

2.5.2 IRF-3/NF-κB immunocytochemistry 

THP-1 cells were differentiated by resuspending in 1 ml of RPMI 1640 medium 

containing 10 ng/ml PMA following centrifugation. Cells were counted and cell 

suspension was made up to a final concentration of 1 x 106 cells/ml using PMA-

treated media (10 ng/ml). Coated coverslips were positioned in a 24-well plate, the 

cell-suspension was added to each well (0.5 x 106 cells/well). Cells were maintained 

in 5% CO2 at 37°C for 48 h. After 48 h, PMA-treated media was removed and 
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replaced with fresh RPMI media (250 µl/well). Stock LPS (10 µg/ml) or poly(I:C) 

(1 mg/ml) was diluted in RPMI media to a concentration of 200 ng/ml or 20 μg/ml, 

respectively. Cells were treated with 250 µl of LPS-, or poly(I:C)-containing media, 

giving a final LPS or poly(I:C) concentration in each well of 100 ng/ml or 10 μg/ml, 

respectively. Cells were stimulated with LPS or poly(I:C) for time points ranging 

from 10 min – 4 h. Control wells were treated with 250 µl/well RPMI media. 

Additionally, when cannabinoids treatments were added, THC (10 μM) and CBD 

(10 μM) were added as pre-treatments for 30 min prior to LPS (30 min) or poly(I:C) 

(60 min) treatment. 

Following treatment, supernatants were removed from wells and stored at -20oC for 

analysis by ELISA. Wells were carefully washed with ice-cold PBS and fixed in 

ice-cold 100% methanol (300 µl; Hazardous materials facility, TCD) at -20oC for 

10 min. Methanol was then removed and wells were washed three times with ice-

cold PBS. Wells were flooded with PBS and coverslips were stored at 4oC until 

analysis by fluorescence immunocytochemistry. Fixed cells were washed twice 

with PBS. Cells were permeabilised by adding 0.2% Triton X-100 in PBS (300 

µl/well) for 10 min at room temperature (RT). Wells were then washed three times 

with PBS (5 min per wash). Non-specific staining was prevented by blocking cells 

with 250 µl normal goat serum (NGS) (10% v/v) (Sigma) in PBS for 2 h at RT. 

Following blocking, NGS was removed and primary antibody was added directly 

to fixed cells. Cells were incubated with rabbit polyclonal NF-κB p65 antibody or 

IRF3 (1:200 in 5% v/v NGS, Santa Cruz Biotechnology) (250 µl/well) overnight at 

4°C. Negative controls were incubated with 5% v/v NGS in PBS in the absence of 

primary antibody. Following overnight incubation, primary antibody was removed 

by washing three times with PBS, 5 min per wash. Cells were then treated with 250 

µl of secondary antibody solution containing goat anti-rabbit ALEXA 488 (1:1000, 

Life Technologies, USA) and DAPI (1:1000, Sigma) in 5% v/v NGS. Fixed cells 

were incubated in the dark for 1 h at RT. Coverslips were then washed 12 times 

with PBS, 10 min per wash in the dark. Coverslips were mounted onto 1.0 – 1.2 

mm glass slides using mounting medium (Sigma-Aldrich, USA), sealed using nail 

varnish, and stored at 4oC in the dark. Samples were viewed using an Olympus 

BX51P fluorescent microscope equipped with the appropriate filter sets. 4-5 fields 

of view were acquired for each treatment/coverslip and 40-60 cells analysed per 
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treatment. Images were analysed using ImageJ software with the CellMagicWand 

plug in and corrected total cell fluorescence (CTCF) was calculated for each cell.     

 

2.6 Enzyme-linked Immunosorbent Assay (ELISA) 

The expression of RANTES, TNF𝛼, IL-6, CXCL8, IFN- and CXCL10 protein 

were assessed by ELISA in all cell types including human THP-1 monocytes, THP-

1-derived macrophages, and primary human PBMCs. Human RANTES, TNF𝛼, IL-

6, IL-8 (CXCL8), IFN- and CXCL10 antibody was supplied from R&D systems®, 

Minneapolis, USA. Standard concentrations of the target were made from the stock 

standard (100 ng/ml) to range from 4000-7.8 pg/ml, depending on the cell line and 

target protein. RPMI was used to dilute each standard. The supernatants of LPS-, 

poly(I:C)- and phytocannabinoid-treated cells were used for analysis of cytokine, 

chemokine and IFN expression. 

 

Day One 

Human capture antibody was diluted to the working concentration (4 µg/ml) in PBS 

and 50 μl added to each well of the 96-well plate. Wells were coated overnight at 

RT. 

 

Day Two 

The 96-well plate was washed (x3) with 200 μl of the wash buffer (0.05% Tween 

in PBS) per well. Wells were blocked in blocking buffer (1% BSA in PBS) for at 

least 1 h at RT. The plate was washed (x3) and 50 μl of the standards and samples 

were added in duplicate to the plate and incubated at RT for 2 h. The plate was 

washed (x3) and 50 μl of the detection antibody (20 ng/ml in reagent diluent) added 

to each well for 2 h at RT. The plate was washed (x3), 50 μl of the Streptavidin-

HRP solution (1:40 dilution) was added to each well and covered from light for 20 

min. After washing (x3), 50 μl of Tetramethylbenzidine substrate solution was 

added to each well for a maximum of 30 min. The stop the reaction 25 μl of stop 

solution (0.18M H2SO4) was added to each well and the optical density of each well 

was read at 450 nm using a spectrophotometer (MULTISKAN FC, Thermo-

Scientific) to give absorbance values. 
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2.7 Quantitative real-time polymerase chain reaction 

THP-1 monocytes, THP-1 derived macrophages and human PBMCs were plated at 

a density of 0.5 x 106 cells per well in 24-well plates, or at a density of 2 x 106 cells 

in 6-well plates. Cells were treated with either poly(I:C) (10-25 µg/ml), LPS (100 

ng/ml), THC (10 M), or CBD (10 M) for 2 - 6 h. RPMI media, or media 

containing ethanol (0.1%), was added to control wells. At time zero, the wells were 

triturated and the contents (supernatants and cells) removed using sterile filter tips 

and placed into RNAse free eppendorfs (Macherey-Nagel Inc., Geschaftsfuhrer, 

Germany). Eppendorfs were spun at 400 g for 3 min, and the supernatant carefully 

removed and stored at -20oC. Each pellet was resuspended in 100 μl RA1 lysis 

buffer containing mercaptoethanol (1:100 dilution) and stored at -20°C. RNA was 

extracted from the three cell types using a NucleoSpin® RNAII isolation kit 

(Macherey-Nagel Inc., Geschaftsfuhrer, Germany). The concentration of RNA was 

determined by placing 1 μl of the resulting solution onto a UV-vis 

spectrophotometer. Complementary DNA (cDNA) synthesis was performed on 0.1-

1 μg of RNA using a High Capacity cDNA RT kit (Applied Biosystems, Carlsbad, 

CA) according to the manufacturer’s instructions. Equal amounts of cDNA were 

used for RT-qPCR amplification. Real-time PCR primers were delivered by 

Taqman® Gene Expression Assays containing forward and reverse primers, and a 

FAM-labelled MGB Taqman probe for each gene (Applied Biosystems). The 

primers used were as follows: IFN-β: Hs01077958_s1, TNF: Hs01113624_g1, 

CB1: Hs00275634_m1, CB2: Hs00361490_m1, RANTES (CCL5): 

Hs00982282_m1, TLR3: Hs00152933_m1, TLR4: Hs00152939, and PPARγ: 

Hs00152933_m1 gene expression assays. Real-time PCR was performed on cDNA 

using Applied Biosystems 7300 Real-time PCR System. cDNA was mixed with 

qPCR™ Mastermix Plus (Applied Biosystems) and the respective gene assay in a 

25 μl volume which contained 10 μl of cDNA, 12.5μl Taqman® Universal PCR 

Mastermix, 1.25μl target primer and 1.25μl 18S rRNA. Eukaryotic 18S rRNA (cat 

no: 4319413E) and the target primer of interest was used as non-template controls 

containing no cDNA. The samples were run in duplicate for a total of 40 cycles. 

Each cycle was as follows: 2 min at 50°C, 10 min at 95°C, 15 s at 95°C, 1 min at 

60°C. Gene expression was calculated to the endogenous control and analysis was 

performed using the 2-ΔΔCT method. For cell line data, all control/untreated cells 

were grouped together to obtain an average ΔCt value. This average ΔCt value from 
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all groups was then subtracted from each control group individually to give a ΔΔCt 

value for each control, therefore the results of this analysis technique do not always 

result in a value of 1. For primary PBMCs, a ΔCt value was obtained specifically 

for each donor and each donors ΔCt was subtracted again from itself leading to a 

control group value of 1.  

 

2.8 Western immunoblotting 

THP-1 cells (0.5 x 106 cells/ml) were seeded in 6-well plates and differentiated for 

48 h using PMA (10 ng/ml). Macrophages were incubated with LPS (100 ng/ml) or 

poly(I:C) (10 μg/ml) for timepoints ranging from 15 – 60 min, or 15 – 180 min, 

respectively. Cells were also pre-exposed (45 min) to THC (10 μM), CBD (10 μM) 

or a combination of both (1:1 ratio; each cannabinoid at 10 μM) (GW Research 

Ltd., Cambridge, UK) prior to LPS (100 ng/ml; 30 min) or poly(I:C) (10 μg/ml; 1 

h) exposure. Following treatment, cells were washed (x3) in ice-cold PBS before 

being lysed on ice for 5 min in 70 μl of cytoplasmic lysis buffer (10 mM Tris-HCL, 

pH 7.5, containing 3 mM MgCl2, 10mM NaCl, 0.5% Igepal, phosphatase inhibitor 

cocktail 2 and 3 (Sigma), protease inhibitor cocktail (Sigma)). Cells were scraped 

in cytoplasmic lysis buffer and maintained on ice for 5 min. Cell lysates were 

centrifuged (2000 g for 5 min at 4°C). The supernatants were carefully removed 

and stored at -80℃ for future analysis. The remaining pellets were resuspended in 

nuclear extraction buffer (10 l) (20 mM HEPES, pH 7.5, containing 5 mM MgCl2, 

300 mM NaCl, 0.2 mM EDTA, 1mM DTT, glycerol (20%), phosphatase inhibitor 

cocktail 2 and 3 (Sigma), protease inhibitor cocktail (Sigma)), and subjected to 

liquid nitrogen – warm water, freeze-thaw to aid in nuclear membrane lysis. The 

resuspended pellet was centrifuged (16000 g for 20 min at 4°C). The supernatants 

(nuclear fractions) were stored at -80℃ for future analysis. Stored lysate protein 

concentration was determined using the BCA method, with unknown protein 

concentrations interpolated from a bovine serum albumin (BSA) standard curve. 

Lysate protein concentration was equalized and mixed with denaturing buffer 

(0.125 M Tris-HCl, pH 6.8, 20% (v/v) glycerol, 4% (w/v) SDS, 12.5% β-

mercaptoethanol, and 0.0025% (w/v) bromophenol blue). Lysates were subjected 

to 95℃ for 5 min to aid complete protein denaturing prior to electrophoresis. 

Lysates in denaturing buffer were loaded onto pre-casted gels (10% acrylamide), 

submerged in running buffer (25 mM Tris base, 190mM Glycine, 0.1% SDS, pH 
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8.3) and a current of 150V applied for approximately 90 min, or until the proteins 

had run off the end of the gel.  Proteins were transferred to activated PVDF (Merch 

Millipore, Ireland) membranes (5s in methanol, 5 min in dH2O, and 15 min in 

transfer buffer; 25 mM Tris-base, 190 mM glycine, 20% methanol, pH 8.3) after 2 

h of 250 mA current passing through the membrane. PVDF was blocked for 2 h in 

5% BSA in TBS-T. Membranes were incubated overnight at 4°C with rabbit 

monoclonal phospho-IRF3 antibody (1:2,000 in TBS-T, Cell Signalling 

Technology, USA), mouse monoclonal phospho-IκB-α antibody (1:1,000 in TBS-

T; Cell Signalling Technology, USA), mouse monoclonal IκB-α (1:1000 in TBS-

T, Cell Signalling Technology, USA)) or rabbit monoclonal phospho-NF-κB (1:500 

in TBS-T, Santa Cruz Biotechnology, Santa Cruz, CA). Membranes were incubated 

with mouse monoclonal anti-β-actin antibody (1:20000; 1 h, Sigma, UK) as a 

loading control. Additionally, selected membranes were incubated with anti-histone 

H3 marker (1:5000; 1 h) on nuclear membranes (see Appendix 6). Membranes were 

washed and incubated with anti-mouse or anti-rabbit IRDye Infrared secondary 

antibody (1:10,000 in TBS-T; Li-Cor Biosciences) for 1 h in the dark at room 

temperature. The membranes were washed and immunoreactive bands were 

detected using the Odyssey Infrared Imaging System (Li-Cor Biosciences). 

Molecular weight markers (Chameleon Duo pre-stained protein ladder, Li-Cor 

Biosciences) were used to calculate molecular weights of proteins represented by 

immunoreactive bands. Densitometry was performed using ImageStudioLite 

software, and values were normalized for protein loading relative to levels of β-

actin. 

 

2.9 Quick Inventory of Depressive Symptomatology (16-item) (self-report) 

(QIDS-SR16) questionnaire, Quality of Life-54 (MSQOL-54) questionnaire and 

blood count profiling 

Healthy volunteers with no history of autoimmune disease and RRMS patients 

attending the Neurology clinic at Beaumont Hospital, Dublin, were recruited to this 

study. At the time of blood donation, the volunteers completed the QIDS-SR16 and 

MSQOL-54 questionnaires. The MSQOL is one of the most widely used MS-

specific questionnaires and therefore was chosen for this study [334-336]. 

Additionally, the QIDS-SR16 questionnaire is a self-report designed to provide an 
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indication of depressive symptom severity [337]. Collated data was scored using 

the relevant and accepted scoring system for each questionnaire. In addition, at the 

time of questionnaire completion, a blood sample (up to 50ml) of peripheral blood 

was collected by venepuncture. Blood samples were either stored at RT or on ice 

for up to 4 h. Whole blood composition was then assessed by applying 

approximately 25 µl of whole blood from each volunteer to the Sysmex 

Haematology Analyser at time points ranging from 0 – 4 h. The Sysmex 

Haematology analyser generates a readout of white blood cell (WBC) count, red 

blood cell (RBC) count, haemoglobin (HGB), haematocrit (HCT), mean 

corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean 

corpuscular haemoglobin concentration (MCHC), platelets (PLTs), lymphocyte 

number, neutrophil number, and remaining immune cell number (mixed: MXD 

cells). HCT is a measure of the oxygen carrying capacity of blood and has effects 

on blood viscosity and flow resistance [338]. MCV is measure of the average size 

and volume of a RBC and can be useful in the classification of anaemia [339]. MCH 

and MCHC are a measure of the haemoglobin content of RBCs, specifically, MCH 

quantifies the amount of haemoglobin per RBC and MCHC quantifies the content 

of haemoglobin per unit volume [340].   

 

2.10 Statistical Analysis 

All data were analysed using GraphPad Prism 8 software. All data were tested for 

normality using the Shapiro-Wilk test. Data obtained from THP-1 monocytes and 

THP-1 derived macrophages (cell lines) was analysed using parametric testing. If 

cell line data contained two groups for analysis, then a student’s t-test was used. If 

cell line data contained more than two groups, a one-way ANOVA followed by 

Dunnett’s multiple comparisons test was performed. For analysis of data from 

primary human samples (HC donors and pwMS), data were also tested for 

normality using the Shapiro-Wilk normality test. If data was normally distributed, 

parametric testing was used via student’s t-test (for two groups) or one-way 

ANOVA (for more than two groups) followed by Dunnett’s multiple comparisons 

test. If data were not normally distributed in primary human samples non-

parametric testing was employed using the Mann-Whitney test (for two groups) or 

the Krustal-Wallis test (for more than two groups) following by Dunn’s multiple 

comparisons test. Two-way ANOVA followed by Bonferroni’s post-hoc test was 
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performed when there was more than one variable to be analysed. Data are 

expressed as means ± standard errors of the mean (SEM) from at least three separate 

experiment cell passages, or from at least three HC or MS donors. Within each 

experiment, singlet/duplicate replicates were performed for each condition/drug 

treatment. Each experiment was repeated a minimum of three times. Significance 

was determined if p values were less than 0.05. 
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Chapter 3 

 

Characterisation of TLR3 and TLR4 signalling events in 

THP-1 monocytes, THP-1-derived macrophages, and 

primary human peripheral blood mononuclear cells 
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3.1 Introduction 

TLRs are PRRs that recognise specific conserved pathogen patterns, namely 

PAMPS and DAMPs. TLRs are expressed in immune cells and cells of the CNS 

[341, 342] and to date 10 functional TLRs have been discovered in humans and 12 

in mice [5]. TLR3, 7, 8 and 9 are expressed on endosomal compartments while 

TLR1, 2, 4, 5, 6, and 10 are expressed on the cell membrane. TLR signalling 

mechanisms can be sub-categorised into ‘shared’ and ‘specific’ pathways. A shared 

signalling pathway is utilized by all TLRs, while specific pathways are only 

activated by certain TLRs [3]. Specifically, the shared signalling pathway (termed 

MyD88-dependent), used by all TLRs, has four essential components including the 

adaptor MyD88 [12], and in turn induces phosphorylation and the activation of NF-

κB, JNK and p38 MAP kinase [15]. Conversely, TLR3 and TLR4 can signal via a 

MyD88-independent pathway, employing the use of TRIF instead of MyD88 to 

recruit adaptor proteins, which promotes the nuclear sequestration of IRFs and 

induction of inflammatory cytokines and type I IFNs [16]. TLR3 is expressed on 

populations of PBMCs [20] including monocytes [21] and DCs [343], and is a 

receptor for viral dsRNA [23]. The synthetic analogue of dsRNA, poly(I:C), is used 

for research purposes in the study of TLR3 signalling. dsRNA and poly(I:C) induce 

MyD88-independent antiviral immune responses through a signalling cascade 

which promotes IRF3 activation and translocation to the nucleus, with downstream 

production of both type I IFNs and inflammatory cytokines [24]. TLR4 is expressed 

on human immune cells including monocytes, macrophages, granulocytes and 

mature DCs [21]. TLR4 recognises bacterial infection and is activated by LPS to 

promote the induction of pro-inflammatory cytokines and chemokines, including 

TNF𝛼 and RANTES [39]. TLR4 signals via the MyD88-dependent pathway which 

regulates NF-κB activation, in addition to the MyD88-independent pathway (TRIF-

TRAM), which activates IRF3 and type I IFNs [42].  

 

TLR3 and TLR4 have been implicated in the pathogenesis of many diseases. For 

example, TLR3 has been shown to play a role in neurodegenerative disease, 

particularly MS. Indeed, poly(I:C) stimulation suppresses demyelination in EAE 

via induction of endogenous IFN-β [151]. TLR4 also plays a role in the 

pathogenesis of MS. Indeed, the Asp299Gly polymorphism on the TLR4 gene has 

been linked to the incidence of MS, with data indicating that PBMCs from pwMS 
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that are heterozygous for the Asp299Gly mutation showing reduced proliferative 

capacity, when compared to PBMCs from wild-type patients [157]. Furthermore, 

published data from our laboratory indicates that PBMCs from pwMS are hyper-

sensitive to TLR4 stimulation with LPS, showing as increased production of TNF𝛼 

and IL-8 [155]. Therefore, an improved understanding of TLR3 and TLR4 

signalling mechanisms is key to elucidating their role in the development of 

immune/neurodegenerative diseases. 

 

Aims 

 

The specific aims of this chapter are as follows: 

• To characterise key TLR3 signalling events in THP-1 monocytes, THP-1-

derived macrophages, and primary human PBMCs. 

• To characterise key TLR4 signalling events in THP-1 monocytes, THP-1-

derived macrophages, and primary human PBMCs. 

• To conduct time- and concentration-dependent analysis of the proclivity of 

poly(I:C) and LPS to induce TLR3 and TLR4 end-point readouts in THP-1 

monocytes/macrophages and primary PBMCs, with focus on detection of 

TNF𝛼 production, RANTES production, IFN-β production, CXCL10 

production, IRF3 nuclear sequestration, NF-κB nuclear sequestration and 

IκB-𝛼 degradation. 

• To assess the potential cytotoxic effects of poly(I:C) and LPS in THP-1 

monocytes, THP-1-derived macrophages and primary human PBMCs. 
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3.2 TLR3 is expressed in THP-1 monocytes and poly(I:C) does not regulate 

TLR3 or TLR4 mRNA expression 

Poly(I:C) is a known activator of innate immune viral TLR3 signalling [23]. 

Initially, the expression profile of TLR3, and the effect of poly(I:C) on TLR3 

signalling, was assessed using human THP-1 monocytes. THP-1 monocytes were 

cultured over three passages, RNA harvested, and RT-qPCR performed to 

determine relative TLR3 mRNA expression. 18S ribosomal RNA (rRNA) was used 

as an endogenous control and Ct values determined. Data in Table 1 indicate that 

TLR3 is expressed, albeit at low levels, in this cell line, which is in agreement with 

the literature [60]. Following detection of TLR3 mRNA in THP-1 monocytes, three 

different sources of the viral dsRNA mimetic poly(I:C) were used to determine if 

poly(I:C) treatment altered the expression of both TLR3 mRNA and TLR4 mRNA, 

as evidence indicates that activation of TLR3 using poly(I:C) can enhance TLR3 

mRNA [344]. THP-1 monocytes were cultured in the presence of three different 

batches of poly(I:C) (10 μg/ml) for 4 h. This timepoint was chosen as previous data 

from the laboratory indicates that poly(I:C) induces an IFN-β response in PBMCs 

after a minimum 3 h treatment [253]. However, data in Fig 3.1 suggest that 

treatment of monocytes with each source of poly(I:C) had no effect on relative 

TLR3 (Fig. 3.1A) or TLR4 (Fig. 3.1B) mRNA expression. TLR4 is not activated by 

poly(I:C) directly, and given that poly(I:C) did not modulate TLR4 mRNA 

expression, this suggests that each source of poly(I:C) had no “off-target” 

transcriptional effects at this receptor.  

 

Additionally, to determine whether activating TLR3 was cytotoxic to THP-1 

monocytes, MTT cell viability assays were performed following treatment with the 

TLR3 agonist poly(I:C). Two concentrations of poly(I:C) were selected for testing 

(10 and 25 μg/ml), based on the manufacturers recommended concentration 

guidelines and on a large body of literature indicating the use of the TLR3 ligand 

at these concentrations in vitro [345, 346]. After 24 h incubation, poly(I:C) (10 

μg/ml) had no effect on the viability in THP-1 monocytes (Fig. 3.1C). However, 

treatment with poly(I:C) (25 μg/ml) significantly reduced THP-1 cell viability when 

compared to control monocytes (Fig 3.1C). In all MTT assays, Triton x100 (0.2%) 

was added 10 min prior to the addition of the MTT assay to act as a positive control. 
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Table 1. TLR3 is expressed on THP-1 monocytes 

Target Average basal expression (Ct) (n=3) 

TLR3 34.56 ± 0.39 

18S rRNA 12.21 ± 0.34 

Data are expressed as mean (± SEM); Ct, cycle threshold; rRNA, ribosomal 

ribonucleic acid 

 

 

 

 

                            A                                            B 

- Poly(I:C)1 Poly(I:C)2 Poly(I:C)3
0

2

4

6

8

10

T
L

R
3
 m

R
N

A
(f

o
ld

 c
h

a
n

g
e
)

- Poly(I:C)1 Poly(I:C)2 Poly(I:C)3
0.0

0.5

1.0

1.5

2.0

2.5
T

L
R

4
 m

R
N

A
(f

o
ld

 c
h

a
n

g
e
)

 

                                                    C 

 

Figure 3.1. Poly(I:C) does not alter TLR3 or TLR4 mRNA expression in THP-

1 monocytes. THP-1 monocytes were cultured in the presence of three different 

sources (1, 2, 3) of poly(I:C) (10 μg/ml; 4 h) and mRNA expression assessed using 

RT-qPCR. Poly(I:C) failed to impact (A) TLR3 and (B) TLR4 mRNA expression. 

(C) An MTT assay was used to determine the effect of poly(I:C) (at 10 and 25 

μg/ml) on cell viability. Cells were treated 24 h prior to analysis. Triton x100 (0.2%) 

was added 10 min prior to addition of MTT to act as a positive control. Data were 

analysed using one-way ANOVA followed by Dunnett’s post-hoc test. All data are 

presented as the mean ± S.E.M from 3 independent passages. ***p<0.001 versus 

untreated control cells. 
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3.3 TLR3 activation does not modulate TNF𝛼, RANTES or IFN-β expression 

in THP-1 monocytes 

In order to characterise TLR3 signalling pathways in THP-1 monocytes, and to 

optimise the concentration and duration of treatment required to induce 

cytokine/chemokine protein and mRNA production using poly(I:C), THP-1 

monocytes were cultured with or without poly(I:C) (0.5 – 50 μg/ml) for 8 h and 24 

h for protein detection, and 2 - 48 h for mRNA detection. Following treatment, 

supernatants were collected and analysed for TNF𝛼 and RANTES protein 

expression by ELISA, and RNA harvested for analysis of TNF𝛼, RANTES and IFN-

β mRNA expression by RT-qPCR. Data demonstrate that poly(I:C) had no effect 

on TNF𝛼 (Fig. 3.2A, B, C) or RANTES (Fig. 3.2D, E, F) mRNA and protein 

expression in THP-1 monocytes cell cultures at each time point tested. Interestingly, 

a significant decrease in TNF𝛼 protein expression was determined following 

treatment with poly(I:C) at (10 μg/ml) for 24 h (Fig. 3.2C). Additionally, IFN-β  

mRNA levels were unchanged following poly(I:C) treatment at all timepoints tested 

(2 -  48 h) (Fig. 3.2G), and treatment with three different sources of poly(I:C) for 4 

h had no effect on IFN-β mRNA expression (Fig. 3.2H). These data indicate that 

poly(I:C) does not induce TNF𝛼, RANTES or IFN-β expression in THP-1 

monocytes. 
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Figure 3.2. Poly(I:C) does not alter RANTES, TNF𝛼 and IFN-β expression in 

THP-1 monocytes. THP-1 monocytes were cultured with poly(I:C) over a range of 

concentrations (0.5 - 50 μg/ml) and timepoints (2 - 48 h). Supernatants were 

collected and analysed by ELISA, and RNA collected for analysis via RT-qPCR. 

Effect of poly(I:C) on (A, B, C) TNF𝛼, (D, E, F) RANTES and (G) IFN-β 

expression at all timepoints tested up to 48 h. (H) Effect of treatment (for 4 h) with 

three different sources of poly(I:C) on IFN-β mRNA expression. (C) Poly(I:C) (10 

μg/ml treatment at 24 h) significantly reduced TNF𝛼 protein expression. Data are 

presented as the mean ± S.E.M from 3 independent passages. Data were analysed 

using one-way ANOVA and Dunnett’s post-hoc test. **p<0.01 versus untreated 

control cells.  
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3.4 TLR3 is expressed on THP-1-derived macrophages and treatment with 

poly(I:C) increases TLR3, but not TLR4, mRNA 

The basal gene expression level of the poly(I:C) receptor, TLR3, was next 

determined in THP-1-derived macrophages. THP-1 monocytes were cultured in the 

presence of PMA (10 ng/ml; 4h h) to differentiate THP-1 monocytes to a 

macrophage-like phenotype. RNA was harvested and RT-qPCR performed to 

assess the expression of TLR3 mRNA. 18S rRNA was determined as the 

endogenous control. Data presented in Table 2 indicates that TLR3 mRNA is 

expressed in THP-1 macrophages.  

 

Analysis of poly(I:C) treatment was conducted using three different sources of 

poly(I:C) to assess whether TLR3 signalling is functional in macrophages. PMA-

treated THP-1 macrophages were treated separately with the three different sources 

(1, 2, 3) of poly(I:C) (outlined in methods) for 4 h. THP-1-derived macrophages 

were harvested in lysis buffer, RNA extracted and TLR3 and TLR4 mRNA 

expression analysed using RT-qPCR. Data presented in Fig 3.3 indicates that TLR3 

mRNA expression was increased, albeit insignificantly, following treatment with 

all three sources of poly(I:C) (Fig. 3.3A). In addition, poly(I:C) had no effect on 

TLR4 mRNA expression levels (Fig. 3.3B), suggesting that each source of poly(I:C) 

tested in our experiments does not regulate TLR4 transcription in THP-1-derived 

macrophages.  
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Table 2: TLR3 is expressed on THP-1-derived macrophages 

Target Average basal expression (Ct, n=3) 

TLR3 33.22 ± 0.59 

18S rRNA 13.43 ± 0.65 

Data are expressed as mean (± SEM); Ct, cycle threshold; rRNA, ribosomal 

ribonucleic acid 
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Figure 3.3. Effect of poly(I:C) on relative TLR3 and TLR4 mRNA expression 

in THP-1-derived macrophages. THP-1 monocytes were differentiated to a 

macrophage phenotype by treatment with PMA (10 ng/ml; 48 h). Macrophages 

were treated with three different sources (1, 2, 3) of poly(I:C) for 4 h and TLR3/4 

expression assessed using RT-qPCR. Poly(I:C) promoted a trend towards 

increasing (A) TLR3, but not (B) TLR4, mRNA expression. Data were analysed 

using one-way ANOVA followed by Dunnett’s post-hoc test. Data are presented as 

the mean ± S.E.M from 3 independent passages. 
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3.5 TLR3 activation enhances nuclear IRF3 expression and downstream 

induction of IFN-β and CXCL10 mRNA/protein in THP-1-derived 

macrophages 

Due to the inability of poly(I:C) to activate TLR3 signalling in THP-1 monocytes 

(Fig. 3.2), we next determined if TLR3 signalling was operative in THP-1 

monocytes differentiated to the macrophage-like phenotype by culturing cells in the 

presence of PMA (10 ng/ml) for 48 h. After 48 h, THP-1-derived macrophages were 

treated with poly(I:C) (10 μg/ml) for a range of time points (10 – 60 min) and the 

subcellular location of IRF3 analysed via immunocytochemistry. IRF3 expression 

was targeted as this transcription factor is known to promote the expression of type 

I IFNs [347]. Data presented in Fig. 3.4 indicate that poly(I:C) time-dependently 

increased IRF3 translocation to the nucleus, with a peak nuclear IRF3 

immunofluorescence observed after 10 – 60 min (Fig. 3.4A, B). These data indicate 

that poly(I:C) triggers the sequestration of IRF3 in the nucleus and confirms that 

TLR3 signalling is functional in THP-1-derived macrophages.  

 

Next, downstream targets of TLR3-IRF3 activation were assessed to confirm the 

activation of the viral innate immune pathway in THP-1 macrophages. The 

expression profile of the type I IFN, IFN-β, was determined at mRNA and protein 

levels, using RT-qPCR and ELISA, respectively, following treatment with three 

sources of poly(I:C) for 4 h. Data herein show that a significant induction of IFN-β 

mRNA was detected following treatment with poly(I:C) 2 (Fig. 3.4C), whereas 

poly(I:C) (all sources) significantly increased IFN-β protein expression (Fig. 3.4D). 

Additionally, the chemokine CXCL10 was chosen as a downstream target of TLR3-

IRF3 signalling as this chemokine is a known responder to TLR3 activation [348]. 

Poly(I:C) treatment significantly increased CXCL10 mRNA and protein expression 

in THP-1-derived macrophages (Fig. 3.4E, F). These data suggest that THP-1 

monocytes require differentiation to a macrophage phenotype to promote efficient 

TLR3 intracellular signalling events. 

 

Finally, to assess the effect of TLR3 activation on the viability of macrophages, 

THP-1-derived macrophages were treated with poly(I:C) and cell viability was 

determined using MTT assays. Data in Fig. 3.4G indicates that poly(I:C) (4 h 

treatment) had no effect on the viability of THP-1-derived macrophages at both 
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concentrations tested (10 and 25 g/ml) (Fig 3.4G). These data suggest that 

poly(I:C) is not toxic to THP-1-derived macrophages and that the effects of 

poly(I:C) on IRF3, IFN-β and CXCL10 expression are not associated with ligand 

cytotoxicity. 
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Figure 3.4. Poly(I:C) activates IRF3 and induces IFN-β/CXCL10 expression in 

THP-1-derived macrophages. (A) THP-1-derived macrophages were cultured on 

poly-L-lysine coated coverslips in the presence of poly(I:C) (10 μg/ml) for time 

points ranging from 10 - 60 min. Cells were stained with DAPI (bis-benzamide) 

and nuclear IRF-3 expression quantified using fluorescence immunocytochemistry. 

(B) Representative images of THP-1 macrophages showing IRF3 (green) alone and 

IRF3 merged with DAPI (blue). Immunofluorescence images taken at 60x 

magnification. The effect of three different sources (1, 2, 3) of poly(I:C) (10 μg/ml: 

4 h) on the expression of IFN-β (C) mRNA and (D) protein. Poly(I:C) (10 μg/ml: 4 

h) increased the expression of (E) CXCL10 mRNA and (F) protein. (G) An MTT 

assay was used to determine the effect of poly(I:C) (10 and 25 μg/ml) on cell 

viability. Cells were treated 4 h prior to analysis. Triton x100 (0.2%) was used as a 

control. Data are presented as the mean ± S.E.M and are representative of 3-4 

independent experiments. Data were analysed using Student’s t-test or one-way 

ANOVA, followed by Dunnett’s post-hoc test. *p<0.05, **p<0.01 and ***p<0.001 

versus untreated cells. 
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3.6 TLR3 is expressed on primary human PBMCs, and treatment with 

poly(I:C) does not increase TLR3 or TLR4 mRNA in PBMCs 

Given that TLR3 is expressed in both THP-1 monocytes (Table 1) and macrophages 

(Table 2), and differences in TLR3 signalling intermediates was determined 

between THP-1 monocytes and macrophages (Fig. 3.2 and 3.4) we next set out to 

characterise TLR3 signalling in primary immune cells. Given that TLR3 is 

expressed on T cells, B cells, monocytes, NK cells and DCs [21], we first 

determined the basal gene expression of TLR3 in primary PBMCs isolated from 

healthy volunteers. Three HC subjects donated whole blood via venepuncture and 

PBMCs were isolated using the filcoll-hypaque density gradient technique. Isolated 

PBMCs were cultured for 2 - 6 h, RNA harvested, and RT-qPCR performed to 

determine relative TLR3 mRNA expression (Table 3). 18S rRNA was used as the 

endogenous control and Ct values are indicated. Data presented in Table 3 indicate 

that TLR3 is expressed on primary human PBMCs. In the next set of experiments, 

PBMCs were plated at a low density (0.5 x 106 cells/well), treated with a high 

concentration of poly(I:C) (25 μg/ml) for three timepoints (2, 4, and 6 h), and the 

expression profile of TLR3 and TLR4 mRNA assessed using RT-qPCR. Our 

findings indicate that poly(I:C) did not significantly impact TLR3 (Fig. 3.5A) or 

TLR4 (Fig 3.5B) mRNA in PBMCs from HC subjects.  
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Table 3. TLR3 is expressed in human PBMCs 

Target Average basal expression (Ct, n=3) 

TLR3 33.86 ± 0.59 

18S rRNA 15.72 ± 0.33 

Data are expressed as mean (± SEM); Ct, cycle threshold; rRNA, ribosomal 

ribonucleic acid 
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Figure 3.5. Effect of poly(I:C) on TLR3 and TLR4 mRNA expression in 

PBMCs plated at low cell densities. PBMCs isolated from healthy volunteers were 

cultured in the presence of poly(I:C) (25 μg/ml) for 2 - 6 h and the expression of 

(A) TLR3 and (B) TLR4 mRNA determined via RT-qPCR. Data are presented as 

the mean ± S.E.M from 2-3 HC subjects. Data were checked for normality using 

Shapiro-Wilk and analysed using one-way ANOVA, followed by Dunnett’s post-

hoc test. 
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3.7 TLR3 activation does not increase RANTES or TNF𝛼 protein, in addition 

to IFN-β mRNA, in PBMCs seeded at a low density 

Given that poly(I:C) differentially modulates TLR3 signalling intermediates in 

THP-1 monocytes (Fig. 3.2) and THP-1-derived macrophages (Fig. 3.4), we next 

assessed the effect of TLR3 activation on key signalling read-outs in PBMCs from 

healthy volunteers. PBMCs from HC subjects were cultured with poly(I:C) to 

optimise the concentration/timepoints required to induce cytokine and chemokine 

production in this cell type. PBMCs were initially cultured at a cell density of 0.5 x 

106 cells/well, with or without poly(I:C) (0.5 - 50 μg/ml), for 8 h and 24 h, and 

supernatants analysed for RANTES (Fig. 3.6A, B) and TNF𝛼 (Fig. 3.6C, D) protein 

expression via ELISA. Poly(I:C) did not promote RANTES expression in PBMCs, 

and significantly downregulated RANTES expression at a concentration of 5 μg/ml 

(8 h treatment) (Fig. 3.6A). Furthermore, poly(I:C) had no effect on the expression 

of the pro-inflammatory cytokine TNF𝛼 at both timepoints (8 and 24 h) assessed 

(Fig. 3.6C, D). Additionally, IFN-β mRNA expression levels were assessed after 

treatment with poly(I:C) (10 μg/ml) for a range of timepoints (2 - 6 h) by RT-qPCR. 

Data presented in Fig. 3.6E demonstrate that poly(I:C) did not significantly induce 

IFN-β mRNA expression in primary PBMCs at each timepoint tested.  
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Figure 3.6. TLR3 activation does not promote TNF𝛼, RANTES and IFN-β 

expression in PBMCs from healthy volunteers. The concentration of (A, B) 

RANTES and (C, D) TNF𝛼 protein was determined in primary human PBMCs 

cultured at a low cell density (0.5 x 106 PBMCs/well) following exposure to 

poly(I:C) (0.5 - 50 μg/ml) for either 8 h or 24 h. (E) Poly(I:C) had no effect on IFN-

β mRNA (25 μg/ml: 2 - 6 h) expression. Data were analysed using one-way 

ANOVA followed by Dunnett’s post-hoc test. Data are represented as the mean ± 

S.E.M from 2 - 4 HC donors. *p<0.05 versus untreated control cells. 
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3.8 Poly(I:C) treatment increases IFN-β and CXCL10 (mRNA and protein) 

expression, in addition to TLR3 mRNA, in PBMCs seeded at a high density 

Data presented in Fig. 3.6 indicates that when PBMCs are plated at a low density 

of 0.5 x 106 cells/well, and treated with a high concentration of poly(I:C) (25 

μg/ml), no increase in RANTES, TNF𝛼, or IFN-β was determined (Fig. 3.6). 

Furthermore, data previously presented indicates that poly(I:C) (4 h treatment at 10 

μg/ml) promotes an induction of TLR3 mRNA (Fig 3.3), IFN-β and CXCL10 (Fig 

3.4) in THP-1-derived macrophages, when cells are seeded at a higher 

concentration of cells (1 x 106 cells/well). Therefore, in the next series of 

experiments primary human PBMCs were cultured at a high cell density (2 x 106 

cells/well) and treated with three sources of poly(I:C) (poly(I:C) 1, 2, 3) (10 μg/ml) 

for 4 h. Supernatants were harvested for protein determination of cytokines and 

chemokines by ELISA, and RNA harvested, cDNA synthesized and gene 

expression of cytokines and chemokines determined by RT-qPCR. Using this 

approach (higher plating density), exposure of PBMCs to poly(I:C) promoted a 

trend towards increased TLR3 mRNA expression (Fig. 3.7A), however one-way 

ANOVA analysis revealed there were no significant differences between group 

means (p=0.1255). Additionally, IFN-β mRNA showed a trend towards increased 

expression with all three sources of poly(I:C) tested (Fig 3.7B), however one-way 

ANOVA analysis revealed there were no significant differences between group 

means (p=0.2856). Poly(I:C) treatment (4 h) also promoted a trend towards 

induction of IFN-β protein expression in PBMCs from HC cases (Fig 3.7C). In our 

hands, this was the first data to suggest that TLR3 signalling can be activated by 

poly(I:C) in primary PBMCs. Therefore, a series of timecourse experiments were 

next conducted (0 - 24 h) to determine the optimal timepoint for induction of key 

signalling targets, namely IFN-β, CXCL10, and TNF𝛼. Indeed, TLR3 activation 

promoted IFN-β (Fig 3.7D) and CXCL10 (Fig 3.7E) protein expression in PBMCs 

following treatment for 24 h. In contrast, TLR3 activation failed to promote TNF𝛼 

protein expression in PBMCs at all timepoints assessed (Fig 3.7F). In addition, 

CXCL10 and TNF𝛼 mRNA expression was assessed in PBMCs following poly(I:C) 

(10 g/ml; 4 h) treatment. Data presented in Fig 3.7G, H indicate that CXCL10 and 

TNF𝛼 mRNA expression was insignificantly increased by poly(I:C), respectively.  
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To determine whether the TLR3 agonist, poly(I:C), was cytotoxic in primary 

immune cells, MTT cell viability assays were performed in primary human PBMCs 

following treatment with poly(I:C). Isolated PBMCs were cultured with poly(I:C) 

(10 μg/ml) for 24 h. Data presented in Fig. 3.7I indicate that poly(I:C) had no effect 

on cell viability in PBMCs at the concentration tested in eight HC donors (Fig 3.7I). 

These data suggest that poly(I:C) does not affect the viability of primary human 

PBMCs isolated from HC volunteers. Overall, these data indicate that a high 

seeding density is required to determine clear cellular read-outs (IFN-β and 

CXCL10) for components of the TLR3 signalling pathway in response to poly(I:C) 

in primary PBMCs.          
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Figure 3.7. Poly(I:C) increases expression of  CXCL10 in primary human 

PBMCs. Primary PBMCs isolated from HC subjects were cultured at a higher cell 

density (2 x 106 PBMCs/well) and treated with poly(I:C) (10 μg/ml) for 4 h (for 

mRNA) or 2 - 24 h (for protein expression). Effect of poly(I:C) on the expression 

of (A) TLR3 and (B) IFN-β mRNA and (C) IFN-β protein expression using three 

different sources of poly(I:C). Poly(I:C) increased (D) IFN-β, (E) CXCL10, but not 

(F) TNF𝛼, protein expression at 24 h. Effect of poly(I:C) on (G) CXCL10 and (H) 

TNF𝛼 mRNA following poly(I:C) treatment (4 h). (I) An MTT assay was used to 

determine the effect of poly(I:C) (10 μg/ml) on PBMC viability. PBMCs were 

treated with poly(I:C) for 24 h and triton x100 (0.2%) was used as a positive control. 

Data are represented as the means ± S.E.M from 4 - 6 HC donors. Data were 

analysed using one-way ANOVA, followed by Dunnett’s post-hoc test or using 

students t-test where appropriate. **p<0.01 and ***p<0.001 versus untreated cells. 
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3.9 TLR4 is expressed on THP-1 monocytes 

LPS is a potent activator of TLR4 signalling events [349]. The human monocytic 

cell line THP-1 was chosen as a model to characterise LPS stimulation prior to use 

of primary PBMCs given that LPS has been shown to promote COX-2 and NF-B-

related genes in THP-1 cells [350]. Initially, the basal gene expression profile of 

TLR4 mRNA was determined in three passages of THP-1 monocytes (Table 4). 18S 

rRNA was used as an endogenous control and Ct values are shown. Data presented 

in Table 4 indicate that TLR4 mRNA is abundantly expressed in THP-1 monocytes. 

To determine the effect of LPS on cell viability in THP-1 monocytes, MTT assays 

were performed. A concentration of 100 ng/ml of LPS was tested as a body of 

literature indicates that this concentration significantly promotes TLR4-induced 

inflammatory signalling events in monocytes [351]. Data presented in Fig 3.8 

indicates that following a 24 h incubation, LPS had no effect on the viability of 

THP-1 monocytes (Fig. 3.8).  

 

 

Table 4. TLR4 expression in THP-1 monocytes.  

Target  Average basal Ct expression (n=3) 

TLR4 24.92 ± 0.18 

18S rRNA 11.91 ± 0.34 

Data are expressed as mean (± SEM); Ct, cycle threshold; rRNA, ribosomal 

ribonucleic acid 

 

 

 

 

 
Figure 3.8. LPS does not affect THP-1 monocyte viability. MTT assays were 

used to determine the effect of LPS (100 ng/ml) on cell viability. THP-1 monocytes 

were treated with LPS for 24 h prior to analysis, and triton x100 (0.2%) was used 

as a positive control. Data are presented as the means ± S.E.M from three separate 

cell passages. Data were analysed using one-way ANOVA followed by Dunnett’s 

post-hoc test. ***p<0.001 versus control cells. 
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3.10 TLR4 activation induces RANTES, TNF𝛼 and IFN-β expression in THP-

1 monocytes 

To characterise TLR4-induced inflammatory signalling in THP-1 monocytes, and 

to optimise the concentration and duration of treatment required to induce 

cytokine/chemokine expression in response to LPS, THP-1 monocytes were 

cultured with or without LPS (1 – 1000 ng/ml) for 8 h  and 24 h, and supernatants 

analysed for TNF𝛼 and RANTES protein expression via ELISA. Additionally, the 

relative concentration of TNFα, RANTES and IFN-β mRNA in THP-1 monocytic 

cells was determined by RT-qPCR following exposure to LPS (100 ng/ml) for 2 - 

6 h. Data presented indicates that LPS induced an increase in TNFα mRNA 

expression at 2, 4 and 6 h, with a significant increase in expression determined at 2 

and 6 h post-treatment (Fig. 3.9A). There was a significant increase in TNF𝛼 protein 

expression at 8 h (Fig. 3.9B) for all concentrations tested, with the strongest effect 

observed with 50 ng/ml LPS treatment.  Similarly, TNF𝛼 protein expression was 

significantly induced at all LPS concentrations tested, apart from the 1 ng/ml LPS 

concentration at 24 h (Fig. 3.9C), with the strongest induction achieved at a final 

concentration of 100 ng/ml. Furthermore, there was a significant increase in 

RANTES mRNA expression in THP-1 monocytes following LPS stimulation, with 

peak expression observed at 6 h post-LPS treatment (Fig. 3.9D). RANTES protein 

expression was significantly induced following treatment with LPS for 8 h (Fig. 

3.9E), except at the 1000 ng/ml LPS concentration, with the strongest induction 

observed at 10 ng/ml. RANTES protein expression was also significantly induced 

at all concentrations of LPS at 24 h (Fig. 3.9F), with the strongest protein production 

determined at the 100 ng/ml LPS concentration. Interestingly, LPS-induced 

RANTES production was higher at the 24 h time point compared to the 8 h time 

point, while conversely, LPS-induced TNFα protein production was higher 

following 8 h incubation, compared to 24 h. IFN-β mRNA expression was also 

assessed given that LPS has been shown to induce IFN-β via IRF signalling in a 

macrophage cell line [352]. Data presented in Fig. 3.9G indicates that LPS induced 

IFN-β mRNA expression at 2 h and 6 h (albeit insignificant), with no induction 

determined at 4 h (Fig. 3.9G). These data suggest that THP-1 monocytes respond 

to TLR4 activation via LPS, which can initiate MyD88-dependent (TNF𝛼) and 

MyD88-independent (RANTES and IFN-β) signalling 
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Figure 3.9. LPS promotes TNF𝛼, RANTES and IFN-β expression in THP-1 

monocytes. THP-1 monocytes were treated with a range of LPS concentrations (1-

1000 ng/ml) for 8 or 24 h and supernatants analysed via ELISA. For mRNA 

detection, THP-1 monocytes were cultured with LPS (100 ng/ml) for 2, 4, or 6 h 

and gene expression determined via RT-qPCR. LPS promoted an increase in the 

expression of TNF𝛼 (A) mRNA and (B, C) protein, along with RANTES (D) 

mRNA and (E, F) protein, and (G) IFN-β mRNA. Data are presented as the mean 

± S.E.M from 3 separate passages for protein detection, and 2-3 separate passages 

for mRNA detection. One-way ANOVA with Dunnets post-hoc test used. *p<0.05, 

**p<0.01 and ***p<0.001 versus untreated cells. 
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3.11 TLR4 is expressed in THP-1-derived macrophages 

Macrophages are an important cell of the innate immune system, and play a key 

role in MS pathology by exerting both neuroprotective effects and contributing to 

tissue damage by production of inflammatory proteins [353]. As previously 

indicated, THP-1 monocytes can be differentiated to macrophage-like cells by 

treatment with a low concentration of PMA, and respond to LPS [56]. Indeed, 

previous data elucidated TLR3 signalling in monocytes (Fig. 3.2) and macrophages 

(Fig. 3.4) and showed that TLR3 signalling is operative in macrophages, but not 

monocytes. Therefore, a similar pattern of analysis was utilized to investigate TLR4 

signalling. The basal gene expression level of the LPS receptor, TLR4, was 

determined in THP-1 macrophages. THP-1 monocytes were cultured in the 

presence of PMA (10 ng/ml) for 48 h, RNA was harvested, and RT-qPCR 

performed to assess TLR4 mRNA expression in macrophages. 18S rRNA was 

determined as the endogenous control. Data presented in Table 5 indicates that 

TLR4 mRNA was abundantly expressed in THP-1 macrophages. To determine the 

effect of LPS on cell viability in THP-1-derived macrophages, MTT assays were 

performed. A concentration of 100 ng/ml of LPS was tested as a body of literature 

indicates that this concentration significantly promotes inflammatory signalling 

events in monocytes [351], and previous data indicated herein employed the use of 

this concentration of LPS in THP-1 monocytes (Fig. 3.9). After 4 h incubation, LPS 

had no effect on cell viability in THP-1-derived macrophages (Fig. 3.10). This 

indicates that the effects of LPS on inflammatory read-outs are not associated with 

toxicity associated with LPS incubation. 
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Table 5. TLR4 expression in THP-1-derived macrophages.  

Target Average basal Ct values (n=3) 

TLR4 23.29 ± 0.33 

18S rRNA 13.69 ± 0.67 

Data are expressed as mean (± SEM); Ct, cycle threshold; rRNA, ribosomal 

ribonucleic acid 

 

Figure 3.10. LPS does not alter THP-1-derived macrophage viability. An MTT 

assay was used to determine the effect of LPS (100 ng/ml; 24 h) on the viability of 

THP-1-dervied macrophages.  Triton x100 (0.2%) was used as a positive control. 

Data are presented as mean ± S.E.M from three passages. Data were analysed using 

one-way ANOVA followed by Dunnett’s post-hoc. ***p<0.001 versus control 

cells. 
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3.12 TLR4 activation induces NF-B and IRF3 activation, IB-𝛼 degradation, 

while promoting the downstream expression of TNFα, IFN-β and CXCL10 in 

THP-1-derived macrophages 

Following an investigation of LPS signalling in THP-1 monocytes (Fig. 3.9), we 

next set out to determine the kinetics of TLR4 signalling in macrophages using 

differentiated THP-1 cells. Both, TLR4-NF-B and TLR4-IRF3 signalling were 

assessed. THP-1 monocytes were differentiated to a macrophage phenotype using 

PMA (10 ng/ml) for 48 h. The freshly differentiated THP-1-derived macrophages 

were then treated with LPS (100 ng/ml) for a range of timepoints (10 - 240 min) 

and analysed via immunocytochemistry (to assess nuclear NF-B p65 and IRF3 

expression). TNF𝛼, CXCL10, and IFN-β protein and mRNA expression were 

determined via ELISA and RT-qPCR following LPS treatment (100 ng/ml; 4 h), 

respectively. Cytoplasmic expression of p-IB-𝛼 and total IB-𝛼, in addition to 

cytoplasmic and nuclear expression of pIRF3, was determined by western 

immunoblot analysis.  

 

In the first set of experiments, the effect of LPS on TLR4 expression was 

determined via RT-qPCR. Interestingly, LPS had no effect on TLR4 mRNA at the 

timepoint assessed (4 h) (Fig. 3.11A). Data presented in Figure 3.11B demonstrates 

that LPS time-dependently induced NF-B translocation to the nucleus, with a peak 

in nuclear expression observed at 30 min post-treatment. LPS treatment for 30 min 

promoted IB-𝛼 phosphorylation (Fig. 3.11C), while significantly promoting IB-

𝛼 degradation (Fig. 3.11D). Data presented in Figure 3.11E, F demonstrates that 

LPS significantly induced TNFα mRNA and protein expression, indicating that 

THP-1-derived macrophages respond to LPS agonism and promote MyD88-

dependent signalling events in this cell type.  

 

Additionally, TLR4-induced MyD88-independent signalling was assessed in THP-

1-derived macrophages in terms of IRF3 activation and CXCL10/IFN-β production. 

The effect of LPS (100 ng/ml), over a range of timepoints (0 - 60 min), on 

cytoplasmic and nuclear expression of pIRF3 was determined via western 

immunoblot analysis using β-actin as a housekeeping control. Peak expression of 

cytoplasmic (Fig. 3.11G) and nuclear (Fig. 3.11H) pIRF3 was determined at 60 min 
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following LPS treatment; therefore this timepoint was chosen for future LPS 

treatments to assess cannabinoid impact on TLR4-induced pIRF3. Next, the effect 

of LPS (100 ng/ml), over a range of timepoints (0 - 240 min), on total nuclear 

expression of IRF3 was determined via immunocytochemistry. LPS significantly 

induced peak nuclear expression of IRF3 at 30 min post-treatment (Fig. 3.11I); this 

timepoint was employed for future IRF3 immunocytochemistry analysis.  

 

Finally, IFN-β and CXCL10 mRNA and protein expression was determined in THP-

1 macrophages, given that LPS has been shown to induce IFN-β via IRF proteins 

[352], and data also indicate that CXCL10 is activated via IRF3 transcription factor 

[354]. Indeed, our findings indicate that LPS significantly induced IFN-β mRNA 

and protein expression (Fig. 3.11J, K), and significantly increased CXCL10 mRNA 

and protein (Fig. 3.11L, M) expression in THP-1-derived macrophages. These 

findings indicate that THP-1-derived macrophages are a suitable in vitro model to 

assess TLR4 signalling mechanisms via MyD88-dependent and -independent 

mechanisms. 
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Figure 3.11. LPS promotes MyD88-dependent and independent signalling in 

THP-1-derived macrophages. Macrophages were treated with LPS (100 ng/ml) 

for 4 h (protein and mRNA detection), 0 - 240 min for immunocytochemical 

analysis or 0 - 60 min for western blot analysis. pIB-𝛼 and IB-𝛼 were detected 

after 30 min stimulations with LPS. (A) LPS did not alter TLR4 mRNA. (B) LPS 

promoted NF-B p65 nuclear sequestration, with representative images of cells 

showing DAPI (blue), NF-B (green) and merge (blue and green) 

immunofluorescence images taken at 60x magnification. Scale bar = 20 μM. LPS 

promotes (C) IB-𝛼 phosphorylation and (D) IB-𝛼 degradation. LPS increased 

the expression of (E) TNF𝛼 mRNA and (F) TNF𝛼 protein. Time-dependent 

induction of (G) cytoplasmic and (H) nuclear expression of pIRF3 following LPS 

stimulation. LPS treatment promoted (I) IRF3 translocation to the nucleus. The 

expression of IFN-β and CXCL10 (J, L) mRNA and (K, M) protein was induced 

following LPS treatment. Data are expressed as mean ± S.E.M from 3-6 

independent passages. Data were analysed using Student’s t-test or one-way 

ANOVA, followed by Dunnett’s post-hoc test as appropriate.  *p<0.05, **p<0.01 

and ***p<0.001 versus untreated cells. 
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3.13 TLR4 is expressed in primary human PBMCs and the effect of LPS 

treatment on TLR4 receptor expression in PBMCs 

Considering that LPS signalling has been characterised in both THP-1 monocytes 

(Fig. 3.9) and THP-1-derived macrophages (Fig. 3.11), next TLR4 signalling was 

assessed in PBMCs isolated from healthy individuals. The PBMC population 

consists of several immune cell types including B cells (∼15%), T cells (∼70%) 

monocytes (∼5%) and NK cells (∼10%) [355], and produce cytokines/chemokines 

following LPS stimulation [356]. We first characterised the basal gene expression 

profile of the LPS receptor, TLR4, in primary human PBMCs isolated from HC 

subjects. Three HC subjects donated whole blood via venepuncture and PBMCs 

were isolated using the filcoll-hypaque technique. Isolated PBMCs were cultured 

for 24 h, RNA harvested, and RT-qPCR performed to determine relative TLR4 

mRNA expression (Table 6). 18S rRNA was used as the endogenous control and 

Ct values are also indicated. Data presented in Table 6 indicate that TLR4 is 

expressed in primary PBMCs.  

 

In the next analysis, the relative concentration of TLR3 and TLR4 mRNA in healthy 

human PBMCs was determined via RT-qPCR following exposure to LPS (100 

ng/ml) for 2 - 6 h. Data presented in Fig. 3.12A indicate that there was a trend 

towards increased TLR4 mRNA expression at 2 h and 6 h post-LPS treatment (Fig. 

3.12A). In addition, LPS had no significant effect on TLR3 mRNA expression at 

the timepoints tested (2 - 6 h), however there was an increase in TLR3 mRNA 

following LPS treatment (at 4 h) in one healthy donor (Fig. 3.12B). These data 

indicate that LPS has the proclivity to time-dependently regulate its own receptor 

mRNA expression in PBMCs isolated from HC volunteers. 

 

To determine whether the TLR4 agonist, LPS, was cytotoxic to primary cells, an 

MTT cell viability assay was performed on primary PBMCs following treatment 

with LPS. A single concentration of LPS was tested (100 ng/ml). Human whole 

blood was obtained via venepuncture, PBMCs were isolated and cultured with LPS 

for 24 h. Data presented in Fig. 3.12C indicate that LPS had no effect on cell 

viability in PBMCs at the concentration tested in eight HC donors (Fig. 3.12C). 

These data suggest that LPS is not toxic to human primary PBMCs. 
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Table 6. TLR4 is expressed on healthy human PBMCs 

Target Average basal expression (Ct) (n=3) 

TLR4 31.67 ± 0.20 

18S rRNA 20.47 ± 0.82 

Data are expressed as mean (± SEM); Ct, cycle threshold; rRNA, ribosomal 

ribonucleic acid 
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Figure 3.12. Effect of TLR4 activation on TLR3 and TLR4 mRNA expression 

in PBMCs from HC subjects. PBMCs were isolated from whole blood of healthy 

donors, plated at 1x106 cells/ml and treated with LPS (100 ng/ml) for 2, 4, or 6 h. 

The expression of TLR3 and TLR4 mRNA was analysed by RT-qPCR. LPS had no 

significant effect on (A) TLR4 and (B) TLR3 mRNA in primary human PBMCs. 

(C) An MTT assay was employed to determine the effect of LPS (100 ng/ml) on 

cell viability. PBMCs were isolated from whole blood of HC donors and treated 

with LPS for 24 h. Triton x100 (0.2%) was used as a positive control. Data are 

presented as the mean ± S.E.M from (A, B) 2-3 or (C) 8 HC donors. Data were 

analysed using one-way ANOVA followed by Dunnett’s post-hoc test. ***p<0.001 

versus control cells. 
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3.14 Effect of LPS on TNF𝛼, IFN-β and CXCL10 expression in primary 

PBMCs 

To further characterise TLR4-induced signalling events, and to optimise the 

concentration/timepoints of LPS required to induce cytokine/chemokine production 

in primary human immune cells, primary PBMCs were cultured with or without 

LPS (1 – 1000 ng/ml) for 8 h and 24 h, and supernatants analysed for TNF𝛼 and 

RANTES protein expression by ELISA. LPS had no effect on RANTES protein 

production at both timepoints assessed (Fig. 3.13A, B). TNF𝛼  mRNA expression 

was significantly increased following LPS treatment (4 h: 100 ng/ml) in primary 

PBMCs (Fig. 3.13C). Furthermore LPS significantly increased the expression of 

TNF𝛼 protein at both timepoints tested (8 and 24 h), with a significant increase 

observed at 1, 10, 100 and 1000 ng/ml concentrations at 8 h (Fig. 3.13D), and for 

all concentrations of LPS tested at 24 h (Fig. 3.13E). A stronger signal for TNF𝛼, 

reflected in a higher concentration of protein, was exhibited following LPS 

treatment for 24 h.  

 

To further determine the optimal timepoint to treat PBMCs with LPS to promote 

inflammatory signalling, PBMCs from HC subjects were cultured with LPS (100 

ng/ml) for a range of timepoints including 2, 4, 6, 8 and 24 h, and assessed for 

TNF𝛼, IFN-β and CXCL8 protein expression. The expression of IFN-β and 

CXCL10 mRNA was also assessed following LPS treatment by RT-qPCR. Data 

show the LPS significantly induced TNF𝛼 protein expression (at 24 h) (Fig. 3.13F), 

but not IFN-β (Fig. 3.13H), CXCL10 (Fig. 3.13J) or CXCL8 (Fig. 3.13K) protein 

expression. However, an insignificant increase in IFN-β mRNA was detected after 

2 h LPS treatment (Fig. 3.13G), and a significant increase in CXCL10 mRNA was 

found after 4 h LPS treatment (Fig. 3.13I). These data suggest that LPS 

preferentially activates MyD88-dependent targets (TNF𝛼), but not MyD88-

independent (CXCL10 and IFN-β), in primary human PBMCs.  
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Figure 3.13. Effect of LPS on TNF𝛼, IFN-β and CXCL10 expression in 

primary human PBMCs. Primary PBMCs were isolated from whole blood, plated 

at 1x106 cells/ml and treated with LPS at a range of concentrations (1 - 1000 ng/ml) 

at the 2, 4, or 6 h timepoints (for mRNA detection), or up to 24 h (LPS concentration 

at 100 ng/ml) for protein determination. LPS did not induce (A, B) RANTES 

protein expression at 8 or 24 h. LPS promoted TNF𝛼 (C) mRNA and (D, E, F) 

protein expression. LPS increased (G) IFN-β and (I) CXCL10 mRNA, but not (H) 

IFN-β, (J) CXCL10, or (K) CXCL8, protein expression. Data are represented as 

the mean ± S.E.M in PBMCs from 5 HC donors. Data were analysed using 

Student’s t-test or one-way ANOVA, followed by Dunnett’s post-hoc test as 

appropriate. *p<0.05, **p<0.01 and ***p<0.001 versus untreated cells. 
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3.15 Discussion 

TLRs are PRRs that recognise PAMPs from microorganisms and DAMPs from 

damaged tissue. TLRs have been detected on cells of the immune system [357] and 

CNS [358], and play an important role in immune cell activation and downstream 

inflammatory responses, and are therefore implicated in many diseases including 

MS [359]. Initially, data herein aimed to characterise TLR3 and TLR4 signalling in 

THP-1 monocytes, THP-1-derived macrophages and human PBMCs in terms of 

TNF𝛼, RANTES, CXCL8, CXCL10 and IFN-β expression. In addition, 

characterisation of MyD88-dependent signalling was determined by examination 

of p-IκB-𝛼, IκB-𝛼 degradation, and nuclear expression of NF-κB p65. MyD88-

independent signalling was characterised by detecting cytoplasmic and nuclear 

expression of pIRF3, in addition to nuclear expression of total IRF3. We found that 

THP-1 monocytes are a poor model for assessing TLR3 signalling, however 

differentiation of THP-1 monocytes to macrophages was sufficient to activate the 

TLR3-IRF-3-IFN-β signalling axis in this cell type. Data presented in this chapter 

also indicate that both THP-1 monocytes and macrophages are a suitable cell model 

for the study of LPS-induced TLR4 signalling. Finally, in terms of the analysis of 

TLR3/TLR4 signalling in primary immune cells, it was determined that appropriate 

cell plating densities are essential for the assessment of poly(I:C)-TLR3 and LPS-

TLR4 signalling axes in primary human PBMCs in vitro. 

 

Kinetics of response to TLR3 activation in human immune cells  

TLR3 is expressed at low levels in cells of the immune system. Indeed, low levels 

of TLR3 have been detected on NK cells, T cells, monocytes and B cells [21]; 

however, a body of evidence also suggests that TLR3 expression is restricted to the 

DC population A growing body of literature suggests that TLR3 plays a crucial role 

in many disease types, including neurodegenerative diseases, particularly MS. 

TLR3 activation via the viral mimetic poly(I:C) can inhibit demyelination in an 

EAE model by inducing IFN-β [151]. Additionally, using IRF3 [152] and TRIF 

[172] deficiency studies, it is clear that IRF3 and adaptor molecules in the TLR3 

signalling cascade play a role in EAE progression. Previous data from our 

laboratory indicates that PBMCs isolated from pwMS show decreased sensitivity 

to poly(I:C) stimulation [155], suggesting that this pathway is dysregulated in 
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pwMS. It is clear that TLR3 signalling is closely associated with the pathogenesis 

of disease, particularly MS.  

TLR3 can signal in a MyD88-independent manner via recruitment of TRIF (which 

can also lead to NF-κB activation) and IRF3 activation, leading to expression of 

type I IFNs [33]. TLR3 expression on THP-1 monocytes is debated in the literature, 

with some studies indicating TLR3 mRNA in THP-1 cells [360], and others failing 

to determine TLR3 expression in this cell type [59]. Our data (using RT-qPCR) 

indicate that TLR3 is expressed in THP-1 monocytes, THP-1-derived macrophages 

and human PBMCs, albeit at low levels in each cell type. However, our initial 

assessment of the proclivity of poly(I:C) to induce TLR3 signalling in THP-1 

monocytes failed to indicate that poly(I:C) promotes TLR3 signalling, in terms of 

TNF𝛼, RANTES and IFN-β expression. We hypothesize that failure of THP-1 cells 

to respond to TLR3 activation was due to the inability of poly(I:C) to gain sufficient 

access to the intracellular endosomal compartments of monocytes. This hypothesis 

is supported by the literature showing that THP-1 cells respond to poly(I:C) 

stimulation, but only following poly(I:C) transfection [62]. A body of literature also 

indicates that THP-1 cells efficiently respond to TLR3 activation following PMA 

differentiation to a macrophage-like phenotype [56]. Indeed, upon PMA-induced 

differentiation of THP-1 monocytes to macrophage-like cells, poly(I:C) promoted 

IRF3 translocation to the nucleus. The effect of poly(I:C) in THP-1-derived 

macrophages may be due to the phagocytic nature of this cell type [361], facilitating 

poly(I:C) binding to TLR3 on endosomal compartments. Additionally, high 

molecular weight poly(I:C) has been shown to be more efficient at inducing TLR3 

signalling, when compared to low molecular weight poly(I:C) [362]. In this study 

we treated THP-1-derived macrophages with three different high molecular weight 

sources of poly(I:C) to ensure that a response, or lack thereof, was not batch 

specific. Our data shows that each source of poly(I:C) used in the present study 

induced the expression of IFN-β and TLR3 mRNA, alongside IFN-β protein 

expression.  

 

TLR4 mRNA was not altered following poly(I:C) treatment, indicating that 

poly(I:C) does not modulate TLR4 transcription. However, TLR3 mRNA 

expression was increased following poly(I:C) treatment, and this is in accordance 

with data published elsewhere [363]. Additionally, poly(I:C) activates TLR3 which 
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can promote CXCL10 production [364], and TLR3-induced CXCL10 expression 

has been shown previously in THP-1-derived macrophages [62]. Therefore, the 

chemokine CXCL10 was targeted as an endpoint read-out of TLR3 activation 

across all cell types. Indeed, data reported herein indicate that poly(I:C) promoted 

the expression of CXCL10 mRNA and protein in THP-1-derived macrophages. As 

a whole, the findings indicate that THP-1 monocytes require differentiation to a 

macrophage-like phenotype to facilitate cellular responses to poly(I:C), with IFN-

β and CXCL10 mRNA/protein expression, in addition to IRF3 activation (nuclear 

sequestration), employed as indicators that TLR3 signalling is operative at a cellular 

level.  

 

Following the characterisation of poly(I:C)-induced signalling in THP-1 monocytes 

and THP-1-derived macrophages, we next studied TLR3 signalling in primary 

human PBMCs. Previous reports have shown that 𝛾𝛿 T cells are indirectly activated 

by type I IFNs released by poly(I:C) activated DCs [345]. IFN responses have been 

detected in PBMCs [365] and in human macrophages [366] treated with poly(I:C). 

Previous findings from our laboratory indicate that in PBMCs from healthy donors, 

poly(I:C) promotes a significant induction of IFN-β, TNF𝛼, and IL-8, however 

poly(I:C) treated PBMCs from pwMS are refractory, in terms of IFN-β induction 

[184]. Indeed, a diminished IFN-β production has been reported in immune cells 

from pwMS [367]. This evidence from the literature highlights TLR3 signalling as 

a target for investigation in MS. Our findings indicate that treatment of PBMCs 

from healthy volunteers with poly(I:C) gave no response in terms of TNF𝛼 and 

RANTES protein production. In addition, poly(I:C) failed to promote IL-6 and 

CXCL8 protein expression in PBMCs from healthy volunteers (Appendix 5). At 

the gene level, a minimal increase (albeit insignificant) in IFN-β and TLR3 mRNA 

expression was determined in PBMCs following poly(I:C) treatment. We 

hypothesised that this was due to low seeding density of PBMCs (0.5 x 106 

cells/well) and/or due to the source of poly(I:C) being ineffective. Additionally, cell 

viability assays in THP-1 monocytes showed that a high concentration of poly(I:C) 

(25 μg/ml) could significantly reduce cell viability. Therefore, in subsequent 

experiments, PBMCs were plated at a higher density (2 x 106 cells/well) and treated 

with three different sources of poly(I:C) at a lower concentration (i.e. 10 μg/ml). 

Under these new experimental conditions, the findings indicate that each source of 
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poly(I:C) increased the expression of IFN-β and TLR3 mRNA. Similarly, poly(I:C) 

activation promoted an increase in the expression of CXCL10 mRNA/protein in 

human primary PBMCs but had no effect on TNF𝛼 protein expression. Poly(I:C) 

induction of CXCL10 in human PBMCs has been reported elsewhere [368]. In 

conclusion, a specific cell plating density for PBMCs is required to elicit poly(I:C)-

induced downstream signalling in terms of IFN-β, CXCL10 and TLR3 mRNA, in 

addition to IFN-β and CXCL10 protein expression, in primary human PBMCs. 

 

Kinetics of response in human immune cells to TLR4 activation 

Human immune cells including monocytes, macrophages, granulocytes and mature 

DCs express the bacterial detecting receptor TLR4 [21], and much evidence 

suggests that TLR4 may be a critical player in many diseases and neurodegenerative 

disorders, including MS [156]. Indeed, TLR4 knockout mice have diminished 

disease symptoms in EAE [158], and PBMCs from pwMS are highly sensitive to 

LPS stimulation [155], highlighting a crucial role for TLR4 in MS pathogenesis. 

TLR4 recognises LPS, a major component of the outer membrane of gram-negative 

bacteria, and can initiate two separate signalling cascades: recruitment of MyD88-

dependent signalling via NF-κB, and MyD88-independent signalling through 

recruitment of TRIF, which promotes IRF3 activation and sequestration to the 

nucleus [42]. Activation of the TLR4 receptor promotes the induction of a range of 

pro-inflammatory cytokines and chemokines, including but not limited to, TNF𝛼 

[369], RANTES [370], IL-6 and IL-8 [371], CXCL10 [372], in addition to the anti-

inflammatory type I IFN, IFN-β [373]. 

 

TLR4 is expressed on THP-1 monocytes, differentiated THP-1 cells [57] and 

human PBMCs [20]. Our data is consistent with this literature indicating the 

detection of TLR4 mRNA in THP-1 monocytes, THP-1-derived macrophages and 

on PBMCs from HC volunteers. In addition, LPS is known to increase the 

expression of TNF𝛼 protein and mRNA in THP-1 monocytes, THP-1-derived 

macrophages and PBMCs [351, 374], and these findings are consistent with data 

presented in this Chapter.  

 

The pro-inflammatory chemokine RANTES is intricately regulated by two 

transcription factors, NF-κB [375] and IRF3 [376]. We observed a significant 
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increase in RANTES expression following LPS stimulation in THP-1 monocytes, 

however this result could not be replicated in PBMCs. This is in contrast to the 

literature reporting a positive induction of RANTES following LPS treatment in 

THP-1 monocytes and PBMCs [377, 378]. Data reported herein indicates that LPS 

failed to induce RANTES protein expression in primary PBMCs. These data may 

reflect the timepoints chosen to assess the effect of LPS on RANTES expression in 

the current study.  

 

The activation of intracellular signalling proteins following TLR4 stimulation were 

assessed in THP-1-derived macrophages. LPS activation of TLR4 is known to 

phosphorylate IκB-𝛼, leading to IκB-𝛼 degradation and activation of NF-κB [379]. 

Once NF-κB is released by IκB-𝛼, NF-κB translocates to the nucleus and binds to 

the promoter of genes controlling the expression of a suite of 

cytokines/chemokines, including TNF𝛼. In support of this, data shown here indicate 

that LPS promoted the phosphorylation and degradation of IκB-𝛼 in macrophages, 

and nuclear sequestration of NF-κB. These data suggest that THP-1-derived 

macrophages are a suitable model to assess LPS-induced TLR4 signalling 

mechanisms. 

 

As discussed previously, LPS is a well characterised inducer of IFN-β via 

recruitment of the TRIF adaptor and activation of IRF3 [373]. We found that LPS 

induced IFN-β mRNA expression in THP-1 cells and primary PBMCs. 

Additionally, IFN-β protein levels were increased following treatment with LPS in 

THP-1-derived macrophages and PBMCs. These effects have also been 

documented in the literature in PBMCs and THP-1 cells [366, 380]. CXCL10 was 

targeted as another potential read out for LPS-TRIF-induced signalling [381]. Data 

presented in this Chapter indicate that LPS promoted a significant induction of 

CXCL10 mRNA and protein expression in THP-1-derived macrophages, and a 

significant increase in CXCL10 mRNA, but not protein, in primary PBMCs. LPS 

induction of CXCL10 has been reported in THP-1 cells [382] and primary 

neutrophils when treated in combination with IFN-𝛾 [372]. Taken together, our data 

indicates the time and concentration-dependent induction of TNF𝛼, RANTES, 

CXCL10 and IFN-β following exposure to LPS in three cell types, THP-1 

monocytes, THP-1-derived macrophages and primary human PBMCs.  
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In conclusion, data presented herein indicate that both the TLR3-IRF3-IFN-

β/CXCL10 and TLR4-NF-κB-TNF𝛼 signalling axes are operative in THP-1-

derived macrophages and primary PBMCs. In addition, data presented herein 

indicate that THP-1 monocytes are not a suitable cell model for in vitro assessment 

of the TLR3-IRF3-IFN-β signalling axis. Based in these findings and conclusions, 

all further assessment of TLR3 signalling events was performed in THP-1-derived 

macrophages and primary human PBMCs, whereas TLR4 signalling events were 

examined in THP-1 monocytes, THP-1-derived macrophages and primary human 

PBMCs. 
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Results Chapter 4 

THC and CBD differentially target TLR3 and TLR4 

signalling events in THP-1 monocytes and THP-1-derived 

macrophages 
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4.1 Introduction 

THC (the euphoric component of C. sativa) and CBD (a non-euphoric cannabinoid) 

are the most abundant phytocannabinoids derived from C. sativa extracts, and 

preclinical research has focused on THC and CBD to demonstrate their anti-

inflammatory [194, 383], antioxidant [195, 384] and anti-excitotoxic efficacy [196, 

385]. Some phytocannabinoids can act via G protein–coupled cannabinoid 

receptors CB1 and CB2 [386]. Indeed, THC is a CB1 and CB2 receptor partial 

agonist, with in vitro evidence indicating that THC binds to CB1 and CB2 with Ki 

values in the low nanomolar range [387, 388]. Unlike THC, CBD demonstrates 

minimal agonist activity (and very low affinity) for both CB1 and CB2 [220, 389]. 

CB1/2-independent mechanisms of action for CBD have also been extensively 

studied and have identified several receptor targets for this cannabinoid, including 

PPAR. Cannabinoids modulate multiple intracellular signal transduction pathways 

involving adenylyl cyclase, MAP kinases, phosphoinositide 3-kinase/protein kinase 

B, mTOR, caspases, NF-B, JAK/STAT and voltage-dependent ion channels (K+, 

Ca2+, Na+) [283, 317, 390, 391], acting via cannabinoid receptor-dependent 

and -independent mechanisms.  

 

Various studies have demonstrated that cannabinoids, including 

phytocannabinoids, the endocannabinoids and sCB compounds, modify innate 

immune responses via TLR-mediated signalling in various cell and tissue types. 

Indeed, TLR2, TLR3, TLR4, TLR7 and TLR8 signalling is sensitive to cannabinoid 

ligands and endocannabinoid signalling [274], identifying TLRs as a cannabinoid 

target. Specifically in terms of TLR4, the phytocannabinoids (THC, CBD), sCBs 

(R(+)WIN55212, HU-210, CP55,940), and endocannabinoids (AEA, 2-AG, 

NADA) impact TLR4-induced signalling in various cell types including endothelia, 

astrocytes and microglia [283, 286, 299, 392-395]. In terms of TLR3, the sCB 

R(+)WIN55212 has been shown to regulate TLR3-induced signalling in immune 

cells and astrocytes [184], while a range of phytocannabinoids, including CBD, 

CBG, CBC, THCV, and cannabigevarin (CBGV) inhibit TLR3 signalling in 

keratinocytes [194]. Furthermore, systemic and central administration of a FAAH 

inhibitor has been shown to regulate TLR3 signalling in hippocampal tissue [295]. 

Therefore, a full investigation of the effects of THC and CBD on TLR3 and TLR4 
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signalling in human immune cells was undertaken to further elucidate the anti-

inflammatory and therapeutic potential of the phytocannabinoids THC and CBD. 

 

Aims 

 

The specific aims of this chapter are as follows: 

 

• To determine if the phytocannabinoids, THC and CBD, when delivered 

alone or in a 1:1 combination, regulate key TLR3 and TLR4 signalling 

events (identified in Chapter 3) in human THP-1 monocytes and THP-1-

derived macrophages. 

• To determine if the effects of THC and CBD on TLR3/4 signalling are 

mediated by the classic CB1 and CB2 cannabinoid receptors, in addition to 

the putative PPAR𝛾 receptor, in THP-1 immune cells. 
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4.2 CB1 and CB2 cannabinoid receptors are expressed in THP-1 monocytes and 

THP-1-derived macrophages 

Given that the key aim of this study was to determine the impact of  

phytocannabinoids on the TLR3/4 signalling axis in immune cell lines, and that 

cannabinoids classically signal via CB1 and CB2 receptors [396], the basal 

expression profile of CB1 and CB2 mRNA expression was first determined in THP-

1 monocytes and THP-1-derived macrophages. RT-qPCR was conducted in THP-

1 monocytes and THP-1-derived macrophages to determine relative CB1 and CB2 

mRNA in both cell types. Table 7 below demonstrates the Ct values for each target 

(CB1 or CB2) alongside their corresponding endogenous control (18S ribosomal 

RNA). CB1 and CB2 were both detected in THP-1 monocytes and THP-1-derived 

macrophages, however CB1 expression levels are higher (i.e. lower Ct values) than 

CB2 in both cell types. This result is interesting considering that the CB1 receptor 

is predominately expressed in the CNS, while CB2 receptor is abundantly expressed 

on immune cells [397]. 

 

Table 7. CB1 and CB2 receptor expression in THP-1 monocytes and THP-1-

derived macrophages. 

Target gene THP-1 monocytes 

(n=3) 

THP-1-derived 

macrophages (n=3) 

CB1 (Ct) 26.56 ± 0.18 27.71 ± 0.26 

18S rRNA (Ct) 9.94 ± 0.32 10.02 ± 0.17 

   

CB2 (Ct) 37.61 ± 0.28 37.97 ± 0.35 

18S rRNA (Ct) 10.08 ± 0.24 9.56 ± 0.47 

Data are expressed as mean (± SEM); Ct, cycle threshold; rRNA, ribosomal 

ribonucleic acid 

 

 

 

 

 

 

 

 



90 
 

 

 

4.3 THC and CBD do not attenuate TLR4-induced TNF𝛼 or RANTES 

expression in THP-1 monocytes 

There is some evidence, albeit limited, that cannabinoids modulate TLR signalling 

events in immune cells [274]. Initially, the effect of THC and CBD on basal TNF𝛼 

and RANTES protein expression in the absence of LPS was determined. THP-1 

monocytes were cultured with THC or CBD at a range of concentrations (0.001 - 

10 μM) for 8 h and supernatants harvested for protein detection via ELISA. THC 

treatment alone had no effect on TNF𝛼 (Fig. 4.1A) or RANTES (Fig. 4.1G) protein 

expression at all concentrations tested. Similarly, CBD did not alter TNF𝛼 (Fig. 

4.1B) or (Fig. 4.1H) RANTES protein expression at the range of concentrations 

used.  

 

Considering previous data indicating that LPS (1 and 100 ng/ml) treatment (8 h) 

promotes a significant induction of the pro-inflammatory cytokine TNF𝛼 and 

chemokine RANTES in THP-1 monocytes (Fig. 3.9), we next examined the effect 

of THC and CBD on LPS-TLR4-TNF𝛼/RANTES signalling. The ability of THC 

or CBD to regulate LPS-induced TNF𝛼 (LPS at 1 or 100 ng/ml) and RANTES (LPS 

at 1 ng/ml) protein expression was determined. THP-1 monocytes were pre-treated 

(45 min) with either THC or CBD (0.001 - 10 μM) prior to stimulation with LPS (1 

or 100 ng/ml; 8 h), and TNF𝛼 or RANTES ELISAs were performed on harvested 

supernatants. Data indicate that THC (Fig. 4.1C, D) and CBD (Fig. 4.1E, F) failed 

to impact LPS-induced TNF𝛼 expression at each concentration tested. However, it 

is important to note that the lower concentration of LPS (1 ng/ml) did not 

significantly induce TNF𝛼 protein expression, as was determined previously 

following LPS treatment for 24 h (Fig. 3.9C), but is in contrast to data seen 

previously after LPS stimulation for 8 h (Fig. 3.9B). Furthermore, it was previously 

reported that LPS at (1 ng/ml) was sufficient to significantly induce RANTES 

protein expression in THP-1 monocytes (Fig. 3.9E, F); however, this finding could 

not be replicated in Fig. 4.1I, J. In addition, both THC (Fig. 4.1I) and CBD (Fig. 

4.1J) failed to significantly impact LPS-induced RANTES expression at all 

concentrations tested, confirming that THC and CBD do not target TLR4-induced 

signalling events in THP-1 monocytes.   
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  A                                             B                                            C 

   

  D                                              E                                           F 

   

  G                                              H                                            I 

   

   J   

 

Figure 4.1. The effect of THC and CBD on LPS-induced TNFα and RANTES 

protein expression in THP-1 monocytes. THP-1 monocytes were cultured with 

THC or CBD (0.001 - 10 µM) alone or in combination with LPS (1 or 100 ng/ml; 

8 h), supernatants harvested and analysed for RANTES and TNFα protein 

expression via ELISA. THC and CBD had no effect on basal (A, B) TNFα and (G, 

H) RANTES protein expression when administered alone. LPS-induced TNFα 

expression was not modulated by (C, D) THC or (E, F) CBD at all concentrations 

of cannabinoid and LPS tested. The effect of LPS on RANTES expression was not 

modulated by (I) THC and (J) CBD at all concentrations assessed. Data are 

presented as the mean ± S.E.M and are representative of 3 independent experiments. 
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Data were analysed using one-way ANOVA, followed by Dunnett’s post-hoc test. 

***p<0.001 versus untreated cells. 

 

4.4 The impact of THC, CBD, and a THC:CBD combination on THP-1 

monocyte viability  

To determine the effect of the phytocannabinoids THC and CBD, when delivered 

alone and in a 1:1 combination (THC:CBD), on the viability of monocytes, MTT 

cell viability assays were performed in THP-1 monocytes treated with the 

phytocannabinoids at a high concentration of 10 μM. After 24 h incubation, THC 

(10 M), CBD (10 M), and a THC:CBD combination (both phytocannabinoids at 

a final concentration of 10 M), had no significant effect on cell viability in THP-

1 monocytes (Fig. 4.2). Triton x100 (0.2%) was added 10 min prior to the addition 

of MTT to act as a positive control. This finding indicates that THC and CBD, when 

delivered alone and in a 1:1 combination (THC:CBD) at 10 M, do not negatively 

regulate THP-1 monocyte cell viability. 

 

 

Figure 4.2. THC, CBD and a THC:CBD combination are not toxic to THP-1 

monocytes. 

An MTT assay was employed to determine the effect of THC, CBD, and a 

THC:CBD combination (all at 10 µM) on monocyte viability. Cells were treated 

with cannabinoids for 24 h prior to analysis. Triton x100 (0.2%) was used as a 

positive control. Data are presented as the mean ± S.E.M for 3 independent 

passages. One-way ANOVA followed by Dunnett’s post-hoc test was used for 

analysis. ***p<0.001 versus control cells. 
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4.5 CBD, THC and THC:CBD (1:1) inhibit TLR3-induced IRF3 activation and 

induction of CXCL10/IFN-β in THP-1 macrophages 

Given that TLR3 signalling independent of MyD88 is operative in THP-1 

macrophages (Chapter 3), we next examined the impact of the phytocannabinoids, 

THC and CBD, alone and in a 1:1 combination, on key TLR3-induced signalling 

intermediates in THP-1 macrophages. Firstly, macrophages were pre-treated with 

THC (10 M), CBD (10 M) and THC:CBD (1:1 both phytocannabinoids at a final 

concentration of 10 M) for 45 min prior to poly(I:C) (10 μg/ml) exposure for 60 

min (timepoint based in data in Fig. 3.4A), and nuclear expression of IRF3 

measured by fluorescence microscopy. Data presented in Fig. 4.3A indicates that 

poly(I:C) significantly promoted the accumulation of IRF3 in the nucleus. Pre-

exposure to THC, CBD and THC:CBD (each cannabinoid at a final concentration 

of 10 M) attenuated TLR3-induced IRF3 activation, returning nuclear IRF3 

expression to basal levels (Fig. 4.3A).  

 

As the IRF3 transcription factor can induce the downstream expression of type I 

IFNs [347] and CXCL10 [35], the sensitivity of CXCL10/IFN- to THC and CBD 

in response to poly(I:C) was next evaluated. Pre-exposure to THC, CBD and 

THC:CBD (all at final concentrations of 10 M) significantly attenuated TLR3-

induced CXCL10 mRNA (Fig. 4.3B) and protein (Fig. 4.3C) expression. 

Furthermore, Fig. 4.3D demonstrates that THC, CBD and THC:CBD (all at 10 M) 

attenuated poly(I:C)-induced IFN-β mRNA, but not IFN-β protein, expression (Fig. 

4.3E), in macrophages. These findings indicate that both THC and CBD can 

negatively regulate TLR3 signalling to IRF3, CXCL10 and IFN-β in macrophages. 
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 A                                              B                                           C                              

 

                               D                                           E 

 

Figure 4.3. THC, CBD, and THC:CBD (1:1 combination) inhibit MyD88-

independent signalling via TLR3 in THP-1-derived macrophages. (A) THC, 

CBD and the combination (1:1) of phytocannabinoids (final concentration of 10 

μM for each cannabinoid; 45 min pre-treatment) inhibited poly(I:C)-induced (10 

μg/ml; 60 min) IRF3 translocation to the nucleus. Cells were stained with DAPI 

(bis-benzamide) and nuclear IRF3 expression quantified using fluorescence 

immunocytochemistry and CTCF calculated. Representative images of cells 

showing DAPI (blue), IRF3 (green) and both channels merged (blue and green). 

Immunofluorescence images taken at 40x magnification. THC, CBD and the 

combination (all at 10 μM; 45 min pre-treatment) attenuated poly(I:C)-induced (10 

μg/ml; 4 h) (B) CXCL10 mRNA and (C) CXCL10 protein expression in addition to 

(D) IFN-β mRNA expression. (E) THC and CBD did not impact TLR3-induced 

IFN-β protein expression. Data are expressed as means ± S.E.M from 3-8 

independent passages. One-way ANOVA followed by Dunnett’s post-hoc test was 

used for analysis. **p<0.01, ***p<0.001 versus control groups and  #p<0.05, 
##p<0.01 and ###p<0.001 versus poly(I:C)-treated groups.  
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4.6 Effect of CBD and THC on TLR4-induced IκB-𝛼 degradation, NF-κB 

nuclear sequestration and TNFα/CXCL8 protein production in THP-1-

derived macrophages 

Given that both THC and CBD can negatively regulate TLR3 signalling to IRF3, 

CXCL10 and IFN-β (Fig. 4.3), we next examined the proclivity of 

phytocannabinoids to impact TLR4-induced signalling mediated by the MyD88 

adaptor. Firstly, macrophages were pre-treated with THC (10 M), CBD (10 M) 

and THC:CBD (both at a final concentration of 10 M) for 45 min prior to LPS 

treatment (100 ng/ml: 30 min), and cytoplasmic fractions assessed for IB- 

phosphorylation (Fig. 4.4A, B), IB- degradation (Fig. 4.4A, C) and nuclear NF-

κB p-p65 expression (Fig. 4.4D, E) via immunoblotting. Interestingly, THC (10 

M), CBD (10 M) and THC:CBD (both at a final concentration of 10 M) failed 

to inhibit LPS-induced IB- phosphorylation (Fig. 4.4B) and degradation (Fig. 

4.4C) in cytoplasmic fractions.  However, THC, CBD, and the combination 

treatment insignificantly attenuated LPS-induced NF-κB-p-p65 (Fig. 4.4D, E). 

Furthermore, immunocytochemical analysis indicated that LPS-induced nuclear 

expression of the NF-κB p65 subunit was significantly attenuated by THC, CBD 

and THC:CBD (Fig. 4.4F). In addition, pre-exposure to THC, CBD, and THC:CBD 

(at 10 M) failed to impact TLR4-induced TNFα (Fig. 4.4G) and CXCL8 (Fig. 

4.4H) protein expression. These findings suggest that both THC and CBD do not 

regulate TLR4-induced pro-inflammatory proteins (TNFα and CXCL8) but may 

alter NF-κB p-p65 and NF-κB p65 nuclear expression in THP-1 macrophages. 

Therefore, the ability of THC, CBD, and THC:CBD to attenuate LPS-induced NF-

κB, but not downstream inflammatory protein production, may be due to the effect 

of phytocannabinoids on other LPS-activated target(s) (i.e. MAPK). These findings 

highlight the complex interaction of phytocannabinoids with signalling 

intermediates in the TLR4 pathway. 
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Figure 4.4. The effect of THC, CBD and THC:CBD on TLR4 signalling in 

THP-1-derived macrophages. (A) Representative immunoblot of I𝜅B-, pI𝜅B- 

and the endogenous control β-actin after pre-treatment with THC, CBD, or 

THC:CBD and stimulation with LPS. Treatment with THC and CBD, alone and in 

a 1:1 combination (all at a final concentration of 10 μM; 45 min pre-treatment) had 

no impact on LPS (100 ng/ml; 30 min)-induced I𝜅B- (B) phosphorylation and (C) 

degradation in cytoplasmic fractions, but reduced the expression of (E) pNF-κB in 

nuclear fractions. (D) Representative immunoblot of NF-κB p-p65 expression and 

β-actin after pre-treatment with THC, CBD or THC:CBD and stimulation with LPS. 

(F) THC, CBD, and THC:CBD significantly attenuated LPS-induced nuclear NF-

κB expression. THC and CBD (10 μM; 45 min pre-treatment) did not impact LPS-

induced (100ng/ml; 4 h) (G) TNF𝛼 or (H) CXCL8 expression. Data are expressed 

as mean ± S.E.M from 3-4 independent passages. One-way ANOVA followed by 

Dunnett’s post-hoc test was used to determine statistical differences.  ***p<0.001 

versus control groups and ###p<0.001 versus LPS-treated groups.  
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4.7 CBD and THC regulate TLR4-induced  IRF3, CXCL10 and IFN-β 

expression in THP-1-derived macrophages 

Next, the ability of THC/CBD to regulate TLR4 signalling independent of the 

MyD88 adaptor was assessed. Macrophages were pre-treated with THC (10 M), 

CBD (10 M) and THC:CBD (both at 10 M: 45 min) prior to LPS treatment (100 

ng/ml: 60 min), and the phosphorylation of IRF3 determined in cytoplasmic (Fig. 

4.5A, B) and nuclear (Fig. 4.5C, D) fractions via immunoblotting. LPS promoted 

the phosphorylation of IRF3 in cytoplasmic (Fig. 4.5B) and nuclear (Fig. 4.5D) 

fractions, and pre-treatment with THC:CBD in combination partially reversed the 

LPS effect, insignificantly reducing IRF3 phosphorylation in both the cytoplasm 

and nucleus. To investigate this finding further, nuclear expression of endogenous 

IRF3 was measured by fluorescence microscopy (Fig. 4.5E, F). LPS promoted the 

accumulation of IRF3 in the nucleus and pre-treatment to THC, CBD and 

THC:CBD (at 10 M) attenuated TLR4-induced nuclear sequestration of IRF3 

(Fig. 4.5F). Furthermore, THC, CBD and THC:CBD (all at 10 M) attenuated 

TLR4-induced CXCL10 (Fig. 4.5H) and IFN-β (Fig. 4.5J) protein expression. 

However, THC, CBD and THC:CBD did not significantly attenuate CXCL10 (Fig. 

4.5G) or IFN-β (Fig. 4.5I) mRNA expression, although a minor decrease in mRNA 

levels was detected. These findings indicate that THC and CBD can negatively 

regulate the MyD88-independent pathways induced by TLR4 to control the 

production of CXCL10 and IFN-β in THP-1 macrophages. 

 

 

 

 

 

 

 

 

 

 

 

 



98 
 

                         A                                                            B 

 

                         C                                                              D 

 

       E                                                                                                F 

 

        G                                H                              I                               J 

 

Figure 4.5.  CBD, THC and THC:CBD inhibit TLR4-induced IRF3, CXCL10 

and IFN-β expression in THP-1-derived macrophages. (A, C) Representative 

immunoblots of pIRF3 and β-actin after pre-treatment with THC, CBD or 

THC:CBD (all cannabinoid treatments for figure at a final concentration of 10 μM; 

45 min pre-treatment) and stimulation with LPS in (A) cytoplasmic and (C) nuclear 

fractions. LPS (100 ng/ml; 30 min) treatment promoted the phosphorylation of 

IRF3 in (B) cytoplasmic and (D) nuclear fractions and treatment with THC and 

CBD in a 1:1 combination partially reversed the LPS effect. (E) Cells were stained 

with DAPI (bis-benzamide) and nuclear IRF3 expression quantified using 

fluorescence ICC. Representative images of cells showing DAPI (blue), IRF3 

(green) and both channels merged (blue and green). Immunofluorescence images 

taken at 40x magnification. (F) Treatment with THC and CBD, alone and in a 1:1 

combination, inhibited LPS-induced (100 ng/ml; 30 min) IRF3 translocation to the 

nucleus. Effect of THC, CBD and the THC:CBD combination on LPS-induced (100 

ng/ml; 4 h) CXCL10 (G) mRNA and CXCL10 (H) protein expression, in addition 

to IFN-β (I) mRNA and IFN-β (J) protein expression. Data are expressed as mean 

± S.E.M from 3-8 independent passages. One-way ANOVA followed by Dunnett’s 

post-hoc test was used for analysis. *p<0.05, **p<0.01, ***p<0.001 versus control 

groups and ##p<0.01 and ###p<0.001 versus LPS-treated cells. 
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4.8 The role of CB1 and CB2 cannabinoid receptors, and the nuclear PPAR𝛾 

receptor, in mediating the effects of CBD and THC on TLR4-induced CXCL10 

and IFN-β, and TLR3-induced CXCL10 expression 

The cannabinoid pharmacology underlying the above effects was next assessed. 

CB1 and CB2 cannabinoid receptor expression was confirmed on THP-1 

macrophages by PCR (Table. 7), and receptor involvement was addressed by 

employing the use of the CB1 and CB2 antagonists, SR141716 and SR144528, 

respectively. Pre-exposure to SR141716 or SR144528 (both at 1 M for 1 h), failed 

to impact the proclivity of THC (10 M), CBD (10 M) and THC:CBD (both at 10 

M) to regulate LPS-induced IFN- (Fig. 4.6A) and CXCL10 (Fig. 4.6B) protein 

expression. This indicates that both THC and CBD, when delivered alone and in 

combination (1:1), impacts the signalling pathways leading from TLR4 to IFN- 

and CXCL10 independently of CB1/CB2 receptors. Both CB1 and CB2 antagonists 

had no effect of TLR3 signalling when delivered independently (Fig. 4.6C). The 

effect of  pre-exposure to SR141716 or SR144528 and THC and CBD on LPS-, and 

poly(I:C)-, induced IFN-β and CXCL10 mRNA (Appendix 4) was also determined.  

 

Both CB1- and CB2-independent effects of THC [283, 398] and CBD [283, 399] 

have also been demonstrated, with evidence that phytocannabinoids can act via 

PPARs. PPAR was next assessed as a potential phytocannabinoid target in our 

culture system given that previous studies highlighted PPAR as a cannabinoid 

target [400, 401]. Firstly, PPAR was detected on THP-1 macrophages (Table. 8). 

We then employed the use of the PPAR antagonist T0070907 to determine if this 

receptor mediates the impact of THC/CBD on TLR signalling. Pre-exposure to the 

PPAR antagonist T0070907 (at 1 M) failed to reverse the inhibitory effect of 

THC (10 M), CBD (10 M) and THC:CBD (both at 10 M) on TLR3-induced 

CXCL10 expression (Fig. 4.6D), indicating that THC and CBD impacts the 

signalling pathways leading from TLR3 to CXCL10 independently of PPAR. 

Table 8. Constitutive expression of PPARγ in THP-1-derived macrophages 

Target gene THP-1-derived macrophages (n=3) 

PPARγ (Ct) 22.52 ± 0.21 

18S rRNA (Ct) 9.86 ± 0.83 

Data are expressed as mean (± SEM); Ct, cycle threshold; rRNA, ribosomal 

ribonucleic acid 
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Figure 4.6. THC and CBD do not act via CB1, CB2 or the PPAR receptor to 

modulate TLR signalling. THP-1 macrophages were pre-treated with SR141716 

(SR1), SR144528 (SR2) or T0070907 (all 1 μM; 1 h), followed by treatment with 

phytocannabinoids (all at 10 μM for 45 min) and stimulation with LPS (100 ng/ml) 

or poly(I:C) (10 μg/ml) for 4 h. Pre-exposure to SR141716 and SR144528 failed to 

impact the proclivity of THC, CBD and THC:CBD to inhibit LPS-induced (A) IFN-

 and (B) CXCL10 protein expression. (C) SR1, SR2 and THC:CBD, when 

delivered alone, did not alter IFN-β protein levels. (D) Pre-treatment with 

T0070907 failed to impact the proclivity of THC, CBD and THC:CBD to inhibit 

poly(I:C)-induced CXCL10. Data are expressed as mean ± S.E.M from 3-4 

independent passages. One-way ANOVA followed by Dunnett’s post-hoc test was 

used for statistical assessment. ***p<0.001 versus control groups. #p<0.05, 
##p<0.01 and ###p<0.001 versus LPS- or poly(I:C)-treated groups. 
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4.9 Discussion 

This study set out to determine if THC and CBD could target TLR3 and TLR4 

signalling in a human monocytic cell line and a monocyte-derived macrophage cell 

line. We identified that THC and CBD do not target TLR4 signalling in terms of 

RANTES and TNF𝛼 protein production in monocytes. However, it was identified 

that THC and CBD, when delivered alone and in a 1:1 combination, have the 

proclivity to differentially target TLR3 and TLR4 inflammatory events in THP-1 

macrophages. The significant finding is that both phytocannabinoids preferentially 

targeted MyD88-independent signalling via TLR3 and TLR4 to inhibit poly(I:C)- 

and LPS-induced IRF3 activation and the expression of CXCL10 and IFN-β. 

Interestingly, both phytocannabinoids failed to impact MyD88-dependent 

signalling via TLR4 signalling pathways controlling phosphorylation/degradation 

of IκB-𝛼, and the downstream production of TNF𝛼 and CXCL8. However, CBD 

and THC, alone and in a 1:1 combination, inhibited NF-κB translocation to the 

nucleus and nuclear expression of pNF-κB.  CB1/2 and PPARγ receptor dependent  

effects of CBD and THC on TLR-induced CXCL10 and IFN-β expression were 

determined, and these data suggested a potential cannabinoid and PPARγ receptor-

independent effect. However, these data were incomplete and variable and have not 

fully excluded these receptors as targets of cannabinoids during TLR modulation  . 

 

Given that LPS activates TLR4 signalling in THP-1 monocytes (Chapter 3), the 

effect of THC and CBD on TLR4 signalling in monocytes was initially examined. 

Firstly, the expression of CB1 and CB2 was detected on THP-1 monocytes, which 

is in line with data elsewhere [227]. Our findings indicate that THC and CBD, when 

administered alone, do not alter RANTES and TNF𝛼 protein expression in 

monocytes over a range of concentrations tested (0.001 - 10 μM). Our data are 

consistent with findings from elsewhere which have shown that THC does not alter 

LPS-induced IκB-𝛼 or NF-κB p65 expression, in addition to TNF𝛼 or CXCL8 

mRNA and protein levels, in primary monocytes [402]. Furthermore, the absence 

of effect of both phytocannabinoids in our study cannot be explained by the 

potential toxic characteristics of THC [403] or CBD [404], as both THC and CBD, 

when delivered alone and in a 1:1 combination at a concentration of 10 M, did not 

impact THP-1 monocyte viability. 
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Data presented previously in Chapter 3 determined that both the TLR3-IRF3-IFN-

β/CXCL10, TLR4-NF-κB-TNF𝛼 and TLR4-IRF3-IFN-β/CXCL10 signalling axes 

are operative in THP-1-derived macrophages. Therefore, THC and CBD were 

assessed for their ability to regulate such signalling pathways in THP-1 

macrophages. A key objective of this study was to determine if the cellular actions 

of THC and CBD on TLR signalling differed when cannabinoids were delivered 

independently or in combination. Overall, data herein indicate that the same degree 

of anti-inflammatory efficacy was seen following treatment with THC and CBD 

alone, compared to in combination, with the exception of TLR4-induced 

CXCL10/IFN-β and IRF3 phosphorylation. Indeed, both THC and CBD inhibited 

LPS-induced CXCL10 and IFN-β protein expression, although an exaggerated 

inhibition was determined when THC and CBD were delivered in a 1:1 

combination. Similarly, THC and CBD exerted an inhibitory effect on TLR4-

induced pIRF3, only when delivered in a 1:1 combination. The mechanistic basis 

of this remains to be elucidated. However, in support of this, it was recently shown 

that a  1:1 combination of THC:CBD was more effective in the restoration of motor 

function in the Theiler’s murine encephalomyelitis virus (TMEV)-induced 

demyelination model, when compared to the administration of botanical extracts of 

CBD, and in particular THC, alone [405]. Indeed, a 1:1 combination of CBD 

botanical extract (containing 64.8% CBD, 2.3% THC, 1.1% CBG, 3.0% CBC, 1.5% 

other phytocannabinoids) and THC botanical extract (containing 67.1% THC, 0.3% 

CBD, 0.9% CBG, 0.9% CBC, 1.9% other phytocannabinoids) was more effective 

at improving motor deficits in the chronic phase of TMEV infection than 

administration of  CBD or THC botanical extract alone. 

  

We report that THC, CBD and a 1:1 combination of both cannabinoids attenuated 

MyD88-independent signalling via both TLR3 and TLR4, in terms of IRF3 

activation and production of CXCL10/IFN-β in macrophages. In vitro data 

elsewhere has elucidated a role for sCB in regulating poly(I:C)-induced IRF3 

activation and induction of IFN-β [184], and an array of phytocannabinoids 

(including CBD, CBC, THCV, CBG) have been shown to inhibit poly(I:C)-induced 

MCP-2 production in human keratinocytes [194]. THC has also been shown to 

inhibit TLR7 signalling to TBK1 and IRF7 in primary human plasmacytoid DCs 

[289]. Furthermore, in vivo administration of CBD (10 mg/kg) attenuates cognitive 
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and social interaction deficits induced by pre-natal poly(I:C) exposure in rats [406], 

while Peres and colleagues (2016) have shown that peripubertal treatment with 

CBD (1 mg/kg) attenuates hyperlocomotion induced by prenatal exposure to 

poly(I:C) [407]. However, to our knowledge, our findings represent the first 

evidence to indicate that the phytocannabinoids, THC and CBD, can specifically 

target viral signalling induced by activation of TLR3 in macrophages, and identifies 

potential new molecular targets for both THC and CBD.  

 

TLR4 can initiate MyD88-independent signalling via TRIF by employing the 

bridging adaptor TRAM [408]. In terms of TLR4-induced MyD88-independent 

signalling, data herein also indicate that both THC and CBD have the proclivity to 

inhibit TLR4 signalling to IRF3, IFN-β and CXCL10. This is supported by in vitro 

evidence in the BV-2 microglial cell line indicating that both THC and CBD inhibit 

LPS-induced IFN-β expression [283], which further suggests that 

phytocannabinoids preferentially target TRIF-dependent signalling independently 

of MyD88.  

 

Cannabinoids have well-characterized anti-inflammatory propensity by targeting 

TLR4 signalling, and it has been reported that the endogenous cannabinoid 

anandamide (2.5 M) can attenuate TLR4-induced pro-inflammatory signalling in 

vitro in monocytes isolated from healthy subjects [163], while THC and CBD 

inhibit TLR4-induced IL-1 production in the BV-2 microglial cell line [283]. 

Surprisingly, our findings indicate that TLR4-induced signalling via MyD88 to the 

phosphorylation and degradation of IB-, and production of TNF and CXCL8, 

was refractory to phytocannabinoids. This is in contrast with evidence indicating 

that CBD inhibits TLR4-induced NF-B activation in BV2 microglia [282, 283] 

and that THC can inhibit NF-B activation in human T cells [409]. However, we 

found that THC, CBD and the THC:CBD combination were sufficient to attenuate 

LPS-induced NF-κB and pNF-κB expression in the nucleus. These data are 

intriguing and requires further investigation to be fully understood. Our findings 

indicating that THC/CBD failed to inhibit LPS-induced phosphorylation and 

degradation of IB-, and LPS-induced TNF𝛼 and CXCL8 expression, but 

inhibited NF-κB, may reflect differential roles of cannabinoids, or indeed MyD88 
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and TRIF adaptor molecules, in various cell types (T cells versus microglia versus 

macrophages). Furthermore, LPS can activate MAPK family members in THP-1 

macrophages [410], therefore the inhibition of NF-κB translocation to nucleus by 

THC and CBD without subsequent inhibition of TNFα and CXCL8 protein 

expression, may be due to LPS-induction of pro-inflammatory proteins via MAPKs. 

Given that MAPK signalling cascades play key roles in the inflammatory responses 

in macrophages [411], further experiments are required to determine the role of 

MAPKs in determining the effect of both THC and CBD on inflammatory cytokine 

expression in THP-1 cells. 

 

Cannabinoids exert their cellular effects via an array of molecular targets including 

ion channels (including K+, Ca2+, Na+ and transient receptor potential channels) 

[211, 389, 390], transporters (including neurotransmitter transporters, anandamide 

membrane transporters) [412, 413] and intracellular signal transduction pathways 

(including MAP kinases, JAK/STATs) [283, 390], and can act via cannabinoid 

receptor-dependent- and -independent mechanisms involving PPAR, GPR55 and 

5-HT receptors [220, 235, 387-389, 414-416]. CBD and THC differ in their 

pharmacology at the classic cannabinoid receptors, CB1 and CB2 [220, 387-389]. 

To determine the pharmacological targets for THC/CBD in mediating their effects 

on TLR signalling, we confirmed the expression of CB1/CB2 on THP-1 

macrophages, and then employed the use of selective CB1 and CB2 receptor 

antagonists. Our findings potentially indicate that neither antagonist reversed the 

inhibitory effect of THC and CBD on TLR4-induced CXCL10 and IFN-β 

expression, suggesting that CB1 and CB2 receptors do not mediate the anti-

inflammatory propensity of phytocannabinoids in this cellular model of 

macrophage inflammation. However, data highlighting the cannabinoid receptor 

independent effects were variable and incomplete and do not conclusively 

determine cannabinoid receptor independent effects. It is important to note that both 

CB1- and CB2-independent effects of THC [283, 398] and CBD [283, 399] have 

been demonstrated, with evidence that phytocannabinoids can act via PPARs [417]. 

In this study PPAR was detected on THP-1 macrophages, and furthermore the 

PPAR antagonist T0070907 failed to reverse the inhibitory effect of THC and 

CBD on TLR3-induced signalling events. This potentially indicates that CB1, CB2 
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and PPAR do not mediate the effects of THC and CBD on TLR signalling in this 

macrophage cell line. Both THC and CBD are lipid soluble phytocannabinoids 

[418], and hence their cellular effect on TLR signalling in macrophages may be 

attributed to their lipophilicity due to their direct partitioning into cellular 

membranes. Further research is required to pinpoint the pharmacological target(s) 

of THC and CBD in modulating signalling induced by TLR3 and TLR4 activation. 
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Chapter 5 

Examining the proclivity of THC and CBD to modulate 

TLR3/4 signalling in primary human PBMCs from 

healthy control subjects and pwMS 
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5.1 Introduction 

MS is a chronic progressive inflammatory autoimmune disease of the CNS 

associated with the activation of peripheral immune cells (T cells, B cells, 

monocytes) which, upon activation, infiltrate the CNS and promote 

neuroinflammation, demyelination and axonal damage [78, 87]. There are several 

treatment options available to patients that show reasonable and varying efficacy 

that have been approved by the FDA and the EMA, but no cure for the disorder 

currently exists. Approved medications include Beta-interferon (IFN-β; Plegridy, 

Avonex, Betaseron), Glatiramer acetate (Copaxone), Natalizumab (Tysabri), 

Fingolimod (Gilenya), Rituximab (Rituxan), Mitoxantrone (Novatrone), and 

Sativex (Nabiximols). Of particular relevance to this study is Sativex. Sativex is an 

oromucosal spray containing CBD and THC as its most abundant phytocannabinoid 

components, in addition to other phytocannabinoids and non-phytocannabinoid 

components, that has shown efficacy for pwMS with moderate to severe spasticity 

[329]. There is much clinical evidence of the efficacy and safety of this oral 

cannabinoid-based spray in terms of reducing spasticity, spasm frequency and pain 

[330]. However, much further research is required to elucidate the mechanisms of 

action of THC and CBD, as little is known about the precise cellular signalling 

mechanisms targeted by Sativex in pwMS.  

 

As discussed previously, TLRs are key components of the innate immune system 

and are linked to neuroinflammation [419] and the pathogenesis of MS [420]. There 

is growing evidence that cannabinoids may alter TLR signalling and downstream 

inflammatory cytokine/chemokine production. For example, using the sCB 

R(+)WIN55,212-2, Downer and colleagues (2011) showed evidence that 

R(+)WIN55,212-2 is a novel regulator of TLR3 and TLR4 signalling. Specifically, 

R(+)WIN55,212-2 inhibited the pro-inflammatory signalling axis activated by 

TLR3 and TLR4, while amplifying the activation of the IRF3 protein and 

consequently, IFN-β production, with resulting anti-inflammatory effects in EAE 

[184]. pwMS demonstrate reduced expression of IFN-stimulated genes which 

suggests an underlying defect in type I IFN signalling in MS [177]. IFN-β therapy 

is proposed to have anti-inflammatory properties, in addition to positive effects on 

BBB permeability [121]. Studies such as these demonstrate the therapeutic potential 

of cannabinoids in EAE progression and, more importantly, MS, by modulating 
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signalling pathways associated with the production of IFN-β. Studies elsewhere 

have shown that THC and CBD can inhibit the development of EAE and ameliorate 

clinical signs of EAE [421, 422]. These effects were correlated with significantly 

less inflammation in the spinal cord, diminished axonal damage, in addition to a 

decline in microglial activation and T-cell recruitment [262, 263]. Therefore, it is 

of great interest to understand the mechanisms by which the phytocannabinoids 

THC and CBD exert their anti-inflammatory and immunosuppressive effect(s), and 

to determine if these effects are mediated by targeting TLR signalling events in 

peripheral immune cells isolated from HC subjects and pwMS. 

 

Aims 

 

The specific aims of this chapter are as follows: 

• To profile whole blood cellular composition and physical/mental health 

parameters in HC subjects and pwMS. 

• To determine if THC and CBD, when administered alone or in combination, 

can regulate TLR3 and TLR4 signalling events in PBMCs from HC 

volunteers and pwMS.  

• To assess the effects of cannabinoid treatment, in the absence of TLR 

activation, on basal cytokine and chemokine production in PBMCs isolated 

from both study cohorts.  

• To profile TLR3/4 and CB1/2 receptor expression in PBMCs from HC 

subjects and pwMS. 

• To assess the impact of DMTs on primary immune cell responses to TLR3/4 

activation and THC/CBD treatment.  
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5.2 Whole blood cell composition profiles of HC subjects 

Whole blood collected from healthy volunteers was analysed using a Sysmex 

Haematology analyser to provide a complete blood profile immediately post-

venepuncture, and to track cellular changes over time (0 – 4 h) to account for delays 

in sample processing. Initially the impact of temperature (RT or ice) on whole blood 

cellular profiles was assessed to determine the optimal method of transport of whole 

blood from the Neurology clinic at Beaumont Hospital Dublin to the laboratory, 

without compromising the cellular composition of the sample. Immediately post-

venepuncture, whole blood samples were maintained on ice or at RT and analysed 

at 0, 2, and 4 h post-venepuncture. Data presented in Fig. 5.1 indicate that no 

significant change in WBC number (Fig. 5.1A, D), RBC number (Fig. 5.1B, E) or 

percentage lymphocytes (Fig. 5.1C, F) were observed in each sample at 2 h- and 4 

h-post blood draw when blood samples were maintained on ice (Fig. 5.1A, B, C) 

and at RT (Fig. 5.1D, E, F). Full blood cell composition profiles including WBC, 

RBC, HGB, HCT, MCV, MCH, MCHC, PLT, and the number of lymphocytes and 

neutrophils obtained from the samples processed at RT and on ice, at 0, 2 and 4 h 

post-venepuncture, are presented in Table 9 and Table 10. 
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Figure 5.1. Blood cell profiles in samples collected from healthy volunteer’s 

post-venepuncture. The impact of storing fresh blood samples on (A, B, C) ice or 

at (D, E, F) RT was determined by assessing cell profiles using the Sysmex 

Haematology analyser. The number of (A, D) WBCs, (B, E) RBCs and (C, F) 
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percentage of lymphocytes in each sample was determined. Graphs are 

representative of data from 6 HC subjects, with each coloured line representative 

of one HC donor. 

 

Table 9. Blood profiles in samples from healthy subjects maintained at RT 

post-venepuncture. 

Maintained at RT 0 h 2 h 4 h 

n 
WBC (per μL) 

RBC (per μL) 

HGB (g/dL) 
HCT (%) 

MCV (fL) 

MCH (pg) 
MCHC (g/dL) 

PLT (per μL) 

Lymphocyte (%) 
Neutrophil (%) 

Lymphocyte (per μL) 

Neutrophil (per μL) 

6 
5.02 x 103 ± 0.90 x 103 

4.69 x 106 ± 0.26 x 106 

14.56 ± 0.62 
42.12 ± 1.73 

89.96 ± 1.5 

31.08 ± 0.5 
34.56 ± 0.32 

2.44 x 105 ± 0.16 x 105 

36.88 ± 3.87 
54.78 ± 4.96 

1.74 x 103 ± 0.13 x 103 

2.90 x 103 ± 0.76 x 103 

6 
5.48 x 103 ± 0.86 x 103 

4.84 x 106 ± 0.31 x 106 

15.08 ± 0.88 
43.4 ± 2.33 

89.96 ± 1.54 

31.22 ± 0.72 
34.74 ± 0.51 

2.22 x 105 ± 0.2 x 105 

37.32 ± 3.87 
54.24 ± 4.29 

1.92 x 103 ± 0.13 x 103 

3.14 x 103 ± 0.73 x 103 

6 
5.4 x 103 ± 0.85 x 103 

4.76 x 106 ± 0.27 x 106 

14.92 ± 0.59 
42.66 ± 1.79 

89.94 ± 1.48 

31.52 ± 1.70 
35.06 ± 1.04 

2.27 x 105 ± 0.18 x 105 

37.14 ± 3.84 
55.48 ± 4.82 

1.9 x 103 ± 0.11 x 103 

3.14 x 103 ± 0.79 x 103 

 

Table 10. Blood profiles in samples from control subjects maintained on ice 

post-venepuncture. 

Maintained on ice 0 h 2 h 4 h 

n 
WBC (per μL) 

RBC (per μL) 

HGB (g/dL) 
HCT (%) 

MCV (fL) 

MCH (pg) 
MCHC (g/dL) 

PLT (per μL) 

Lymphocyte (%) 
Neutrophil (%) 

Lymphocyte (per μL) 

Neutrophil (per μL)   

6 
4.94 x 103 ± 0.85 x 103 

4.69 x 106 ± 0.28 x 106 

14.6 ± 0.62 
42.02 ± 1.93 

89.88 ± 1.51 

31.26 ± 0.69 
34.8 ± 0.48 

2.4 x 105 ± 0.17 x 105 

37.94 ± 3.96 
54.72 ± 4.52 

1.76 x 103 ± 0.14 x 103 

1.76 x 103 ± 0.72 x 103 

6 
5.0 x 103 ± 0.88 x 103 

3.98 x 106 ± 0.92 x 106 

15.14 ± 0.7 
42.3 ± 1.9 

90.24 ± 1.59 

31.02 ± 0.61 
34.4 ± 0.49 

2.39 x 105 ± 0.17 x 105 

36.52 ± 3.94 
53.86 ± 5.03 

1.72 x 103 ± 0.14 x 103 

2.84 x 103 ± 0.75 x 103 

6 
4.88 x 103 ± 0.85 x 103 

4.69 x 106 ± 0.27 x 106 

14.54 ± 0.62 
42.28 ± 1.93 

90.42 ± 1.36 

31.12 ± 0.62 
34.42 ± 0.43 

2.44 x 105 ± 0.18 x 105 

36.74 ± 4.14 
54.58 ± 4.74 

1.68 x 103 ± 0.12 x 103 

2.8 x 103 ± 0.78 x 103 

WBC, white blood cell; RBC, red blood cell; HGB, haemoglobin; HCT, haematocrit; MCV, mean 

corpuscular volume; MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular 

haemoglobin concentration; PLT, platelet. Data presented as the mean ± S.E.M. 
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5.3 Demographics of healthy donors and pwMS 

Healthy volunteers and pwMS attending the Neurology clinic at Beaumont 

Hospital, Dublin, Ireland, were recruited to this study. Written informed consent 

was obtained from each participant and the study received ethical approval from 

the Beaumont Hospital Ethics (Medical Research) and the Faculty of Health 

Sciences Research Ethics Committee, Trinity College Dublin, Ireland (PIL and 

consent form indicated in Appendix 3). All pwMS had RRMS and were currently 

taking immunomodulatory treatments including Plegridy, Gilenya, Dimethyl 

fumarate, Avonex, Capaxone, Tysabri and Rituximab. HC donors had no history of 

autoimmune, cardiovascular, respiratory, or degenerative diseases. HC participants 

were matched on the basis of age and gender where possible. Additionally, HC 

volunteers and pwMS completed the MS-QOL-54 and QIDS-SR16 questionnaires 

(Appendix 3) at the time of blood draw. The MSQOL-54 questionnaire is a MS-

specific instrument that consists of 54 questions that measure the subject’s own 

perception based on two categories: physical health and mental health composite 

scores. Physical health is assessed under the following sub-categories: physical 

function, health perceptions, energy/fatigue, physical role limitations, pain, sexual 

function, social function and health distress. The mental health composite score is 

assessed under the following sub-categories: health distress, overall QOL, 

emotional well-being, emotional role limitations and cognitive function. The 

MSQOL is one of the most widely used MS-specific questionnaires and therefore 

was chosen for this study [334-336]. Additionally, the QIDS-SR16 questionnaire is 

a self-report designed to provide an indication of depressive symptom severity 

[337]. The QIDS-SR16 assesses depressive symptomatology in subjects across nine 

domains: sad mood, concentration, self-criticism, suicidal ideation, interest, 

energy/fatigue, sleep disturbance, decrease/increase in appetite/weight and 

psychomotor agitation/retardation. This test is regarded as an accurate screening 

measure for major depressive disorder (MMD) [423], and previously, the laboratory 

has published MSQOL-54 and QIDS-SR16 questionnaire data in HC and MS study 

cohorts [424]. Data herein demonstrate that pwMS reported significantly reduced 

physical health (Fig. 5.2A), mental health (Fig. 5.2B) and energy levels (Fig. 5.2C), 

when compared to HC subjects. Additionally, pwMS reported increased pain scores 

(Fig. 5.2D) and depressive symptoms (Fig. 5.2E), when compared to HC 

participants. 
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Table 11. Demographic data from HC subjects and pwMS included in the 

study. 

Baseline demographics  HC MS P value  

n 32 32 - 

Sex (F/M)  20/10 (2 

not 

reported) 

28/4 - 

Age (Year ± SEM)                            33.90 ± 

2.41 

38.34 ± 1.70 - 

MSQoL-54: 

-Physical Health (%) 

93.49 ± 

0.82 

61.19 ± 

3.64*** 

p<0.001 

-Mental Health (%)  90.39 ± 

1.47 

65.48 ± 

3.90*** 

p<0.001 

QIDS-SR16 2.19 ± 0.40 6.92 ± 0.82*** p<0.001 

EDSS  N/A 2.15 ± 0.39 - 

Disease Duration (months)  N/A 62.88 ± 9.30 - 

Other Medical conditions 

 

 

• Blood disorder, n (%) 

• Thyroid disease, n (%) 

• Non-MS autoimmune 

disease, n (%) 

• Allergies, n (%) 

20 HC 

donors 

completed 

0 (0%) 

2 (10%) 

2 (10%) 

 

7 (35%) 

23 pwMS 

completed 

section 

1 (4.35%) 

1 (4.35%) 

2 (8.70%) 

 

7 (30.43%) 

- 

Infection, n (%) 0 (0%) 3 (13.04%) - 

Smoker, n (%) 0 (0%) 9 (39.13%) - 

Cannabis user, n (%) 0 (0%) 2 (8.70%) - 

MS DMT at time of blood 

draw 

N/A Tysabri, 

Gilenya, 

Rituximab, 

Capaxone 

Plegridy, 

Tecfidera, 

Avonex 

- 

     N/A = Not applicable 
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Figure 5.2. MSQOL-54 and QIDS-SR16 data in HC and MS cohorts. HC 

subjects and pwMS completed the MSQOL-54 and QIDS-SR16 questionnaires 

within one day following blood donation. Questionnaire data indicate that pwMS 

reported reduced (A) physical health, (B) mental health and (C) energy scores, 

compared to HC subjects. pwMS reported increased (D) pain scores and (E) 

depressive symptomatology when compared to HC subjects. Data are presented as 

individual dot-plots and the mean ± S.E.M. Data were checked for normality using 

Shapiro-Wilk. Data was analysed using Mann-Whitney test. ***p<0.001 versus HC 

group. 
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5.4 Comparison of the cellular composition of whole blood from HC and pwMS 

participants 

Much data has reported alterations in whole blood cellular composition in samples 

isolated from pwMS when compared to healthy volunteers. Indeed, reports indicate 

that the red blood cell distribution width (RDW), which is related to MCH, MCV 

and MCHC, is higher in pwMS when compared to HC subjects [425]. In addition, 

mild thrombocytopenia has been reported in pwMS [426]. However, to our 

knowledge, there is no published evidence comparing baseline cellular composition 

values in pwMS compared to HC cases. Therefore, to determine the cellular 

composition of whole blood in HC cases and pwMS in our study cohorts, whole 

blood from each subject was analysed using a Sysmex Haematology analyser to 

collate data regarding WBC, RBC, HGB, HCT, MCV, MCH, MCHC and PLT. 

Data presented in Fig. 5.3 indicate that there was no significant difference in WBC 

and RBC number (Fig. 5.3A, B), HGB and HCT levels (Fig. 5.3C, D), MCHC 

levels (Fig. 5.3G), PLT number (Fig. 5.3H), in addition to the number and 

percentage of lymphocytes/neutrophils (Fig. 5.3I, J, K, L), between HC and MS 

subjects. Interestingly, a significant increase in MCV (Fig. 5.3E) and MCH (Fig. 

5.3F) was determined in pwMS, compared to the control group. In addition, 

significant differences were found in the MXD (mixed WBCs without lymphocytes 

and neutrophils) population between the two study cohorts (Fig. 5.3M, N). 

Importantly, the Sysmex Haematology analyser did not identify alterations in the 

exact WBC population (i.e. T cells, B cells, monocytes, eosinophils, basophils) 

between the groups, and hence caution must be applied when interpreting these 

data. Future work will pinpoint if alterations in populations of specific cell subsets 

occur in pwMS. 
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Figure 5.3. Whole blood cellular profiles in samples from HC cases and pwMS. 

Whole blood was isolated via venepuncture and analysed to assess cellular 

composition using the Sysmex Haematology analyser. The number of (A) WBC 

and (B) RBC was unchanged between HC subjects and pwMS. (C) HGB, (D) HCT, 

(G) MCHC and (H) PLT levels were similar between HC cases and pwMS. Blood 

samples from pwMS demonstrated increased levels of (E) MCV and (F) MCH. 

There was no difference between both cohorts in terms of the percentage and 

number of (I, J) lymphocytes and (K, L) neutrophils. Blood samples from pwMS 

reported an increased percentage and number of (M, N) MXD cells in whole blood, 

when compared to samples from HC volunteers. Data are shown as dot-plots for 

each donor and as the mean ± S.E.M. Dashed lines represent accepted ‘normal 

ranges’ for each measurement. Data were assessed for normality using Shapiro-

Wilk and analysed using students t-tests. *p<0.05 and **p<0.01 versus HC group. 
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5.5 PBMCs from pwMS are desensitised in terms of TLR3-induced CXCL10 

expression, when compared to cells from healthy subjects 

Data shown previously (Chapter 3: Fig. 3.7) provided evidence that primary 

immune cells respond to TLR3 stimulation in terms of producing CXCL10 and 

IFN-β. Therefore, we set out to determine if PBMCs isolated from HC subjects and 

pwMS demonstrate differential responses to TLR3 agonism. Peripheral whole 

blood was collected via venepuncture, and PBMCs were isolated using lymphoprep 

over density gradient. PBMCs were cultured with poly(I:C) (10 μg/ml) for 4 

(mRNA) or 24 h (protein), RNA harvested for RT-qPCR analysis, and supernatants 

collected for protein analysis via ELISA. Initially, the expression profile of the 

TLR3 receptor was determined in untreated PBMCs from HC volunteers and 

pwMS. Data in Fig. 5.4 indicate that there was no significant difference in basal 

TLR3 mRNA expression in PBMCs from HC and MS individuals (Fig. 5.4A). Next, 

PBMCs from HC cases and pwMS were treated with poly(I:C) and the expression 

of CXCL10 determined. Data in Fig. 5.4B indicate that poly(I:C) treatment 

insignificantly increased CXCL10 mRNA expression 5.5-fold in PBMCs from HC 

subjects; conversely, poly(I:C) treatment had no effect on CXCL10 mRNA 

expression in PBMCs from pwMS (Fig. 5.4B). In support of CXCL10 mRNA data 

from HC and MS cohorts, Fig 5.4C shows that MS was not associated with a 

difference in basal expression of CXCL10 protein in PBMCs. Indeed, post hoc 

analysis revealed that PBMCs from pwMS were associated with a significant 

reduction in poly(I:C)-induced CXCL10 protein expression, when compared to 

poly(I:C)-induced CXCL10 production in PBMCs from HC volunteers. 

Importantly, poly(I:C) promoted a significant induction of CXCL10 protein in the 

HC cohort. However, only a minor insignificant increase of CXCL10 protein 

expression was observed in the PBMCs from MS cohort following poly(I:C) 

treatment. Two-way ANOVA analysis revealed a significant influence of poly(I:C) 

treatment (p < 0.001) and disease status (p <0.01), in addition to a significant 

interaction of these factors (p < 0.01) (Fig. 5.4C). This data suggests that PBMCs 

from pwMS are desensitised to TLR3 agonism. However, no significant difference 

was determined between HC and MS poly(I:C) stimulated  PBMCs in terms of IFN-

β mRNA (Fig. 5.4D) and IFN-β protein expression (Fig. 5.4E). However, PBMCs 

from pwMS significantly increased IFN-β protein after poly(I:C) treatment, an 

effect not observed in HC PBMCs (Fig. 5.4E). 
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Figure 5.4. Effect of TLR3 activation on CXCL10 and IFN- expression in 

PBMCs from HC and MS subjects. PBMCs from HC volunteers and pwMS were 

isolated and cultured with poly(I:C) (10 μg/ml) for 4 (mRNA) or 24 h (protein) and 

analysed from CXCL10 and IFN- expression. (A) No significant difference was 

determined in TLR3 mRNA expression in PBMCs from HC subjects and pwMS. 

PBMCs from pwMS are desensitised to poly(I:C) in terms of CXCL10 (B) mRNA 

and (C) protein expression. PBMCs from HC cases and pwMS respond to 

poly(I:C)-induced (D) IFN-β mRNA and (E) IFN-β protein expression 

equivalently. Data are represented as the mean ± S.E.M from 9-24 HC subjects and 

8-18 MS donors. Students t-test was used when comparing 2 groups. Two-way 

ANOVA followed by Bonferroni’s post-hoc test was performed when there was 

more one variable. **p<0.01 and ***p<0.001 versus indicated groups and ##p<0.01 

versus poly(I:C)-treated PBMCs from HC subjects. 
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5.6 THC and CBD target TLR3-induced CXCL10 and IFN-β expression in 

primary PBMCs from HC subjects and pwMS 

Given that THC and CBD, when administered alone and in combination, can target 

TLR3-induced CXCL10 and IFN-β in THP-1 macrophages (Chapter 4: Fig. 4.2), 

we next set out to determine the effect of both phytocannabinoids on TLR3 

signalling in primary immune cells isolated from HC subjects and pwMS. 

Peripheral whole blood was isolated via venepuncture, and PBMCs were extracted 

using lymphoprep over density gradient. PBMCs were pre-treated with THC, CBD 

or a 1:1 combination (all at 10 μM) for 45 min prior to stimulation with poly(I:C) 

(10 μg/ml) for 4 (for mRNA analysis) or 24 h (for protein analysis). THC, CBD and 

a 1:1 combination promoted a trend towards reducing poly(I:C)-induced CXCL10 

mRNA expression in PBMCs from HC subjects (Fig. 5.5A). Indeed, this result 

translated to CXCL10 protein expression, where both cannabinoids, delivered in 

combination, significantly attenuated poly(I:C)-induced CXCL10 protein 

expression (Fig. 5.5B). Interestingly, the combination treatment was significantly 

more effective at inhibiting poly(I:C)-induced CXCL10 than the cannabinoid alone 

treatments (Fig. 5.5B). PBMCs isolated from pwMS did not produce CXCL10 

mRNA after poly(I:C) stimulation (which is in line with data in Fig 5.4C); however, 

THC:CBD treatment, in the presence of poly(I:C), significantly reduced basal 

CXCL10 mRNA expression in PBMCs from pwMS (Fig. 5.5C). Interestingly, 

THC:CBD combination treatment significantly attenuated poly(I:C)-induced 

CXCL10 protein expression in PBMCs from pwMS (Fig. 5.5D).  

 

In terms of IFN-β expression, poly(I:C) enhanced IFN-β mRNA expression, albeit 

insignificantly, in PBMCs from HC subjects, and THC and CBD failed to 

significantly modulate poly(I:C)-induced IFN-β mRNA expression (Fig. 5.5E). In 

contrast, treatment of cells with the THC:CBD combination, but not the 

cannabinoids alone, significantly reduced poly(I:C)-induced IFN-β protein 

expression in PBMCs from HC subjects (Fig. 5.5F). Finally, PBMCs from pwMS 

did not respond to poly(I:C) in terms of IFN-β mRNA expression (Fig. 5.5G) and 

the THC:CBD combination significantly inhibited poly(I:C)-induced IFN-β protein 

expression in PBMCs from pwMS (Fig. 5.5H). These data suggest that 

phytocannabinoids can inhibit TLR3 signalling in primary PBMCs, with the 
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THC:CBD combination treatment being most effective in PBMCs from HC cases 

and pwMS. 

   A                                              B                                                C 
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Figure 5.5. Effect of THC, CBD, and a 1:1 combination on TLR3-induced 

CXCL10 and IFN-β expression in PBMCs from HC cases and pwMS. Effect of 

THC, CBD and the combination (1:1) of phytocannabinoids on poly(I:C)-induced 

(A) CXCL10 mRNA (n=9), in addition to (B) CXCL10 protein expression, in 

PBMCs from HC subjects (n=23). THC:CBD combination inhibited (C) basal 

CXCL10 mRNA expression (n=8) and (D) TLR3-induced CXCL10 protein 

expression (n=15) in PBMCs from pwMS. Effect of THC and CBD on (E) IFN-β 

mRNA expression in PBMCs from HC subjects (n=12). (F) The combination of 

THC and CBD reduced TLR3-induced IFN-β protein expression in PBMCs from 

HC subjects (n=14). (G) Poly(I:C), THC and CBD did not alter IFN-β mRNA 

expression in PBMCs from pwMS (n=8). (H) THC:CBD attenuated poly(I:C)-

induced IFN-β protein expression in PBMCs from pwMS (n=13). Data are 

expressed as means ± S.E.M. Data that passed the Shapiro-Wilk normality test were 

analysed by one-way ANOVA followed by Dunnett’s multiple comparison test. For 

non-parametric data, Kruskal-Wallis followed by Dunn’s multiple comparison test 

was performed. *p<0.05, **p<0.01, ***p<0.001 versus untreated groups.  #p<0.05 

and ###p<0.001 versus poly(I:C)-treated groups. $$p<0.01 and $$$p<0.001 versus 

THC:CBD combination treated groups. 

0

200

400

600

800

C
X

C
L

1
0

 
(p

g
/m

l)

***

###

PolyIC

THC

CBD

- + + + +

- - + - +

- - - + +

$$$

$$

HC

0

100

200

300

400

C
X

C
L

1
0

 
(p

g
/m

l)

**

#

PolyIC

THC

CBD

- + + + +

- - + - +

- - - + +

MS

0.0

0.5

1.0

1.5

2.0

2.5

IF
N

-b
 m

R
N

A
(f

o
ld

 c
h

a
n

g
e
)

PolyIC

THC

CBD

- + + + +

- - + - +

- - - + +

*

HC

0.0

0.5

1.0

1.5

2.0

2.5

IF
N

-b
 

(p
g

/m
l)

PolyIC

THC

CBD

- + + + +

- - + - +

- - - + +

*

#

HC

0

1

2

3

4

IF
N

-b
 m

R
N

A
(f

o
ld

 c
h

a
n

g
e
)

PolyIC

THC

CBD

-

-

-

+ + + +

+ +

++

-

- -

-

MS

0

1

2

3

4

IF
N

-b
 

(p
g

/m
l)

PolyIC

THC

CBD

- + + + +

- - + - +

- - - + +

**

#

MS



120 
 

5.7 A 1:1 combination of THC:CBD inhibits basal CXCL10 expression in 

PBMCs  

Given the effects of THC/CBD on TLR3-induced signalling in PBMCs (Fig. 5.5), 

we next set out to determine the effects of THC, CBD and THC:CBD on basal 

CXCL10 and IFN-β expression in PBMCs isolated from HC cases and pwMS. 

Peripheral whole blood was isolated, PBMCs were separated over a density 

gradient and were treated with THC, CBD or a 1:1 combination (all at 10 μM) for 

4 (mRNA) or 24 h (protein). RNA was harvested for analysis via RT-qPCR, and 

supernatants collected for protein analysis via ELISA. Initially, cannabinoid 

receptor expression was determined in PBMCs isolated from HC subjects and 

pwMS. Data in Fig. 5.6A, B demonstrate that there was no significant difference in 

CB1 and CB2 mRNA expression between the groups, with a trend towards increased 

CB1 (Fig. 5.6A) and CB2 (Fig. 5.6B) mRNA expression determined in PBMCs from 

the MS group. Importantly, the THC:CBD combination, but not THC and CBD 

alone, significantly inhibited CXCL10 mRNA (Fig. 5.6C) and protein (Fig. 5.6D) 

expression, when compared to vehicle-treated cells, in PBMCs from HC cases. In 

PBMCs from pwMS the phytocannabinoids had no significant effect on CXCL10 

mRNA (Fig. 5.6E) expression; however, THC:CBD reduced CXCL10 protein (Fig. 

5.6F) expression, albeit insignificantly, in PBMCs from pwMS. Furthermore, there 

was no significant effect of the phytocannabinoids on IFN-β mRNA (Fig. 5.6G, I) 

and IFN-β protein (Fig. 5.6H, J) expression in PBMCs from HC volunteers and 

pwMS, however there was a minor insignificant increase in IFN-β protein after 

phytocannabinoid treatment in PBMCs from pwMS. This suggests that the 1:1 

combination of THC and CBD, but not the phytocannabinoids alone, inhibit the 

basal expression of the pro-inflammatory chemokine CXCL10 in primary PBMCs. 
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Figure 5.6. A THC:CBD (1:1) combination of phytocannabinoids inhibit 

CXCL10 expression in primary PBMCs. Primary PBMCs from HC cases and 

pwMS were isolated from whole blood and treated with THC (10 μM), CBD (10 

μM) or a 1:1 combination (10 μM of each) for 4 (RNA) or 24 h (protein). No 

difference was detected in (A) CB1, or (B) CB2 mRNA expression levels between 

HC and MS groups. THC:CBD significantly inhibited (C) CXCL10 mRNA and (D) 

CXCL10 protein expression in PBMCs from HC cases. (E) THC and CBD had no 

effect on CXCL10 mRNA expression in PBMCs from pwMS. (F) THC:CBD 

reduced (albeit insignificantly) CXCL10 protein levels in PBMCs from pwMS. 

THC, CBD and THC:CBD had no effect on (G, I)  IFN-β mRNA and (H, J) IFN-

β protein expression in PBMCs isolated from HC subjects and pwMS. Data are 

means ± S.E.M from 8-24 HC and 4-18 pwMS. Students t-test was used when 

comparing 2 groups that passed the Shapiro-Wilk test, if 2 groups did not pass 

Mann-Whitney test was used. All data with more than 2 groups passed the Shapiro-

Wilk normality test and were analysed by one-way ANOVA followed by Dunnett’s 

multiple comparison test. *p<0.05, and ***p<0.001 versus untreated cells. 
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5.8 Stratifying the responses of PBMCs from pwMS to poly(I:C), THC and 

CBD treatment in terms of DMT use at the time of analysis 

As indicated previously in Table 11, recruited pwMS to this study were currently 

prescribed a variety of immunomodulatory DMTs, including Interferon-β 1a, 

Dimethyl fumarate, Fingolimod, Rituximab, and Natalizumab (DMTs reviewed in 

introduction section 1.10). Therefore, it was of interest to determine the effect of 

THC and CBD on TLR3 signalling with respect to various DMTs. Whole blood 

was taken from pwMS via venepuncture and PBMCs isolated over density gradient. 

PBMCs were then placed in culture and pre-treated with THC, CBD or a 1:1 

combination (all at 10 μM: 45 min) prior to poly(I:C) (10 μg/ml: 24 h) treatment. 

Supernatants were then collected and assessed for IFN-β and CXCL10 protein 

analysis via ELISA. In the clinical cohort, a total of six pwMS with a RR phenotype 

reported the use of IFN-β 1a therapy at the time of blood draw, two pwMS were 

taking Natalizumab at the time of blood draw, one individual took Rituximab, one 

individual was prescribed Fingolimod and one individual was prescribed Dimethyl 

fumarate at the time of blood donation.  

 

In terms of IFN-β 1a therapy, the data indicate that PBMCs from each patient 

responded to poly(I:C) (to varying degrees) by increasing IFN-β and CXCL10 

expression (Fig. 5.7A, B). Furthermore, in this MS cohort, THC, CBD and the 1:1 

combination promoted a trend towards attenuating poly(I:C)-induced IFN-β and 

CXCL10 expression in PBMCs, with the combination treatment being most 

effective (Fig. 5.7A, B). Furthermore, in the study cohort one or two pwMS were 

prescribed either Natalizumab, Rituximab, Fingolimod, and Dimethyl fumarate 

therapies at the time of blood draw. Therefore, the data presented below for each 

DMT are indicative of potential responses. Two pwMS were prescribed 

Natalizumab therapy at the time of recruitment to this study, and our findings 

indicate that PBMCs from one MS case responded strongly, while PBMCs from a 

further MS case responded weakly, to TLR3 activation (Fig 5.7C, D). THC, CBD, 

and THC:CBD promoted some degree of inhibition in terms of poly(I:C)-induced 

IFN-β and CXCL10 in PBMCs from both cases (Fig. 5.7C, D). Poly(I:C)-induced 

IFN-β and CXCL10 was reduced by THC/CBD, with the combination treatment 

being most effective, in PBMCs from an MS case prescribed Rituximab (Fig. 5.7E, 

F). In terms of Fingolimod therapy, PBMCs from one MS case responded weakly 
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to TLR3 treatment; however, THC, CBD, and THC:CBD again promoted a trend 

towards attenuating IFN-β and CXCL10 expression in PBMCs (Fig. 5.7G, H). 

Finally, in terms of Dimethyl Fumarate therapy, PBMCs isolated from this MS case 

responded to TLR3 activation in terms of IFN-β and CXCL10 expression, while 

THC, CBD, and THC:CBD attenuated poly(I:C)-induced IFN-β and CXCL10 

expression, with the combination treatment being most effective, in this case (Fig. 

5.7I, J).  

 

These data are of particular interest as the cannabinoid-based therapy Sativex an 

oromucosal spray containing CBD and THC as its most abundant phytocannabinoid 

components, in addition to other phytocannabinoids and non-phytocannabinoid 

components, is currently prescribed to pwMS in certain countries as an add-on 

adjunctive therapy to known DMTs in pwMS [330, 427]. These data highlight the 

potential effects of DMTs on cellular responses to TLR3 agonism, in addition to 

the effects of DMTs on primary immune cellular responses to phytocannabinoids.  
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Figure 5.7. Analysis of the effect of DMTs on the cellular responses of PBMCs 

from pwMS to poly(I:C), THC and CBD treatment. PBMCs from pwMS were 

isolated from whole blood and pre-treated with THC (10 μM), CBD (10 μM) or a 

1:1 combination (10 μM of each) for 45 min prior to stimulation with poly(I:C) (10 

µg/ml) for 24 h. IFN-β and CXCL10 protein levels were determined via ELISA. 

The effect of THC, CBD, and THC:CBD on poly(I:C)-induced (A) IFN-β and (B) 

CXCL10 expression in PBMCs isolated from pwMS receiving Interferon-β 1a 

therapy (n=6). The effect of the cannabinoids on poly(I:C)-induced (C) IFN-β and 

(D) CXCL10 expression in PBMCs isolated from pwMS receiving Natalizumab 

therapy (n=2). The effect of THC and CBD on poly(I:C)-induced (E, G, I) IFN-β 

and (F, H, J) CXCL10 expression in PBMCs isolated from pwMS receiving (E, F) 

Rituximab, (G, H) Fingolimod and (I, J) Dimethyl Fumarate therapies (n=1). Data 

are expressed as line graphs with each line representing one MS case. 
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5.9 THC and CBD potentiate LPS-induced TNFα expression in PBMCs 

Given that THC and CBD, when administered alone and in combination, do not 

target TLR4-induced TNFα expression in THP-1 monocytes (Fig. 4.2) and 

macrophages (Fig. 4.5), we next set out to determine if the lack of effect of 

cannabinoids on TNFα expression translates to primary immune cells. Peripheral 

whole blood was collected via venepuncture and PBMCs were isolated over a 

density gradient. PBMCs were pre-treated with THC, CBD or a 1:1 combination 

(all at 10 μM) for 45 min prior to stimulation with LPS (100 ng/ml) for 4 (mRNA) 

or 24 h (protein). RNA (TNFα/TLR4) and protein (TNFα) expression were 

determined by RT-qPCR and ELISA, respectively. Initially, the basal expression 

level of TLR4 mRNA was assessed in PBMCs from HC cases and pwMS. Data in 

Fig. 5.8A indicate that TLR4 is expressed in PBMCs, and disease did not 

significantly alter relative TLR4 expression. Next, data in Fig. 5.8B indicates that 

LPS significantly increased TNFα protein expression to comparable levels in both 

HC and MS groups (Fig. 5.8B). Indeed, Two-way ANOVA analysis revealed that 

there was a significant influence of drug (LPS) treatment (p<0.001), but no 

influence of disease status (p=0.48), in addition to no significant interaction of these 

factors (p=0.07).  Data in Fig. 5.8A, B suggest that TLR4 expression and signalling 

was comparable in PBMCs from HC cases and pwMS. Next, the effect of 

cannabinoid administration alone, and in conjunction with LPS, was assessed in 

PBMCs from the HC group in terms of TNFα mRNA and TNFα protein expression. 

Firstly, THC, CBD, and a THC:CBD combination treatment did not alter basal 

expression of TNFα mRNA (Fig. 5.8C) and protein (Fig. 5.8D) expression in 

PBMCs from the HC group. However, when the phytocannabinoids were 

administered with LPS, THC:CBD treatment promoted a trend towards potentiating 

LPS-induced TNFα mRNA expression in PBMCs from the HC group (Fig. 5.8E) 

with one-way ANOVA analysis revealing a significant difference between group 

means (p=0.001), and this translated to a statistically significant potentiation of 

LPS-induced TNFα protein expression in PBMCs from HC volunteers (Fig. 5.8F).  

 

Following characterisation of the effect of the cannabinoids in PBMCs from HC 

subjects, next, the effect of THC, CBD, and THC:CBD, alone and in combination 

with LPS, was assessed in PBMCs from pwMS. Data indicate that THC, CBD, and 

THC:CBD promoted a trend towards reducing basal TNFα mRNA expression in 
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PBMCs from pwMS (Fig. 5.8G). Importantly, THC, CBD, and THC:CBD 

significantly inhibited TNFα protein expression in PBMCs from pwMS (Fig. 5.8H). 

Interestingly, this inhibitory effect of cannabinoids on basal TNFα expression was 

not detected in PBMCs from HC cases, suggesting that pwMS are more sensitive 

to the effects of the phytocannabinoids in terms of targeting the cellular 

mechanisms controlling TNFα expression. Furthermore, CBD, but not THC and 

THC:CBD, promoted a trend towards increasing LPS-induced TNFα mRNA 

expression in PBMCs from pwMS (Fig. 5.8I) and one-way ANOVA analysis 

revealed a significant difference between group means (p=0.03). However, THC, 

CBD, and THC:CBD, significantly potentiated LPS-induced TNFα protein 

expression in PBMCs from pwMS, with the combination treatment being most 

effective (Fig. 5.8J). These data highlight the heightened sensitivity of PBMCs from 

pwMS, compared to PBMCs from HC donors, to the cellular effects of 

cannabinoids in terms of targeting mechanisms controlling TNFα expression . 
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Figure 5.8. THC, CBD, and THC:CBD differentially target TNFα production 

in PBMCs from HC and MS cohorts. Human primary PBMCs from HC subjects 

and pwMS were isolated from whole blood and pre-treated with THC (10 μM), 

CBD (10 μM) or a 1:1 combination (10 μM of each) prior to stimulation with LPS 

(100 ng/ml) for 4 h (RNA) or 24 h (protein). (A) TLR4 mRNA expression in PBMCs 

from HC and MS cases. (B) PBMCs from HC and MS subjects respond in a similar 

manner in terms of LPS-induced TNFα protein expression. THC, CBD, and 

THC:CBD do not alter (C) TNFα mRNA and (D) TNFα protein expression in 

PBMCs from HC subjects. Effect of THC and CBD on LPS-induced (E) TNFα 

mRNA and (F) TNFα protein expression in PBMCs from HC subjects. THC, CBD, 

and THC:CBD inhibit (G) TNFα mRNA and (H) TNFα protein expression in 

PBMCs from pwMS. Effect of THC and CBD on LPS-induced (I) TNFα mRNA 

and (J) TNFα protein expression in PBMCs from pwMS. Data are represented as 

the means ± S.E.M from 19-27 HC and 10-19 MS donors. Students t-test was used 

when comparing 2 groups. Data that passed the Shapiro-Wilk normality test was 

analysed by one-way ANOVA followed by Dunnett’s multiple comparison test. For 

non-parametric data, the Kruskal-Wallis followed by Dunn’s multiple comparison 

test was performed. Two-way ANOVA followed by Bonferroni’s post-hoc test was 

performed when there was more than one variable. **p<0.01 and ***p<0.001 

versus untreated groups and #p<0.05,  ##p<0.01 and ###p<0.001 versus LPS-treated 

cells. 
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5.10 THC and CBD differentially target MyD88-independent signalling events 

regulated by TLR4 in PBMCs from HC and MS subjects 

Previously we have shown that THC and CBD target the LPS-TRIF-IFN-

β/CXCL10 signalling axis in THP-1 macrophages (Fig. 4.6). Therefore, the effect 

of THC, CBD, and THC:CBD, on TLR4 signalling, independent of MyD88, was 

determined in PBMCs from HC cases and pwMS. PBMCs were isolated from 

whole blood and were pre-treated with THC, CBD or a 1:1 combination (all at 10 

μM) for 45 min prior to stimulation with LPS (100 ng/ml) for 4 h (mRNA) or 24 h 

(protein). Gene and protein expression of IFN-β and CXCL10 were assessed by 

RT-qPCR and ELISA, respectively. Firstly, in PBMCs from HC subjects LPS 

promoted a trend towards increasing IFN-β mRNA expression,  THC, CBD, and 

THC:CBD had no effect on LPS-induced IFN-β mRNA expression (Fig. 5.9A), and 

one-way ANOVA analysis revealed no significant difference between group means 

(p=0.17). LPS treatment in the absence and presence of cannabinoids, had no effect 

on IFN-β protein levels in PBMCs from HC subjects (Fig. 5.9B). Next, the effect 

of the cannabinoids on LPS-induced CXCL10 expression was assessed. Data in Fig. 

5.9C demonstrate that LPS insignificantly increased CXCL10 mRNA expression in 

PBMCs from HC subjects, and THC, CBD, and THC:CBD, all promoted a trend 

towards attenuating LPS-induced CXCL10 expression (Fig. 5.9C), one-way 

ANOVA analysis of this data found no significant difference between group means 

(p=0.24). However, the proclivity of LPS to induce CXCL10 mRNA did not 

translate to protein expression in PBMCs from HC subjects, and THC, CBD, and 

THC:CBD attenuated basal CXCL10 protein expression in PBMCs from HC 

subjects (Fig. 5.9D).  

 

Next, the proclivity of THC and CBD to alter LPS-IFN-β/CXCL10 expression in 

PBMCs from pwMS was assessed. Data show that LPS increased (albeit 

insignificantly) IFN-β mRNA expression, with THC, CBD, and THC:CBD having 

no significant effect on this signalling axis, in PBMCs from pwMS (Fig. 5.9E). 

However, it is worth noting that the phytocannabinoid combination treatment 

insignificantly potentiated LPS-induced IFN-β mRNA expression in PBMCs from 

pwMS (Fig. 5.9E), however one-way ANOVA analysis did not reveal any 

significant differences between group means (p=0.21). Again, this did not translate 

to IFN-β protein expression, where LPS did not increase IFN-β protein, and THC, 
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CBD, and THC:CBD had no effect on IFN-β expression, in PBMCs from pwMS 

(Fig. 5.9F). 

Finally, the effect of the cannabinoids on LPS-induced CXCL10 expression was 

determined in PBMCs from pwMS. LPS insignificantly increased CXCL10 mRNA 

in PBMCs from pwMS, and THC and THC:CBD, attenuated this effect (Fig. 5.9G). 

Interestingly, CBD had the opposite effect, and potentiated LPS-induced CXCL10 

mRNA expression in PBMCs from pwMS. The proclivity of CBD to potentiate of 

LPS-induced CXCL10 mRNA expression was significantly different when 

compared to PBMCs treated with the combination of THC:CBD, or PBMCs treated 

with THC in the presence of LPS (Fig. 5.9G). These data suggest that THC, CBD, 

and THC:CBD may differentially target TLR4-induced MyD88-independent 

signalling events in PBMCs from HC volunteers and pwMS. 
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Figure 5.9. The effect of THC and CBD on TLR4 signalling independent of 

MyD88 in PBMCs from HC cases and pwMS. Primary PBMCs from HC subjects 

and pwMS were pre-treated with THC (10 μM), CBD (10 μM) or a 1:1 combination 

(10 μM of each) and stimulated with LPS (100 ng/ml) for 4 h (RNA) or 24 h 

(protein). THC, CBD and the THC:CBD combination did not alter (A) IFN-β 

mRNA and (B) IFN-β protein expression in PBMCs from HC cases. THC, CBD 

and THC:CBD attenuated (C) CXCL10 mRNA (albeit insignificantly) and (D) 

CXCL10 protein expression in PBMCs from HC cases. (E) THC:CBD, but not 

THC or CBD, promoted a trend towards potentiating LPS-induced IFN-β mRNA 

expression. (F) LPS, THC and CBD had no effect of IFN-β protein expression in 

PBMCs from pwMS. (G) THC and THC:CBD attenuated, while CBD potentiated, 

LPS-induced CXCL10 mRNA expression in PBMCs from pwMS. Data are 

represented as the means ± S.E.M from 5-12 HC and 4-5 MS donors. Data that 

passed the Shapiro-Wilk normality test was analysed by one-way ANOVA 

followed by Dunnett’s multiple comparison test. For non-parametric data, the 

Kruskal-Wallis followed by Dunn’s multiple comparison test was performed. 

*p<0.05 and **p<0.01 versus LPS-treated groups and  #p<0.05 and ##p<0.01 versus 

LPS co-treated with THC or THC:CBD. 
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5.11 Stratifying the response of PBMCs to LPS, THC and CBD treatment in 

cells from pwMS in terms of current DMT use 

As shown previously in Table 11, and in parallel to data in section 5.8, pwMS 

recruited to this study were diagnosed with RRMS and were prescribed a variety of 

immunomodulatory DMTs at the time of enrolment to the study. Therefore, it was 

of interest to determine the effect of THC and CBD on TLR4-induced TNFα protein 

expression with respect to various therapies, including Interferon-β 1a, Dimethyl 

fumarate, Fingolimod, Rituximab, and Natalizumab.  

 

PBMCs from pwMS were isolated using lymphoprep over a density gradient, pre-

treated with THC, CBD or a 1:1 combination (all at 10 μM: 45 min) and then 

stimulated with LPS (100 ng/ml: 24 h). Supernatants were collected and frozen for 

TNFα protein analysis via ELISA. There was a total of five pwMS prescribed IFN-

β 1a therapy, two taking Natalizumab, one individual was prescribed Rituximab, 

one individual taking Fingolimod and a further individual prescribed Dimethyl 

fumarate at the time of blood donation. The data for IFN-β 1a therapy (Fig. 5.10A) 

demonstrate that PBMCs from each patient responded to LPS (to varying degrees) 

by increasing TNFα protein expression. Furthermore, THC, CBD and the 1:1 

combination of phytocannabinoid promoted a trend towards potentiating LPS-

induced TNFα protein expression in PBMCs, with the combination treatment being 

most effective overall in terms of potentiation (Fig. 5.10A).  

 

Furthermore, one or two individuals were prescribed Natalizumab, Rituximab, 

Fingolimod, and Dimethyl fumarate therapies at the time of immune cell analysis. 

Therefore, data herein are indicative of potential responses, and further patient 

recruitment will aim to increase patient numbers to increase the power for full 

analysis of the effect of DMTs on cell responses to LPS/phytocannabinoids. At the 

time of analysis two pwMS were prescribed Natalizumab therapy and PBMCs from 

both individuals responded to LPS-TLR4 activation, in terms of TNFα expression 

(Fig 5.10B). In addition, PBMCs from both individuals were sensitive to THC, 

CBD, and THC:CBD, potentiation of TLR4-induced TNFα protein expression (Fig. 

5.10B). PBMCs from pwMS prescribed Rituximab (Fig. 5.10C), Fingolimod (Fig. 

5.10D) or Dimethyl Fumarate (Fig. 5.10E) therapy responded to TLR4 activation 

in terms of TNFα expression, and again THC, CBD, and THC:CBD potentiated 
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LPS-induced TNFα expression, with the combination of cannabinoid treatment 

being most effective. This is of particular interest in terms of the cellular effects of 

Sativex an oromucosal spray containing CBD and THC as its most abundant 

phytocannabinoid components, in addition to other phytocannabinoids and non-

phytocannabinoid components, as an add-on adjunctive therapy to known DMTs in 

pwMS [330, 427]. These data highlight the effect of DMTs on cellular responses to 

LPS and phytocannabinoids in PBMCs from pwMS.  
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Figure 5.10. Effect of DMTs on cellular responses to LPS, THC and CBD. 

Human primary PBMCs from pwMS were isolated from whole blood and pre-

treated with THC (10 μM), CBD (10 μM) or a 1:1 combination (10 μM of each) 

prior to treatment with LPS (100 ng/ml) for 24 h. TNFα protein expression was 

determined by ELISA. The effect of THC, CBD, and THC:CBD on LPS-induced 

TNFα expression in PBMCs from pwMS prescribed (A) Interferon-β 1a (n=6), (B) 

Natalizumab (n=2), (C) Rituximab (n=1), (D) Fingolimod (n=1), and (E) Dimethyl 

Fumarate (n=1) therapy. Data are expressed as line graphs with each line 

representing one patient. 
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5.12 Discussion 

This study set out to assess TLR3/4 signalling in immune cells from HC subjects 

and pwMS, and to determine the effect of the phytocannabinoids THC and CBD on 

TLR3/4 signalling in PBMCs from HC cases and pwMS. Data herein indicate that 

PBMCs from pwMS demonstrate a desensitised response to TLR3-induced 

CXCL10 expression, but not IFN-β, when compared to PBMCs from healthy 

volunteers. However, there was no difference in TLR4-induced TNF𝛼 expression 

in PBMCs isolated from both study groups. Data herein indicate that THC, CBD, 

and the THC:CBD combination was sufficient to attenuate TLR3-induced CXCL10 

and IFN-β expression in PBMCs from HC cases and pwMS. Interestingly, THC, 

CBD, and the THC:CBD combination, potentiated LPS-induced TNF𝛼 expression 

in PBMCs isolated from both study groups. The  1:1 combination of THC:CBD 

was most effective at inhibiting TLR3 responses and potentiating TLR4 responses 

in the immune cell populations from both HC and MS cohorts. Cannabinoid 

treatments differentially modulated TLR4 signalling in PBMCs independent of the 

adaptor MyD88, as assessed through TLR4-induced CXCL10 and IFN-β. 

Specifically, the cannabinoids had no significant effect on LPS-induced IFN-β 

expression in PBMCs from both groups; however THC, CBD and THC:CBD 

inhibited LPS-induced CXCL10 production in PBMCs from healthy subjects. In 

addition, THC, and the combination treatment (THC:CBD) inhibited LPS-induced 

CXCL10 expression in PBMCs from pwMS, while CBD potentiated CXCL10 

expression in this PBMC population. Furthermore, MSQOL-54 and QIDS-SR16 

questionnaire data indicate that pwMS have reduced physical and mental health, 

and increased depressive symptoms, when compared to the HC study cohort. 

Finally, whole blood levels of mixed immune cells, MCV and MCH was higher in 

pwMS when compared to the HC subjects assessed in this project.  

 

Initially, the effect of storing whole blood samples immediately post-venepuncture 

at RT, or on ice for up to 4 h, on cellular composition was determined. This initial 

screen on storage conditions for blood sampling was conducted given that pwMS 

were recruited from Beaumont hospital, Dublin, resulting in up to a 4 h delay in 

processing each patient blood sample in the laboratory on the University campus. 

We found no time-dependent change in the cellular composition of whole blood 

samples, in terms of WBC, RBC and lymphocyte number, following storage of 
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whole blood at RT or on ice. Additionally, no time- or temperature-dependent 

differences were found in HGB, HCT, MCV, MCH, MCHC and PLT levels. Based 

on these findings, all samples from pwMS collected at Beaumont hospital Dublin 

were stored at RT post-venepuncture until further processing of the PBMCs in the 

laboratory on campus. 

 

An important aspect of the study was to determine if differences exist in the cellular 

composition of whole blood isolated from HC cases and pwMS. Indeed, no 

differences were found in WBC, RBC, PLT and neutrophil numbers between both 

cohorts. However, a decrease, albeit insignificant, was found in lymphocyte 

number, and percentage of immune cells, in the MS cohort, when compared to the 

control subjects. As mentioned previously, at the time of blood draw, each RRMS 

patient in the study was prescribed an immunomodulatory DMT which targeted 

peripheral immune cells, therefore a decrease in lymphocyte number was expected 

in the MS group [428]. MCV determines the average size and volume of RBCs, 

whereas MCH is the average mass of haemoglobin in each RBC. Interestingly, 

blood cells from pwMS demonstrated an increase in the levels of MCV and MCH, 

when compared to blood cells from the HC group. Data from elsewhere has found 

no difference in MCV, but a decrease in MCH levels, between MS and HC groups 

[425]. pwMS enrolled in our study were prescribed a variety of DMTs which may 

account for the differences observed. Additionally, PBMCs from pwMS 

demonstrated significantly higher levels of MXD immune cells, when compared to 

PBMCs from HC subjects. The MXD population consists of monocytes, 

eosinophils and basophils [429]. Unfortunately, the sysmex haematology analyser 

used in the present study did not differentiate between monocytes, eosinophils, and 

basophils, therefore, we could not identify the exact population(s) impacted by 

disease in our analysis. Future work will aim to identify the precise cellular 

alterations in immune cell profiles in MS.  

 

At the time of recruitment each participant completed the MSQOL-54 and QUIDS-

SR16 questionnaires to gain insight regarding mental/physical health and depressive 

symptoms in each study participant at the time of blood draw. Indeed, an assessment 

of QOL measurements is vital as such measurements can aid in evaluating disease 

progression, treatment and management strategies in pwMS [430, 431]. MSQOL-
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54 and QUIDS-SR16 measurements are widely accepted questionnaires that provide 

important information regarding the wellbeing of patient cohorts [336]. Indeed, 

published data from the laboratory employing the MSQOL-54 and QUIDS-SR16 

measurements has shown that pwMS report reduced physical and mental health 

scores, and increased depressive symptoms, when compared to HC subjects, 

however 8 weeks of moderate exercise was sufficient to improve these endpoints 

[424]. Data from our study supports this, where a reduction in physical and mental 

health, and an increase in depressive symptomatology, was reported in pwMS. 

Future work will aim to correlate MSQOL-54 and QUIDS-SR16 scores with plasma 

protein, immune cell function, and cellular composition. 

 

Dysregulation of TLR signalling in EAE models of MS have been reported, and a 

growing body of literature suggests that TLR signalling is a key player in MS 

pathogenesis [359] which will be discussed below. Indeed, TLR/adaptor knockout 

studies in EAE have highlighted the complex nature of TLR signalling in 

neuroinflammation associated with MS. Reports indicate that TLR2 [432], TLR9 

[159], MyD88 [433], and IRF3 [152] deficiency is protective in murine models of 

neuroinflammation. Conversely, TLR4 [161], TLR2 [434] and TRIF [435] 

deficiency can exacerbate EAE, highlighting the potential for TLR-based therapies 

in MS. Additionally, several human studies demonstrate abnormal TLR signalling 

events in cells from pwMS. Indeed, PBMCs from pwMS have an enhanced 

responsiveness to TLR2 stimulation in terms of TNF𝛼 expression, when compared 

to non-MS controls [436]. Data presented herein indicate that PBMCs from pwMS 

were less sensitive to TLR3 activation with poly(I:C) in terms of CXCL10 

production, but not IFN-β expression. This desensitisation was not due to reduced 

expression of the TLR3 receptor in PBMCs from pwMS. In addition, data presented 

also indicate that there was no difference in relative TLR4 expression and 

signalling, in PBMCs from the HC and MS cohorts. This is in contrast to published 

data from our laboratory that showed that PBMCs from treatment-naïve RRMS 

patients are hypersensitive to TLR4 activation, in terms of TNF𝛼 production [155]. 

The difference observed here may be due to the effect of DMTs on cellular 

responses to LPS in the MS subjects assessed in the current study.  
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Cannabinoids have potential efficacy in managing and treating the symptoms of 

MS. This is based on a large number of pre-clinical studies using the murine model 

of the disease, EAE, in addition to clinical trial data. Indeed, THC, R(+)WIN55,212, 

JWH-133 and methanandamide can ameliorate EAE [262, 437]. Elsewhere, CBD 

was shown to reduce the severity of EAE by decreasing axonal damage, microglial 

activation and T-cell recruitment [263]. As discussed, Sativex is an oromucosal 

spray containing CBD and THC as its most abundant phytocannabinoid 

components, in addition to other phytocannabinoids and non-phytocannabinoid 

components, and is prescribed for pain and spasticity related to MS [438]. The 

THC:CBD ratio treatment used in this study aimed to mimic a 1:1 combination of 

THC:CBD in an in vitro model. Data from our study found that PBMCs treated 

with the combination of THC and CBD was sufficient to inhibit the pro-

inflammatory chemokine CXCL10 expression in PBMCs from HC subjects. This 

inhibition was not replicated when THC and CBD were administered alone. 

Interestingly, PBMCs from pwMS also demonstrated a decrease in CXCL10 

protein expression following treatment with the THC:CBD (1:1) cannabinoid 

combination, however this was not significant. Importantly, the 1:1 combination of 

THC:CBD treatment was more effective at inhibiting TLR3-, and TLR4-, induced 

CXCL10 expression in PBMCs, when compared to THC or CBD treatment alone. 

Therefore, this 1:1 combination of THC:CBD may give insight into the cellular 

mechanism of action of Sativex in immune cells from pwMS. Finally, THC, CBD, 

and the combination treatment, did not alter IFN-β expression in PBMCs from 

healthy volunteers; however, an insignificant increase in IFN-β protein expression 

was detected in PBMCs from pwMS following treatment with phytocannabinoids. 

This is of particular interest as one of the first line prescribed treatments for RRMS 

is IFN-β [167]. Therefore, elucidating the mechanisms by which cannabinoid 

treatment may increase endogenous IFN-β tone in pwMS may be of therapeutic 

value.  

 

There is increasing evidence that cannabinoids may alter TLR signalling events (for 

review see Fitzpatrick and Downer., 2017 [274]). In brief, the sCB 

R(+)WIN55,212-2, and the endocannabinoid NADA, can attenuate TLR2- and 

TLR4-induced pro-inflammatory cytokines in endothelia [286], and data elsewhere 

indicate that CB1 antagonists can blunt TLR4-induced pro-inflammatory cytokine 
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expression in adipocytes [287]. Indeed, R(+)WIN55,212-2 can prevent TLR3-

induced inflammatory cytokine production in PBMCs from HC subjects and 

pwMS, and can increase IFN-β expression in PBMCs from pwMS, but not in 

PBMCs from HC cases [184]. Data elsewhere indicate that THC and CBD 

differentially inhibit TLR4 activated NF-κB and IFN-β/STAT pro-inflammatory 

pathways in BV-2 microglial cells, and that this effect was independent of the 

cannabinoid receptors [283].  

 

Data from our study suggest that THC, CBD, and the combination treatment, can 

attenuate TLR3-induced CXCL10 expression in PBMCs from healthy subjects. 

This inhibition was only reported following THC:CBD treatment in PBMCs 

isolated from pwMS. The combination treatment was also effective at inhibiting 

TLR3-induced IFN-β expression in PBMCs from HC cases and from pwMS. 

Interestingly, THC, CBD, and THC:CBD had the opposing effect on TLR4-induced 

TNF𝛼 expression. Surprisingly, the cannabinoids, when administered alone and in 

combination, potentiated TLR4-induced TNF𝛼 protein expression, with the 

combination treatment increasing TNF𝛼 expression to the greatest extent. This 

effect was observed in PBMCs from HC subjects and pwMS, however, PBMCs 

from pwMS demonstrated an increased sensitivity to all cannabinoid treatments 

(alone and in combination), significantly enhancing TLR4-induced TNF𝛼 protein 

expression. The complex nature of these data is highlighted by the effect of the 

cannabinoids on TNF𝛼 production when administered without TLR4 agonism. 

Indeed, treatment with THC, CBD, and THC:CBD, in the absence of LPS, did not 

alter TNF𝛼 expression in PBMCs from HC volunteers, however, a significant 

inhibition of TNF𝛼 protein was detected in PBMCs from pwMS. These data were 

unexpected and, to the best of our knowledge, represents a novel finding which has 

not been reported elsewhere. Previous data from chapter 4 indicated that THC and 

CBD inhibited LPS-induced NF-κB translocation to the nucleus, with no effect on 

downstream pro-inflammatory proteins in macrophages. This suggests that the 

inhibition of NF-κB is compensated for by other TLR4 targets, resulting in the 

expression of the pro-inflammatory proteins. This could help explain the effect 

observed by cannabinoids on TLR4-induced TNF𝛼 expression in PBMCs. It is 

known that TLR4 activation promotes NF-κB and MAPK activation [379], 

therefore it is reasonable to suggest that the cannabinoids tested in this study may 
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target MAPK signalling to modulate TNF𝛼 production. Future work will look to 

mechanistically delineate these results further, focusing on the effect of THC and 

CBD, alone and in combination, on MAPK and NF-κB signalling mechanisms in 

primary human PBMCs.  

 

pwMS recruited to the study were prescribed a variety of DMTs. It was of interest 

to determine whether patients on various DMTs would have a different TLR3/4 

signature, and if these DMTs effected how PBMCs from pwMS would respond to 

cannabinoid exposure. At the time of recruitment to the student, pwMS reported the 

use of a variety of DMTs, including IFN-β 1a, Natalizumab, Rituximab, 

Fingolimod, Glatiramer acetate, and Dimethyl fumarate. In total, six pwMS 

recruited were prescribed IFN-β 1a therapy. Data reported herein indicate that each 

patient responded to TLR3 and TLR4 activation in terms of CXCL10, IFN-β and 

TNF𝛼 expression, respectively. Indeed, each donor demonstrated a similar pattern 

of response to cannabinoid interference in these pathways, with THC, CBD and the 

combination treatment all promoting a trend towards attenuating poly(I:C)-induced 

CXCL10 and IFN-β expression, and potentiating LPS-induced TNF𝛼 expression. 

This analysis was limited by participant number, as one or two of patients reported 

the use of Natalizumab, Rituximab, Fingolimod, Glatiramer acetate and Dimethyl 

fumarate, therefore future patient recruitment will aim to target pwMS receiving 

these therapies to aid our understanding of how different DMTs may interfere with 

TLR and cannabinoid signalling events.  
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Chapter 6 

Examining the effect of highly purified botanically-

derived phytocannabinoids on immune cell viability 
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6.1 Introduction 

The C. sativa plant contains a group of over 100 classified phytocannabinoids 

[439], including THC, CBD, CBDA, CBDV, THCA, THCV, CBG, and CBC, all 

of which were assessed for the effects on cellular viability in this Chapter. In 

addition, the effect of the TLR3 and TLR4 agonists, poly(I:C) and LPS respectively, 

on immune cell viability were assessed in primary human PBMCs. It is well 

established that cannabinoids can modulate immune responses through studies in 

disease models such as MS, diabetes and RA, among others [440, 441]. 

Cannabinoids are thought to exert their immunomodulatory effects through four 

main mechanisms: (a) regulating apoptosis, (b) inhibiting proliferation, (c) 

inhibiting cytokine and chemokine production, and (d) modulating regulatory T 

cells (Tregs) [442]. THC has been shown to trigger apoptosis in murine 

macrophages and T cells by targeting Bcl-2 and caspase activity [276]. 

Furthermore, CBD can trigger apoptosis in murine CD4+ and CD8+ T cells in a 

time-and concentration-dependent manner [443]. Studies elsewhere have also 

shown that cannabinoids can alter the viability of DCs and monocytes [279, 444], 

and cannabinoids can increase proliferation of B cells [445]. Overall, understanding 

how cannabinoids affect immune cell viability is critical in understanding the 

mechanism(s) by which cannabinoids exert their immunomodulatory effect(s).  

 

There is also increasing evidence that cannabinoids can alter cellular metabolism, 

which is an important consideration in terms of the clinical development of 

cannabinoid-based medicines. For instance, cannabinoids have been demonstrated 

to activate AMPK, which plays a key role in cellular energy homeostasis [446]. 

Specifically, THC and JWH-015 activate AMPK and downstream induction of 

autophagy through CB2 in hepatocellular carcinoma [312]. Furthermore, data 

elsewhere indicates that LPS-induced NLRP3 inflammasome activation in 

macrophages is attenuated by the CB2 agonist HU308, and this is through the 

AMPK-mTOR-P70S6 K signalling pathway [316]. Therefore, in immune cells, 

there is a potential for cannabinoids to alter metabolism by activating AMPK, which 

inhibits mTOR [447] and stimulates OXPHOS [303].  

 

In this Chapter, the MTT viability assay was utilised to study the effects of 

cannabinoids on immune cell viability. This assay measures cell viability in terms 
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of reductive activity by assessing the cell capacity to convert a tetrazolium 

compound to a formazan product using dehydrogenases found in the mitochondria, 

although lysosomal/endosomal compartments have also been implicated [448]. 

Therefore, studying the effect of cannabinoids on immune cell viability using the 

MTT assay may give insights on the potential effects of cannabinoids on immune 

cell metabolism. 

 

 

 

Aims 

 

The specific aims of the following Chapter are as follows: 

• To determine the effect of purified botanically-derived phytocannabinoids 

THC, CBD, THC:CBD, CBDA, CBDV, THCA, THCV, CBG, and CBC on 

the viability of THP-1 monocytes, THP-1-derived macrophages, and 

PBMCs from HC subjects and pwMS. 

• To determine the effect of the TLR3 and TLR4 agonists, poly(I:C) and LPS, 

on the viability of PBMCs isolated from HC volunteers and pwMS. 
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6.2 The effect of DMSO, ethanol and a panel of eight highly purified 

phytocannabinoid extracts on the viability of THP-1 monocytes 

Cannabinoids are highly lipophilic molecules and therefore require reconstitution 

in organic solvents such as DMSO or ethanol prior to use in experimental conditions 

[449]. DMSO is a dipolar aprotic solvent that can dissolve many otherwise 

insoluble polar and nonpolar molecules and is frequently used in research studies 

[450]. Therefore, examining the effect of DMSO and ethanol on THP-1 viability 

was essential to determine the effect of solvent on cell viability in our studies. THP-

1 monocytes were cultured in the presence of DMSO (0.1-2%) and ethanol (0.1-

1%) for 24 h and immune cell viability determined using MTT assays. Data 

demonstrate that DMSO concentration-dependently reduced THP-1 monocyte 

viability, while conversely, ethanol had no effect on THP-1 monocyte viability at 

all concentrations examined (Fig. 6.1A). Therefore, in all subsequent experiments, 

all phytocannabinoid extracts were reconstituted in ethanol as data suggest that 

ethanol does not alter immune cell viability in our culture system.  

 

Next the effect of THC, CBD, a combination of THC and CBD, CBDV, CBDA, 

THCV, THCA, CBG, and CBC on THP-1 monocyte viability was determined. 

THP-1 monocytes were cultured in the presence of phytocannabinoid extracts over 

a range of concentrations (0.1-10 μM) for 24 h and following treatment MTT assays 

performed. Triton x-100 (0.2%) was used a positive control to induce cell death. 

THC (Fig. 6.1B) and CBD (Fig. 6.1C) had no effect on cellular viability for all 

concentrations tested. Interestingly, THC:CBD had no effect on THP-1 monocyte 

viability at higher concentrations (1 and 10 μM), however, a significant reduction 

in viability was detected after treatment with THC:CBD at [0.1 μM:0.1 μM] (Fig. 

6.1D). Interestingly, CBDV, but not CBDA (Fig. 6.1F), concentration-dependently 

increased THP-1 monocyte cell viability (Fig. 6.1E), and similarly THCA and 

THCV concentration-dependently increased THP-1 monocyte viability, with a 

significant increase in viability detected following treatment at the higher 10 μM 

concentration of both THCA and THCV, when compared to cells treated with 

vehicle alone (Fig. 6.1G, H). Furthermore, data presented herein suggest that CBG 

and CBC both increased monocyte viability. Indeed, CBG significantly increased 

THP-1 monocyte viability at concentrations of 1 μM and 10 μM (Fig. 6.1I), while 

the highest concentration of CBC (10 μM) significantly increased monocyte 
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viability (Fig. 6.1J), with lower concentrations having no effect. Overall, all eight 

highly purified botanical phytocannabinoids, tested over a range of concentrations, 

were not cytotoxic to the monocyte cell line, with the exception of CBDA and 

THC:CBD at final concentrations of [1 μM] and [0.1 μM], respectively. 
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Figure 6.1. The effect of DMSO, ethanol, THC, CBD, CBDA, CBDV, THCA, 

THCV, CBG and CBC on THP-1 monocyte cell viability. THP-1 monocytes 

were cultured with DMSO, ethanol or eight phytocannabinoids for 24 h and MTT 

assays performed. Triton x-100 (0.2%) was added to cells (10 min prior to addition 

of MTT) as a positive control in all MTT assays. (A) DMSO, but not ethanol, dose-

dependently reduced cell viability. (B) THC and (C) CBD did not alter cell 

viability. (D) A low concentration of THC:CBD (0.1 μM) decreased cell viability. 

(E) CBDV concentration-dependently increased cell viability. (F) CBDA (1 μM) 

decreased cell viability. (G) THCA and (H) THCV concentration-dependently 

increased cell viability. (I) CBG and (J) CBC concentration-dependently increased 

THP-1 monocyte viability. Data are presented as the mean ± S.E.M for three 

independent passages. One-way ANOVA followed by Dunnett’s post-hoc test was 

used for analysis. *p<0.05, **p<0.01 and ***p<0.001 versus control cells. 
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6.3 The effect of a panel of eight highly purified phytocannabinoid extracts on 

the viability of THP-1-derived macrophages 

Given that the effect of eight purified phytocannabinoids on THP-1 monocyte 

viability was initially determined (Fig. 6.1), in the next series of experiments we set 

out to determine the toxicity profile of the phytocannabinoids in THP-1-derived 

macrophages. Initially, THP-1 monocytes were cultured with PMA (10 ng/ml) for 

48 h to allow differentiation to a macrophage phenotype. After differentiation, 

THP-1-derived macrophages were cultured with THC, CBD, THC:CBD, CBDV, 

CBDA, THCV, THCA, CBG and CBC (all cannabinoids at 0.1-10 μM) for 24 h, 

and MTT cell viability assays were performed. Data indicate that THC (Fig. 6.2A), 

CBD (Fig. 6.2B) and the THC:CBD (Fig. 6.2C) all significantly increased 

macrophage viability at [10 μM], with lower concentrations having no effect on 

viability (apart from THC:CBD at 0.1 μM). In addition, CBDV increased 

macrophage cell viability at [10 μM] but had no effect at lower concentrations (Fig. 

6.2D), whereas CBDA did not alter macrophage viability at any concentration 

tested (Fig. 6.2E). THCV concentration-dependently increased THP-1 macrophage 

viability, with concentrations of 1 and 10 μM significantly increasing viability, 

when compared to control cells (Fig. 6.2F). Interestingly, the acid variant of THC, 

THCA, had no effect on macrophage viability at all concentrations tested (Fig. 

6.2G). Finally, CBG (Fig. 6.2H) and CBC (Fig. 6.2I) concentration-dependently 

increased macrophage viability, with the highest concentration of each 

phytocannabinoid tested (i.e. 10 μM) being most effective. Data here highlight that 

THP-1-derived macrophages are sensitive to phytocannabinoid treatment, with 

certain cannabinoids, particularly at high concentrations, significantly increasing 

macrophage viability using MTT assays as a read-out. 
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Figure 6.2. The effect of THC, CBD, CBDA, CBDV, THCA, THCV, CBG and 

CBC on THP-1-derived macrophage cell viability. THP-1 monocytes were 

differentiated to macrophages using PMA (10 ng/ml) for 48 h. THP-1-derived 

macrophages were cultured with eight purified phytocannabinoids for 24 h and 

MTT assays performed. Triton x-100 (0.2%) was added to cells (10 min prior to 

addition of MTT) as a positive control in all MTT assays. (A) THC, (B) CBD (C) 

THC:CBD and (D) CBDV all increased cell viability at [10 μM]. (E) CBDA had 

no effect on cell viability at the concentrations tested. (F) THCV concentration-

dependently increased cell viability. (G) THCA did not alter cell viability at all 

concentrations. (H) CBG and (I) CBC concentration-dependently increased cell 

viability. Data are presented as the mean ± S.E.M for 9-14 independent passages. 

One-way ANOVA followed by Dunnett’s post-hoc test was used for analysis. 

*p<0.05, **p<0.01 and ***p<0.001 versus control cells. 
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6.4 Examining the proclivity of TLR3/4 agonists, and eight purified 

phytocannabinoids, to alter the viability of primary human PBMCs isolated 

from healthy volunteers  

Following an analysis of the effect of a panel of phytocannabinoids on the viability 

in THP-1 monocytes (Fig. 6.1) and macrophages (Fig. 6.2), next, the toxicity profile 

of all phytocannabinoids was screened in primary human PBMCs. Whole blood 

from HC subjects was isolated via venepuncture and PBMCs isolated using a 

density gradient. Isolated PBMCs were cultured with poly(I:C) (10 μg/ml), LPS 

(100 ng/ml), THC, CBD, THC:CBD, CBDV, CBDA, THCV, THCA, CBG and 

CBC (all cannabinoids at 0.1-10 μM) for 24 h, and cell viability determined by 

MTT assay. Given that the TLR3 and TLR4 agonists, poly(I:C) and LPS 

respectively, were employed to stimulate TLR signalling in PBMCs (Chapter 5), 

we firstly assessed the effect of these ligands on the viability of primary PBMCs. 

Data in Fig. 6.3A indicate that poly(I:C) and LPS (at recommended concentrations 

employed in Chapter 5) did not alter the viability of PBMCs isolated from HC 

subjects (Fig. 6.3A).  

 

In the next series of experiments, all eight targeted phytocannabinoids were again 

assessed. It is noteworthy that, in contrast to THP-1 monocytes and macrophages, 

THC (Fig. 6.3B) and CBD (Fig. 6.3C) promoted a significant decrease in the 

viability of PBMCs at final concentrations of [0.1 μM] and [1 μM]; however, 

treatment with a high concentration of THC and CBD (10 μM) did not affect PBMC 

viability. Interestingly, when THC and CBD were administered in combination 

(THC:CBD), there was a significant increase in PBMC viability at [10 μM], when 

compared to control cells, with no effect determined at the lower concentrations 

(Fig. 6.3D). This highlights the concentration-specific nature of the effects of THC 

and CBD, and that delivery of THC and CBD, alone and in combination, may 

differentially impact immune cell function.  

 

Furthermore, CBDV (Fig. 6.3E), CBDA (Fig. 6.3F) and THCV (Fig. 6.3H) all 

significantly decreased PBMC viability at [0.1 μM] and [1 μM], when compared to 

control cells. In contrast, the higher concentration (i.e. 10 μM) of CBDV (Fig. 6.3E) 

and CBDA (Fig. 6.3F) did not affect PBMC viability, when compared to control 

cells. Furthermore, THCA increased PBMC viability at the highest concentration 
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tested (10 μM) but had no effect at lower concentrations (Fig. 6.3G). In addition, 

CBG treatment significantly increased PBMC viability, again at the highest 

concentration tested (10 μM), and the lower concentrations of CBG (0.1 μM and 1 

μM) had no effect on PBMC viability. Finally, data presented in Fig 6.3J indicates 

that all three concentrations of CBC tested significantly reduced the viability of 

PBMCs. These data highlight the differential cannabinoid-specific effects in 

PBMCs, with certain cannabinoids increasing viability (THC:CBD, THCA and 

CBG) and certain cannabinoids decreasing viability (THC, CBD, CBDV, CBDA, 

THCV and CBC) at specific concentrations tested.  
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Figure 6.3. The effect of poly(I:C), LPS, THC, CBD, CBDA, CBDV, THCA, 

THCV, CBG and CBC on the viability of primary human PBMCs isolated 

from healthy volunteers. Primary PBMCs were cultured with poly(I:C), LPS or 

eight purified phytocannabinoids for 24 h and MTT assays performed. Triton x-100 

(0.2%) was used as a positive control. (A) Poly(I:C) and LPS were not cytotoxic. 

(B) THC and (C) CBD reduced PBMC viability in the low concentration range. (D) 

THC:CBD increased cell viability at [10 μM]. (E) CBDV and (F) CBDA reduced 

cell viability at lower, but not the highest, concentrations tested. (G) THCA 

increased cell viability at [10 μM]. (H) THCV reduced PBMC viability at low, but 

not high, concentrations of cannabinoid. (I) CBG increased PBMC viability at [10 

μM]. (J) CBC concentration-dependently decreased cell viability. Data are 

presented as the mean ± S.E.M from 15-20 HC subjects. One-way ANOVA 

followed by Dunnett’s post-hoc test was used for analysis.  *p<0.05, **p<0.01 and 

***p<0.001 versus control cells. 
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6.5 Examining the proclivity of TLR3/4 agonists and eight botanically-derived 

cannabinoid extracts to alter the viability of primary PBMCs from pwMS  

Previously, the TLR3/4 agonists and a range of eight phytocannabinoids were 

assessed for their impact on the viability of PBMCs isolated from HC subjects (Fig. 

6.3). Therefore, the next set of experiments assessed the proclivity of 

phytocannabinoids to regulate the viability of PBMCs from pwMS, with a view to 

determining whether MS affects the cellular responses to cannabinoid exposure in 

terms of viability. Patient recruitment was from the Neurology clinic at Beaumont 

Hospital Dublin, and full participant demographics are indicated in Chapter 5, Table 

11. Whole blood from individuals with RRMS was isolated via venepuncture and 

PBMCs isolated using a density gradient. PBMCs were cultured with poly(I:C) (10 

μg/ml), LPS (100 ng/ml), THC, CBD, THC:CBD, CBDV, CBDA, THCV, THCA, 

CBG and CBC (all cannabinoids at 0.1-10 μM) for 24 h, and cell viability 

determined via MTT assay. The TLR3 and TLR4 agonists, poly(I:C) and LPS 

respectively, were first assessed for their effects on the viability of PBMCs from 

pwMS, given that they were previously employed to activate TLR3/4 signalling in 

PBMCs (Chapter 5). MTT assay data in Fig. 6.4A indicate that treatment with 

poly(I:C) and LPS did not alter the viability of PBMCs from pwMS. Furthermore, 

the phytocannabinoid THC significantly reduced the viability of PBMCs at the 

concentration of 1 μM but had no effect at the other concentrations tested (i.e. 0.1 

μM and 10 μM) (Fig. 6.4B). Interestingly, CBD reduced the viability of PBMCs 

from pwMS at low concentrations (i.e. 0.1 μM), when compared to control cells. 

However treatment with CBD at a concentration of 1 μM had no effect on cell 

viability, while treatment with CBD at a final concentration of [10 μM] significantly 

increased the viability of PBMCs from pwMS (Fig. 6.4C), highlighting the 

concentration-specific nature of the effect of CBD on primary immune cell 

viability. When THC and CBD were delivered in a 1:1 combination at [10 μM] the 

phytocannabinoids significantly increased the viability of PBMCs from pwMS, 

when compared to control cells (Fig. 6.4D). Lower concentrations of THC:CBD 

(i.e. at 0.1 μM and 10 μM) had no effect on viability (Fig. 6.4D).  

 

The effects of CBDV were concentration-dependent, demonstrating a significant 

decrease in viability at [0.1 μM] when compared to control cells, but a significant 

increase in PBMC viability at a final concentration of 10 μM (Fig. 6.4E). In terms 
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of CBDA, this phytocannabinoid was cytotoxic to PBMCs from pwMS at [0.1 μM] 

and [1 μM], when compared to control (Fig. 6.4F).  However, treatment of PBMCs 

from pwMS with CBDA at [10 μM] did not alter cell viability, which was recovered 

when compared to the lower concentrations of CBDA (Fig. 6.4F). THCV (Fig. 

6.4G) and THCA (Fig. 6.4H) both significantly increased the viability of PBMCs 

from pwMS at [10 μM], compared to control cells. However, data indicate that 

THCV significantly reduced the viability of PBMCs from pwMS at lower 

concentrations of [0.1 μM], while THCA increased PBMC viability at a 

concentration of [0.1 μM] (Fig. 6.4G, H). CBG (Fig. 6.4I), but not CBC (Fig. 6.4J), 

significantly increased the viability of PBMCs from pwMS at [10 μM] and had no 

effect at lower concentrations. However, CBC significantly reduced the viability of 

PBMCs at [0.1 μM], compared to control (Fig. 6.4J).  

 

Overall, PBMCs from pwMS, in addition to PBMCs from HC volunteers (Fig. 6.3), 

demonstrate differential responses to cannabinoids in terms of viability. This 

highlights the importance of selecting the appropriate cannabinoid concentrations 

for in vitro studies, in addition to the potential of cannabinoids to concentration-

dependently regulate metabolic processes in immune cells. 
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Figure 6.4. The effect of poly(I:C), LPS, THC, CBD, CBDA, CBDV, THCA, 

THCV, CBG and CBC on the viability of primary PBMCs from pwMS. 

Primary PBMCs from pwMS were cultured with poly(I:C), LPS or eight pure 

phytocannabinoids for 24 h. Following treatments, MTT assays were performed to 

assess cell viability, and Triton x-100 (0.2%) was used as a positive control. (A) 

Poly(I:C) and LPS were not cytotoxic to PBMCs. (B) THC reduced viability at [1 

μM]. (C) CBD reduced PBMC viability at [0.1 μM], but increased PBMC viability 

at [10 μM]. (D) THC:CBD increased cell viability at [10 μM]. (E) CBDV reduced 

viability at [0.1 μM], but increased cell viability at [10 μM]. (F) CBDA reduced 

cell viability at [0.1 μM] and [1 μM]. (G) THCV reduced cell viability at [0.1 μM] 

and increased cell viability at [10 μM]. (H) THCA increased the viability of PBMCs 

from pwMS at [0.1 μM] and [10 μM] concentrations. (I) CBG increased PBMC 

viability at [10 μM]. (J) CBC decreased cell viability at [0.1 μM]. Data are 

presented as the mean ± S.E.M from 2 (Fig. 6.4A) and 14 pwMS (Fig. 6.4B-J). One-

way ANOVA followed by Dunnett’s post-hoc test was used for analysis. *p<0.05, 

**p<0.01 and ***p<0.001 versus control cells. 
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6.6 Discussion 

This Chapter set out primarily to determine the effect of a range of 

phytocannabinoids on the viability of immune cells, with focus on THP-1 

monocytes/macrophages and primary PBMCs. Additionally, the toxicity profile of 

the TLR3 and TLR4 agonists, poly(I:C) and LPS, were determined in primary 

immune cells. There were two distinct research aims in this study: (1) to determine 

the effect of a panel of highly purified phytocannabinoids on immune viability, and 

(2) to determine if the effect of phytocannabinoids on viability differ between THP-

1 monocytes, THP-1 macrophages and primary PBMCs. To adequately assess these 

aims, four different populations of immune cells were employed: THP-1 

monocytes, THP-1-derived macrophages, PBMCs from HC volunteers and PBMCs 

from pwMS. Initially, all phytocannabinoids were screened in the THP-1 monocyte 

and macrophage cell line, followed by testing in primary PBMCs from HC subjects 

and pwMS. Data show that each cannabinoid behaves uniquely from a 

pharmacological viewpoint, in terms of impacting viability, which is dependent 

upon the cell type and the concentration of cannabinoid administered. 

 

Data herein indicates that the effect of THC on immune cell viability was cell type 

specific. Indeed, in monocytes, THC had no effect on cell viability, whereas 

treatment of THP-1 macrophages with THC at [10 μM] significantly increased 

macrophage viability. This suggests THP-1 cell differentiation alters cellular 

sensitivity to THC administration, in terms of viability. In addition, primary 

PBMCs from HC subjects and pwMS responded in a similar manner in terms of the 

impact of THC treatment on cell viability. PBMCs isolated from both groups 

demonstrated a significant decrease in viability following treatment with THC at [1 

μM] treatment, with no effect observed at [10 μM]. In addition, a significant 

decrease in the viability of PBMCs from HC volunteers was also determined 

following treatment with THC at  [0.1 μM]. Previous studies have shown that THC 

can induce apoptosis in murine macrophages and T cells [276], and in cultured 

cortical neurons [317], however, it is not known by what mechanism THC 

decreases viability in primary PBMCs used in our study. Data from our study also 

highlights that PBMCs from HC subjects and pwMS respond to THC treatment in 

a similar manner, whereby lower concentrations of THC may be toxic to immune 

cells from both cohorts, while higher concentrations of phytocannabinoid (i.e. 10 
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μM ) do not alter viability. This is surprising given that high concentrations of THC 

have been shown to reduce cell viability [451]. However, previous studies have also 

shown the biphasic nature of cannabinoids, in terms of concentration-dependent 

effects on neurotransmission. For example, the CB1 agonist R(+)WIN55,212-2 

regulates hippocampal cholinergic neurotransmission in a concentration-dependent 

biphasic pattern, with a low concentration of this sCB stimulating transmission and 

a high concentration inhibiting transmission [452]. However, to the best of our 

knowledge, there is no report of biphasic effects of cannabinoids on immune cell 

viability in the literature. 

 

CBD is one of the most commonly studied non-euphoric cannabinoids and is in 

clinical development as a therapeutic. Data presented herein indicate that CBD had 

varying effects on immune cell viability which were dependent upon CBD 

concentration and the cell type under examination. Indeed, our findings indicate 

that CBD had no effect on the viability of THP-1 monocytes at all concentrations 

tested. In contrast, in THP-1 macrophages, a significant increase in macrophage 

viability was determined following treatment with CBD at [10 μM]. Again, this 

highlights the difference in monocytes versus macrophages, in terms of the 

proclivity of cannabinoids to alter immune cell viability. Both PBMCs from HC 

subjects and pwMS showed a significant decrease in viability following treatment 

with CBD at [0.1 μM]. However, treatment of PBMCs with CBD at higher 

concentrations (i.e. 10 μM) was sufficient to significantly increase the viability of 

PBMCs from pwMS, but not HC volunteers, where no effect on viability was 

detected with CBD. These data are important as it indicates a potential protective 

effect of CBD at higher concentrations, that is restricted to PBMCs from pwMS. 

Previous studies have shown that CBD can induce apoptosis in murine CD4+ and 

CD8+ T cells in a concentration- and time-dependent manner [443]. The decrease 

in viability detected in primary PBMCs at lower concentrations of CBD could be 

due to activation of classic apoptotic pathways. Future studies will assess the 

mechanisms by which CBD affects cell viability, and potentially metabolic activity, 

in our cell culture systems. 

 

Sativex contains CBD and THC as its most abundant phytocannabinoid 

components, in addition to other phytocannabinoids and non-phytocannabinoid 
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components, and is approved for managing spasticity related to MS [453]. 

Therefore, in our in vitro model, a combination of THC:CBD (1:1) was employed 

to study effects of phytocannabinoids on immune cell viability at a cellular level. 

Data herein indicate that the effects of THC:CBD treatments differed in monocytes 

and macrophages, in terms of MTT assay read-outs. Indeed, in monocytes, delivery 

of THC:CBD at [0.1 μM] significantly decreased cell viability; however higher 

concentrations of THC:CBD had no effect on monocyte viability. Conversely, in 

macrophages, treatment with THC:CBD at [0.1 μM and 10 μM] significantly 

increased immune cell viability, with the concentration of 10 μM being most 

efficacious. In primary PBMCs, the results were identical between both cohorts of 

participants investigated. Indeed, treatment of PBMCs from HC subjects and pwMS 

with THC:CBD at [10 μM] significantly increased PBMC viability, and the lower 

concentrations of phytocannabinoid had no significant effect on viability. This 

suggests that the combination of THC:CBD (1:1) may enhance cell viability (at 

certain concentrations) in PBMCs from both groups. Few viability studies have 

been conducted employing the use of the THC:CBD combination, and such studies 

have been restricted to cancer cells. Indeed, the combination of THC:CBD has been 

shown to decrease the viability in a multiple myeloma cell line by inducing 

autophagic-dependent necrosis [454]. This is in contrast to the data reported in our 

study using PBMCs, where an increase in viability was observed by an unknown 

mechanism.  

 

CBDV is a non-euphoric cannabinoid that has potential as an anti-inflammatory 

[455] and anti-convulsant [456]. Data show that, in both monocytes and 

macrophages, CBDV (10 μM) treatment was sufficient to significantly increase cell 

viability, highlighting the potential protective effect of CBDV in THP-1 cell lines. 

However, in primary PBMCs, treatment of PBMCs from HC subjects and pwMS 

with CBDV at [0.1 μM] significantly decreased viability. In contrast, a significant 

decrease in cell viability in PBMCs from HC subjects, but not pwMS, was 

determined following treatment with CBDV at [1 μM]. The decrease in viability 

observed in PBMCs from HC subjects was fully recovered following CBDV 

administration at [10 μM], and conversely, in PBMCs from pwMS, CBDV 

treatment  at [10 μM] significantly increased the viability of PBMCs. These data 

highlight the concentration-specific nature of the effects of cannabinoids and 
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suggest that PBMCs from pwMS are more sensitive to the effects of CBDV in terms 

of viability. To our knowledge CBDV viability studies in immune cells are limited. 

However, Russo et al., (2019) recently examined the effect of CBDV on a human 

liver cell line and in buccal-derived cells and found that CBDV treatment promoted 

DNA damage in these cell types [457]. Future work will assess the mechanisms by 

which CBDV alters immune cell viability by investigating death pathways and the 

effect(s) of phytocannabinoids on mitochondrial function.  

 

CBDA is the acidic precursor to CBD and has potential as an anti-inflammatory 

and anti-hyperalgesia compound [202]. Therefore, it is of interest to understand 

how CBDA interacts with immune cells, particularly in terms of viability. Data 

presented in this study indicates that CBDA had no effect on macrophage viability 

at all concentrations tested, however, there was a significant decrease in the 

viability of monocytes following CBDA treatment at [1 μM]. Furthermore, PBMCs 

from HC subjects and pwMS responded to CBDA treatment in a similar manner in 

terms of viability. Indeed, treatment of PBMCs from HC subjects and pwMS with 

CBDA at [0.1 μM and 1 μM] significantly reduced PBMC viability in both groups, 

however, CBDA (10 μM) did not alter PBMC viability. This indicates that the 

effects of CBDA on PBMC function in vitro are reliant on the concentration of this 

cannabinoid. Again, CBDA viability studies are limited, however, CBDA has been 

shown to increase the number of viable bone marrow-derived mesenchymal stem 

cells [458]. This is in contrast to results found here and may reflect differential cell 

responses to CBDA.  

 

THCA is the acidic precursor to THC and produces THC following decarboxylation 

[459]. Interestingly, THCA is not psychotropic, unlike its decarboxylated form, and 

has potential as a neuroprotective agent through involvement of the PPAR𝛾 

receptor [197]. Data herein indicate that THCA was well tolerated by all immune 

cell types studied. Specifically, treatment of monocytes and PBMCs from HC 

subjects and pwMS with THCA at [10 μM] significantly increased cell viability, 

however, this increase was not detected in macrophages. All other concentrations 

(0.1 μM and 1 μM) of THCA assessed did not alter the viability of each immune 

cell type tested, which highlights the concentration-specific nature of the effects of 

THCA. Previous studies have shown that THCA does not affect the viability of 
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primary dopaminergic neurons,  and furthermore THCA (10 μM) can increase the 

viability of neuroblastoma cells [207]. This study correlates with data presented 

here. Again, further research is required to elucidate the mechanism by which 

THCA increases immune cell viability.  

 

Data presented in this results Chapter indicate that monocytes and macrophages 

both responded to THCV in a similar manner, in terms of the impact of this 

phytocannabinoid on cell viability. Indeed, treatment of monocytes/macrophages 

with THCV at [1 and 10 μM] significantly increased viability in both cell types. 

Furthermore, treatment of PBMCs from HC subjects and pwMS with THCV at [0.1 

μM] significantly decreased cell viability in both study cohorts. Conversely, 

treatment of PBMCs from pwMS, but not HC subjects, with THCV at [10 μM] 

increased PBMC viability. This is of particular interest as it indicates the capacity 

of THCV to protect immune cells from pwMS, and hence this phytocannabinoid 

may be worthy of further investigation as a potential therapeutic agent in the 

disorder. In support of this, data elsewhere indicates that the number of viable bone 

marrow-derived mesenchymal stem cells are increased following THCV treatment 

[458]. Data from our study agrees with this, however, more experimentation is 

required to elucidate the mechanism(s) employed by THCV to increase/decrease 

immune cell viability. 

 

Given that the non-euphoric cannabinoid, CBG, has potential as an antioxidant 

[460] and anti-inflammatory agent [461], our study also investigated the effects of 

CBG on immune cell viability. CBG treatment at the highest concentration of [10 

μM] was sufficient to significantly increase the viability of monocytes, 

macrophages, and PBMCs from HC volunteers and pwMS. Lower concentrations 

of CBG had no effect on the viability of PBMCs from both study cohorts, however, 

treatment of macrophages and monocytes with CBG at [0.1] and [1 μM] increased 

cellular viability. To date, to our knowledge, there are no studies examining the 

direct in vitro effects of CBG on immune cells. However, data elsewhere indicates 

that CBG is protective in the mouse model of multiple sclerosis, EAE [462], and 

additionally, using MTT assays, Gugliandolo and colleagues (2018) found that 

CBG was protective to NSC-34 motor neurons against the toxicity induced by the 
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medium of LPS-treated macrophages [209]. These data are in line with results 

found in our study.  

 

Clear differences in response to CBC treatment between primary and non-primary 

(cell lines) immune cells were determined. Indeed, all three concentrations of CBC 

tested (0.1 μM, 1 μM and 10 μM) significantly increased the viability of 

macrophages, while the proclivity of CBC to increase the viability in monocytes 

was restricted to CBC at [10 μM], with the lower concentration having no effect on 

viability. Conversely, all concentrations of CBC tested significantly reduced the 

viability of PBMCs from HC subjects, but only the lowest concentration of CBC 

tested (i.e. 0.1 μM) reduced the viability of PBMCs from pwMS. This highlights 

potential cell-specific effects of CBC, and also suggests that research findings in 

cell line studies commonly do not translate to primary cells. It is worth noting here 

that the PBMC population contains predominantly T (approx. 70%) and B (approx. 

15%) cells, with approximately 5% of the population consisting of monocytes 

[355], therefore differences between the groups would be expected. A decrease in 

the viability of PBMCs from HC cases and pwMS was determined following CBC 

treatment, suggesting that CBC could be an immunotoxic compound. Data 

elsewhere indicate that CBC treatment increased the viability of neural stem 

progenitor cells (NSPCs) via stimulation of ERK1/2 and an up-regulation of ATP 

synthesis [463]. These data are in line with data found in our study, where an 

increase in the viability of monocytes and macrophages was determined following 

incubation with CBC.  

 

The technique used to detect changes in viability, the MTT assay, is an important 

consideration that must be made for this Chapter. This assay relies upon an 

enzymatic conversion utilising mitochondrial enzymes. Specifically, MTT is 

reduced to MTT-formazan and this reduction is catalysed by mitochondrial 

succinate dehydrogenase. Hence, the assay involves mitochondrial respiration 

[464], and therefore, an increase or decrease in viability may reflect the direct effect 

of cannabinoids on mitochondrial function. Furthermore, understanding how the 

cannabinoids may interact with immune cell metabolism is critical for clarifying 

the results in this Chapter. Indeed, data elsewhere suggests that cannabinoids 

activate AMPK. Cellular energy levels are regulated by AMPK, which can promote 
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energy production by increasing mitochondrial biogenesis, as well as inducing 

catabolic processes and downregulating anabolic processes, such as inhibiting 

mTOR [465]. For example, THC and the sCB JWH-015, have been shown to 

activate AMPK in hepatocellular carcinoma cell lines, with downstream induction 

of autophagy [312]. Additionally, findings elsewhere have shown that cannabinoids 

can activate AMPK in pancreatic cancer cells, which was dependent on a ROS-

induced increase in the AMP/ATP ratio; this effect lead to a decrease in glycolysis 

[313]. Furthermore, there is increasing evidence that cannabinoids can regulate 

immune cell metabolism as a mechanism to suppress inflammation. Indeed, Chan 

and colleagues (2017) reported that knockout of the CB2 receptor in B cells resulted 

in an increase in glucose uptake and ATP production [315]. Indeed, cannabinoids 

can attenuate the NLRP3 inflammasome in macrophages [316], activate AMPK 

(which suppresses mTOR) and stimulate oxidative phosphorylation [303]. Given 

much evidence linking cannabinoids to cell metabolism, future studies will 

investigate the increase/decrease in MTT absorbance values detected in this study. 

Apoptotic and proliferation markers, in addition to live/dead staining of the immune 

cells, analysed via flow cytometry, will aid in elucidating the effects cannabinoids 

indicated herein. Indeed, elucidating the effect of phytocannabinoids on glycolysis 

and oxidative phosphorylation, would further increase our understanding of how 

cannabinoids may regulate immunosuppression in the cell types investigated in our 

studies. 
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Chapter 7: Discussion 
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7.1 General Discussion 
TLRs are highly conserved PRRs found primarily on immune cells, and upon 

activation in response to infection, promote the activation of a cascade of signalling 

events that control the production of pro- and anti-inflammatory cytokines and 

chemokines to combat the infectious insult. There is growing evidence that TLRs 

play pivotal roles in many diseases, and aberrant activation of TLRs has been 

implicated in exacerbating many disease states, including MS [466]. Therefore, 

understanding the mechanisms which control TLR expression and function is of 

vital importance in treating and managing diseases associated with inflammation. 

Indeed, extracts of the C. sativa plant, the phytocannabinoids, are emerging as 

potential regulators of TLR signalling events in many immune cell types, and 

therefore offer a novel therapeutic approach to control dysregulated inflammatory 

signalling pathways in many disease states (for review see Fitzpatrick and Downer, 

2017 [274]). Furthermore, there is some evidence, albeit limited, for cannabinoid 

regulation of viral TLR3 signalling and bacterial TLR4 signalling in macrophages 

[467], PBMCs [184], microglia [283], pDCs [291] and monocytes [163]. 

Accordingly, the primary objective of this thesis was to determine if the euphoric 

phytocannabinoid, THC, the non-euphoric phytocannabinoid CBD, and a 

combination of THC and CBD, have the proclivity to alter TLR3 and TLR4 

signalling when administered alone and in combination, in a monocyte and 

macrophage cell line, in addition to primary human PBMCs extracted from HC 

donors and pwMS. This study also aimed to screen the effect of a panel of highly 

purified botanically-derived phytocannabinoids on the viability of immune cells. 

The data presented in this thesis indicates that (a) THP-1-derived macrophages are 

a suitable model for studying TLR3 and TLR4 signalling events, (b) primary human 

PBMCs respond to TLR3 and TLR4 stimulation via poly(I:C) and LPS, 

respectively, in terms of IFN-β, CXCL10, and TNFα production, (c) THC, CBD, 

and a 1:1 combination of THC and CBD, target MyD88-independent signalling via 

TLR3 and 4 via inhibition of IRF3, IFN-β, and CXCL10 expression in THP-1-

derived macrophages, (d) THC and CBD, when administered alone and in 

combination, attenuate TLR3-induced CXCL10 and IFN-β expression and 

potentiate TLR4-induced TNFα expression, in primary human PBMCs from HC 

donors and pwMS, and (e) a range of highly purified botanically-derived 
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phytocannabinoids (THC, CBD, THC:CBD, CBDA, CBDV, THCA, THCV, CBC 

and CBG) differentially alter the viability of THP-1 monocytes, THP-1-derived 

macrophages, and primary human PBMCs from HC subjects and pwMS, which is 

dependent upon the cell type examined, the cannabinoid being tested, and the 

concentration utilised. Taken together, these findings demonstrate that 

phytocannabinoids have the proclivity to modulate TLR3/4 signalling in immune 

cells and suggest that phytocannabinoids may have broad therapeutic potential in 

inflammatory disorders where TLR signalling is dysregulated. This discussion will 

address the primary findings of this thesis and discuss how the data presented herein 

add to the body of knowledge regarding cannabinoid regulation of TLR signalling 

mechanisms, with particular relevance to MS. 

 

THC and CBD target MyD88-independent signalling via TLR3 and TLR4 in THP-

1-derived macrophages  

The viral mimetic poly(I:C), and the gram-negative endotoxin LPS, activate TLR3 

and TLR4, respectively, and upon activation promote the production of a range of 

cytokines and chemokines, including IFN-β, CXCL10 and TNFα. Indeed, data 

presented in Chapter 3 characterised TLR3-induced signalling via the MyD88-

independent pathway, and TLR4 signalling via MyD88-dependent and -

independent mechanisms, in THP-1 monocytes, macrophages and primary human 

PBMCs. Overall, data presented herein  indicate that THP-1 monocytes did not 

respond to TLR3 agonism in terms of IFN-β, CXCL10 and TNFα expression, 

however, poly(I:C) increased expression of IFN-β and CXCL10, but not TNFα, in 

macrophages and primary PBMCs. Furthermore, all three cell types employed in 

this research study responded to TLR4 activation using LPS, based on the increased 

expression of TNFα (in monocytes, macrophages and PBMCs) and IFN-β (in 

macrophages only), further highlighting the proclivity of TLR4 to signal via 

MyD88-dependent and independent pathways. Considering that THP-1 monocytes 

did not respond to poly(I:C) treatment, while THP-1-derived macrophages 

responded to both poly(I:C) and LPS stimulation, THP-1-derived macrophages 

were chosen as a suitable in vitro cell line model to study the effects of the 

phytocannabinoids THC and CBD on TLR3 and TLR4 signalling mechanisms.  
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Data presented in this thesis demonstrate that THC and CBD do not target TLR4-

induced TNFα or RANTES expression in THP-1 monocytes, and furthermore do 

not target TLR4-induced TNFα or CXCL8 in THP-1-derived macrophages. Indeed, 

TLR4-induced IκB-α degradation was unaltered by THC and CBD treatment, 

however, NF-κB translocation to the nucleus, in addition to phosphorylation of the 

p65-NF-κB subunit, was blocked by addition of THC and/or CBD. This suggests 

that THC and CBD, both alone and in combination, have the proclivity to inhibit 

NF-κB activation, while not impacting downstream production of pro-

inflammatory cytokines/chemokines. It is reasonable to suggest that TLR4-induced 

activation of the AP-1 transcription factor, which can regulate pro-inflammatory 

signalling [11], may be compensating for the inactivation of NF-κB in our cell 

culture model.  

TLR4-induced MyD88-independent signalling was inhibited by THC, CBD, and a 

1:1 combination of both phytocannabinoids. Indeed, THC and CBD inhibited TLR3 

and TLR4-induced IRF3, IFN-β and CXCL10 expression, highlighting that THC 

and CBD preferentially target the MyD88-independent pathway induced by LPS 

and poly(I:C). Figure 7.1 outlines the proposed mechanism of action of THC and 

CBD on TLR3/4 signalling in THP-1-derived macrophages. Data presented herein 

also suggests that pharmacological inhibition of the cannabinoid receptors, in 

addition to blocking the nuclear receptor PPARγ, do not ameliorate the inhibitory 

effects of THC and CBD on TLR3- and TLR4-induced MyD88-independent 

signalling in THP-1-derived macrophages. This is in accordance with data 

presented elsewhere where CB1- and CB2-independent effects of THC [398] and 

CBD [399] have been demonstrated. Indeed, many other pharmacological targets 

of cannabinoids have been suggested, including 5-HT [468], TRPVs [469], PPARs 

[253], in addition to modulating many cellular macromolecules such as ion 

channels, transporters, and enzymes [470, 471]. Both THC and CBD are lipid 

soluble phytocannabinoids [418], and thus their cellular effect on TLR signalling 

may be attributed to their lipophilicity due to their direct partitioning into cellular 

membranes. Further research is necessary to elucidate the pharmacological target(s) 

of THC and CBD in modulating TLR3 and TLR4 signalling.  

One of the primary goals of this project was to determine whether the proclivity of 

THC and CBD to impact TLR3 and TLR4 signalling was influenced by the 
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administration of each cannabinoid alone or in a 1:1 combination. Interestingly, 

some data presented in this thesis suggest that the combination of THC and CBD 

was more efficacious than treatments alone at inhibiting TLR3/4 signalling 

mechanisms. This is of interest given that the cannabinoid-based therapeutic 

Sativex, which contains CBD and THC as its most abundant phytocannabinoid 

components, in addition to other phytocannabinoids and non-phytocannabinoid 

components, is prescribed for spasticity related to MS [438]. The precise cellular 

mechanisms of action of Sativex are unknown, and this thesis offers insights into 

potential mechanisms of actions of Sativex through analysis of the effect of a 1:1 

ratio of THC:CBD on the modulation of TLR3 and TLR4 signalling events in 

macrophages.  

Macrophages play a key role in the pathogenesis of MS [472] and EAE [473], which 

together with microglia can contribute to key neuroinflammatory events associated 

with MS. Indeed, during the acute phase of RRMS, evidence indicates that 

macrophages switch to an M1 pro-inflammatory state and release pro-inflammatory 

cytokines/chemokines to promote tissue damage, demyelination and neuronal death 

[474]. Macrophages can also broadly present as anti-inflammatory M2 

macrophages, which are characterised by the release of anti-inflammatory proteins 

including IL-4, IL-10, IL-13, IL-33 and transforming growth factor (TGF)-β, which 

are linked to the suppression of EAE [475]. Unfortunately, the polarisation of 

macrophages following TLR3/4 activation and phytocannabinoid exposure was 

beyond the scope of this study. However, our data suggest that the activation of 

macrophages following treatment with poly(I:C) or LPS, was suppressed by both 

THC and CBD. Future research will address the proclivity of phytocannabinoids to 

polarise macrophages towards an M2 anti-inflammatory phenotype, as this may 

highlight mechanisms to suppress peripheral macrophage activation that may be 

beneficial in treating MS. 
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Figure 7.1. Proposed mechanism by which THC and CBD target TLR3/4 

signalling in THP-1 macrophages. LPS-induced TLR4 activation induces the 

expression of MyD88-dependent and MyD88-independent cytokines and 

chemokines in THP-1-derived macrophages. Administration of poly(I:C) activates 

the MyD88-independent signalling pathway only, which promotes IRF3 activation 

and translocation to the nucleus, and the expression of the type I IFN-β and 

CXCL10 chemokine. Treatment with THC and CBD, alone and in combination, 

attenuated TLR3- and TLR4-induced IRF3 activation and expression of IFN-β and 

CXCL10. Conversely, THC and CBD had no clear effect of TLR4-induced 

MyD88-dependent signalling in THP-1-derived macrophages. 

Inhibits =  
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THC and CBD attenuate TLR-induced MyD88-independent signalling, but 

potentiate TLR4-induced MyD88-dependent TNFα expression, in primary PBMCs 

from HC donors and pwMS 

MS is a chronic inflammatory autoimmune disease associated with CNS infiltration 

by peripheral immune cells and subsequent neuroinflammation, demyelination and 

degradation of axons. Therefore, it is of critical importance to understand the 

mechanisms leading to peripheral immune cell activation and to develop 

therapeutics targeting the peripheral immune response. Indeed, many DMTs for MS 

including Fingolimod, Natalizumab and IFN-β target peripheral immune cell 

trafficking across the BBB [476] (see introduction for full review). Approved 

therapies for MS have partial efficacy, and not all pwMS respond to approved 

DMTs. Therefore, there it is a requirement to develop novel therapeutics for treating 

MS. As previously discussed, cannabinoids offer potential as a novel therapeutic 

for MS. There is increasing evidence that cannabinoids can alter peripheral immune 

cell activation and function. Data outlined in this thesis present evidence for 

cannabinoid modulation of TLR3 and TLR4 signalling mechanisms in PBMCs 

from HC donors and pwMS. PBMCs from pwMS were desensitized in terms of 

cellular responses to TLR3 activation (for CXCL10 production),  when compared 

to PBMCs from HC cases. Both groups (HC and pwMS) responded similarly to 

TLR4 agonism in terms of TNFα production. These data are contrary to previous 

data from our laboratory indicating that PBMCs from pwMS are hypersensitive to 

LPS treatment in terms of TNFα expression [155]. Such differences may be due to 

the fact that pwMS recruited to the present study reported the use of a variety of 

DMTs, while previous assessments were conducted in newly diagnosed, treatment 

naïve pwMS.  

Overall, data presented herein in Chapter 5 demonstrate a role for THC, CBD and 

a 1:1 combination, in modulating TLR3-induced CXCL10 and IFN-β expression, 

in addition to TLR4-induced TNFα expression, in PBMCs from HC donors and 

pwMS. Unexpected findings in this Chapter suggest that phytocannabinoids, when 

administered alone and in combination, exacerbate TLR4-induced TNFα 

expression. In addition, administration of the phytocannabinoids alone in the 

absence of LPS, significantly decreased basal TNFα expression, a finding unique 

to PBMCs from pwMS. Studies elsewhere have shown that THC can inhibit TNFα 
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production in a macrophage cell line [477] and can decrease the constitutive 

production of IL-8, MIP-1α, MIP-1β, RANTES and TNFα in a NK cell line [478]. 

Additionally, R(+)WIN55,212-2 and THC have been shown to decrease LPS-

induced TNFα expression in the bronchoalveolar lavage fluid of mice [479]. Data 

presented in this thesis support these studies given that an inhibition of TNFα 

expression was detected in unstimulated PBMCs from pwMS. However, data 

presented herein indicating that THC and/or CBD potentiate LPS-induced TNFα 

expression is in contrast to the published literature. This is, to the best of our 

knowledge, a novel finding and highlights that PBMCs from pwMS may have 

increased sensitivity to cannabinoid modulation of TLR4 signalling. Indeed, 

although immune cell activation states were not assessed in this study, PBMCs from 

pwMS would be expected to have an activated phenotype, given that peripheral 

immune activation is crucial in MS pathogenesis, while PBMCs from HC donors 

would not share this characteristic. This may aid in understanding the increased 

sensitivity of PBMCs from pwMS to cannabinoids. Figure 7.2 outlines potential 

targets of THC and CBD in TLR3/4 signalling cascades in primary human PBMCs. 

IFN-β therapy is considered a first-line DMT for RRMS. The exact mechanism of 

action of IFN-β therapy is unknown, however, it has been shown to reduce relapse 

rate in pwMS, in addition to having anti-viral and anti-inflammatory properties, 

including BBB modulation [120]. An interesting finding from this thesis was that 

administration of THC, CBD, and the combination of THC:CBD (1:1) alone 

(without TLR agonism) was sufficient to increase basal IFN-β tone in PBMCs from 

pwMS, albeit insignificantly. The phytocannabinoids tested did not alter IFN-β 

expression in PBMCs from HC donors. This finding suggests that 

phytocannabinoids have the proclivity to activate pathways leading to increased 

IFN-β expression, such as engaging IFNARs, or activating/modulating TLR 

pathways leading to IFN-β production in pwMS. Previous data has established a 

role for the sCB R(+)WIN55,212-2 in regulating IFN-β expression following TLR 

activation in PBMCs from pwMS [184]. This finding was not replicated in this 

study using phytocannabinoids, but further investigation of the effect of 

phytocannabinoids on endogenous IFN-β tone warrants full investigation. These 

data, when considered alongside data suggesting that phytocannabinoids 

significantly inhibit basal TNFα expression in PBMCs from pwMS, suggest that 
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PBMCs from pwMS are uniquely sensitive to the effects of phytocannabinoids on 

intracellular inflammatory signalling mechanisms. Thus, data in this thesis suggest 

that phytocannabinoids can increase IFN-β while simultaneously decreasing TNFα 

expression in unstimulated PBMCs from pwMS.  

Following TLR3 activation with poly(I:C), and co-treatment with THC, CBD, and 

THC:CBD combination, our data indicate that the phytocannabinoids attenuated 

TLR3-induced IFN-β protein expression in PBMCs from pwMS, with the 

combination of THC:CBD (1:1) significantly attenuating IFN-β production. These 

data suggest that phytocannabinoid therapy in pwMS may blunt the viral response 

by inhibiting TLR3/viral signalling, thereby decreasing efficient IFN-β expression. 

Similarly, this is true for bacterial infections, mimicked through activation of TLR4 

using LPS. In the absence of LPS, THC and CBD inhibited TNFα expression in 

PBMCs, while in the presence of LPS the phytocannabinoids potentiated LPS-

induced TNFα expression. This may suggest that administering phytocannabinoids 

to a patient who currently harbours a bacterial infection may exacerbate the immune 

response to the infection by producing excessive TNFα and thereby further 

increasing inflammation.  

Throughout this project we have focused on the effects of THC and CBD when 

administered alone, in addition to combining THC and CBD at a 1:1 ratio. Some 

data presented in Chapter 5 indicate that combining THC and CBD at a 1:1 ratio 

was most effective at attenuating cellular responses to poly(I:C) or potentiating 

cellular responses to LPS. Indeed, the combination of THC:CBD (1:1)  was most 

effective at inhibiting CXCL10 protein expression, in addition to increasing IFN-β 

protein expression, in PBMCs from HC donors and pwMS. A key objective of this 

study was to determine if the cellular actions of THC and CBD on TLR signalling 

differed when cannabinoids were delivered independently or in combination. 

Studies elsewhere have highlighted that a combination of THC:CBD (1:1) was 

more effective therapeutically, when compared to the administration of CBD, and 

THC, alone. For example, in an acute model of colitis in rats, THC and CBD in 

combination was more effective than treatments with cannabinoids in isolation, at 

reducing inflammation [480]. Elsewhere, a combination therapy of THC and CBD, 

but not when given alone, attenuated EAE by reducing neuroinflammation and 

suppression of Th17 and Th1 cells [422]. 
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Finally, data presented herein (in Chapter 5) also characterised the effectiveness of 

phytocannabinoid regulation of TLR3/4 responses in PBMCs isolated from pwMS 

with respect to the use of DMTs. pwMS recruited to this study indicated that they 

were prescribed a variety of DMTs at time of blood-draw, therefore it was of 

interest to determine if a specific DMT altered the cellular response of PBMCs to 

both TLR3/4 activation and phytocannabinoid treatment. Data presented in this 

thesis suggest that DMTs did not alter the responsiveness of PBMCs to 

TLR3/4/phytocannabinoid treatment, although a full interpretation of these data is 

limited given the low n number for each DMT assessed (one or two pwMS recruited 

for each specific DMT apart from IFN-β which included six pwMS in our analysis). 

Future studies will aim to recruit more pwMS reporting the use of a range of DMTs 

to clarify these results.  

 

 

 

Figure 7.2. Schematic outlining the primary findings in Chapter 5. LPS can 

activate MyD88-dependent and -independent signalling pathways. Poly(I:C) 

activates MyD88-independent signalling via recruitment of TRIF. Administration 
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of THC and CBD, alone and in combination, attenuated TLR3 and TLR4 TRIF-

dependent signalling however, the phytocannabinoids potentiated TLR4-induced 

TNFα expression in primary PBMCs isolated for HC donors and pwMS. 

Inhibits =                    Potential induction by THC and CBD =  

 

Phytocannabinoids can alter immune cell viability, which is dependent upon the 

cannabinoid tested, the concentration of cannabinoid, and type of immune cell 

examined 

Results presented in Chapters 4 and 5 demonstrated that the phytocannabinoids 

THC and CBD can modulate TLR3 and TLR4 signalling mechanisms in THP-1-

derived macrophages and primary PBMCs from HC donors and pwMS. Given the 

proclivity of the phytocannabinoids to alter TLR3 and TLR4 signalling events, 

experiments outlined in Chapter 6 investigated the impact of THC and/or CBD on 

immune cell viability to determine if the effects of both phytocannabinoids in our 

study could be explained by the potential toxic characteristics of THC and CBD. 

Data presented herein indicate that at a final concentration of [10 µM], THC and/or 

CBD increased THP-1-derived macrophage viability. In PBMCs from HC cases, 

THC and CBD, when administered alone at [10 µM], did not alter the viability of 

PBMCs, while the combination of THC:CBD (1:1) at [10 µM] increased the 

viability of PBMCs from HC donors. In PBMCs from pwMS, THC at [1 and 10 

µM] did not affect viability, whereas CBD at [10 µM] and the combination of 

THC:CBD (1:1) at [10 µM] combination increased viability. Once again, the 

combination of THC and CBD was more effective at increasing the viability of 

immune cells, when compared to treating cells with THC or CBD alone.  

A range of novel botanically-derived pure cannabinoids (THCA, THCV, CBDA, 

CBDV, CBC, and CBG) were also assessed for their effect on the viability of THP-

1 monocytes, THP-1 macrophages, and PBMCs from HC donors and pwMS. 

Overall, all six phytocannabinoids tested were well tolerated by all immune cells 

examined. However, the effect of phytocannabinoids on viability was dependent 

upon the concentration of phytocannabinoid tested. For example, in primary 

PBMCs from HC volunteers and pwMS there was a significant decrease in PBMC 

viability after treatment with THC, CBD, CBDA, CBDV, THCV and CBC at [0.1 

µM]. Interestingly, when THC, CBD, CBDA, CBDV, THCV and CBC were each 
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administered to PBMCs isolated from both HC cases and pwMS at a concentration 

of 10 µM, this effect was lost. Specifically, in PBMCs from pwMS all 

phytocannabinoids at [10 µM]  (apart from THC, CBDA, and CBC) increased the 

viability of the cells, when compared to vehicle-treated cells, and therefore 

appeared to promote cell survival. In comparison, only THC:CBD, THCA and CBG 

increased the viability of PBMCs from HC cases at [10 µM]. These data highlight 

the increased efficacy that phytocannabinoids may impart on phenotypically 

activated immune cells.  

Much research is required to fully understand the effects of the phytocannabinoids 

tested in our studies on the function of immune cells from HC donors and pwMS. 

Given that the PBMC population consists of B cells, T cells, NK cells, monocytes 

and DCs [355], the cell type(s) targeted by cannabinoids in our primary PBMC 

studies is unclear. Data elsewhere indicate that THC can induce apoptosis in murine 

macrophages and T cells [276], and that CBD can induce apoptosis in murine T 

cells [443]; however there are limited studies assessing the effects of the range of 

phytocannabinoids listed here on the viability of primary PBMCs (or cell subsets), 

and to our knowledge there is no published literature on the effect of 

phytocannabinoids on the viability of PBMCs from individuals with RRMS. Figure 

7.3 summarises the concentration-dependent effect of the phytocannabinoids tested 

in this study on the viability of THP-1 monocytes, THP-1-derived macrophages, 

and primary PBMCs from HC donors and pwMS. 

Overall, these data demonstrate that phytocannabinoids can alter immune cell 

viability, and potentially their function, which is highly dependent on the 

phytocannabinoid under investigation, the concentration administered, and the 

immune cell under investigation. Understanding how phytocannabinoids modulate 

or alter primary human immune cell viability is of critical importance in developing 

novel cannabis-based therapeutics, and these data may aid in that development. 
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Figure 7.3. Schematic outlining the effect of THC, CBD, CBDV, CBDA. 

THCV, THCA, CBC and CBG (concentration range 0.1, 1, 10 µM) on the 

viability of immune cells using MTT assays. Four subsets of immune cells were 

examined: THP-1 monocytes, THP-1-derived macrophages, PBMCs from HC 

cases and PBMCs from pwMS. Cells were treated with nine phytocannabinoid 

formulations (listed on the left of table) over three concentrations (0.1 – 10 µM). 

No effect =        ;   Decrease in viability =       ;    Increase in viability =  
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7.2 Limitations of the studies 

The work presented in this thesis has added a significant contribution to the 

scientific knowledge of phytocannabinoid regulation of TLR signalling events, 

however a number of limitations of the study exist and should be addressed in future 

studies. These include: 

• Results presented in Chapters 3 and 4 indicate data from THP-1 monocytes 

and THP-1-derived macrophage cell lines. It is important to note that the 

use of cell lines does not always adequately model the function and cell 

responses of primary immune cells. However, data presented in this thesis 

indicate that primary PBMCs responded to TLR3/4 activation in a similar 

manner in THP-1 cell lines, and furthermore phytocannabinoid modulation 

of these pathways (particularly TLR3) was comparable in both cell lines and 

primary PBMCs. 

• Data presented in this thesis demonstrate the proclivity of 

phytocannabinoids to modulate TLR3/4 signalling events in immune cells 

at specific time points. Therefore, an analysis of further time points would 

provide a clear profile on the mechanism of action of phytocannabinoids in 

our cell culture system. Data presented throughout this project targeted the 

impact of phytocannabinoids on TLR signalling events within well 

characterised temporal profiles, (i.e. nuclear sequestration studies at 30-60 

min; mRNA analysis at 4 h; protein expression assessment at 24 h).  

• Throughout the thesis, alterations in mRNA expression of a targeted marker 

did not always correspond with an alteration in protein expression of the 

corresponding marker. Indeed, the expression profiles for mRNA and 

protein did not stringently reflect one another. However, much data indicate 

that mRNA expression does not correlate with protein expression through 

various mechanisms including post-translational modifications. This may 

be the case observed in this thesis. Future work will investigate such 

discrepancies in more detail. 

• Data presented in Chapter 5 of this thesis outlined the effect of 

phytocannabinoids on primary PBMCs isolated from HC donors and 

pwMS. The clinical aspect of this project set out to recruit and assess 

PBMCs isolated from treatment-naïve newly diagnosed individuals with 
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RRMS. However, recruitment of such cases via the Neurology Clinic at 

Beaumont Hospital was difficult. Therefore, pwMS recruited to this study 

reported the use of a variety of DMTs, all of which may alter immune cell 

function. To monitor to effect of DMT on PBMC read-outs, we clearly 

presented the effect of each DMT on cellular responses to LPS/poly(I:C) 

and phytocannabinoid treatment.  

• Data presented in Chapter 6 demonstrate the effects of phytocannabinoids 

on immune cell viability using MTT assays. A cautionary note should be 

applied when consider this as “viability” data, as MTT assays may reflect 

cell proliferation, metabolic changes in cell function and(or) alterations in 

mitochondrial function. In the current study we employed the use of MTT 

assays as a screening tool to provide insight on the potential effects of 

phytocannabinoids on immune cell viability, and these data highlight 

phytocannabinoids that warrant further investigation in terms of their 

impact on immunometabolism.  

 

7.3 Future studies 

Data presented in this thesis has added to the body of literature examining the 

effects of phytocannabinoids on immune cell function. Based on these findings, 

several new avenues of research warrant further investigation. These include: 

• A more detailed examination of the impact of phytocannabinoids on 

MyD88-dependent signalling. Data presented in this thesis have shown the 

complex nature of phytocannabinoid regulation of TLR4-induced NF-κB 

expression. Therefore, further studies should aim to assess the impact of 

phytocannabinoids on LPS-induced signalling to Raf-MEK1/2-ERK1/2, 

MEK4-JNK, MEK3/6-p38, and the regulation of AP-1 transcription factor. 

Such analysis would improve our understanding of the mechanisms by 

which phytocannabinoids regulate cytokine production in response to LPS.   

• An investigation of the role of other non-classical cannabinoid receptor 

targets in mediating the effects of THC and/or CBD on TLR3- and TLR4-

induced inflammatory events. Targets for consideration include PPAR/, 

TRPV1 and GPR55. 
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• A targeted investigation of the effect of phytocannabinoids on the signalling 

proteins involved in TLR3/4 inflammatory cascades (IRF3, NF-κB and 

MAPKs) in primary PBMCs. 

• Examine the proclivity of phytocannabinoids to alter TLR signalling in 

primary CD14+ monocytes and primary monocyte-derived macrophages.  

• Investigate the effects of THC, CBD, THC:CBD, THCA, THCV, CBDA, 

CBDV, CBC, and CBG on primary PBMC viability using a range of 

techniques including flow cytometry to stain for apoptotic, proliferative, 

and dead/live markers. Furthermore, an investigation of the effects of the 

listed phytocannabinoids on mitochondrial function such as altered AMPK, 

OXPHOS, ROS production and glycolysis, warrants further analysis. 
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Study questionnaire 

 
Study title: The impact of cannabinoids on endogenous interferon beta in multiple sclerosis (MS) - an in vitro study" 

This questionnaire is entirely confidential and only the investigators mentioned below will have access to the information 
you provide. Please fill out all sections in detail for us. If you have any questions or do not understand a particular question 

please do not hesitate for clarification. 

 
Regards, Dr. Lisa Costelloe (Co-investigator), Mr. John-Mark Fitzpatrick (Principal Researcher), Dr. Eric Downer (Principal 

Investigator), Researchers (Dr. Downer lab), Dr. Margaret O’Brien (Co-investigator) 
 
NAME (PRINT): ______________________________________ DATE: 
__________________ 
 
What is your age? _______________________ 
 
Please circle: Male / Female   
 
How long have you had MS? _____________ months 
 
EDSS (completed by Neurologist) _______________________ 
 
 

General health concerns – please answer 

the following questions 
YES  NO If yes, please provide further details 

Do you have a blood disorder?    

Do you have thyroid disease?    

Do you have diabetes?    

Do you have an autoimmune disease 
other than MS? 

   

Do you have any allergies?    

Do you have a bacterial, viral or fungal 

infection? 
   

Do you smoke?    

Do you smoke cannabis?    

Do you have any other medical 

condition? 

   

 

Please list below any medications you take: Medication: Dose: Reason for medication: 
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Participant Consent Form 

 

Study title: “The impact of cannabinoids on endogenous interferon beta in multiple sclerosis 
(MS) - an in vitro study" 

 
Name of researchers: Dr. Eric Downer (TCD), Prof. Orla Hardiman (Beaumont), Dr. Lisa 
Costelloe (Beaumont), Dr. Margaret O’Brien (Beaumont), Mr. John-Mark Fitzpatrick (TCD), 
Dr. Noreen Boyle (TCD), PhD students/researchers (Dr. Downer lab; TCD) 
 

I have read and understood the Information Leaflet about this research 
project.  The information has been fully explained to me and I have been 
able to ask questions, all of which have been answered to my satisfaction. 

Yes  No 

 

I understand that I don’t have to take part in this study and that I can opt 
out at any time. I understand that I don’t have to give a reason for opting 
out and I understand that opting out won’t affect my future medical care. 

Yes  No 

 

I understand that I can withdraw my biological material at any time without 
any negative repercussions. 

Yes  No 

 
I understand that my biological material will be disposed of in a lawful and 
respectful way. 

Yes  No 

 
I am aware of the potential risks, benefits and alternatives of this research 
study. 

Yes  No 

 
I give permission for researchers to look at my medical records. I have been 
assured that information about me will be kept private and confidential. 

Yes  No 

 
I have been given a copy of the Information Leaflet and this completed 
consent form for my records. 

Yes  No 

 
I give my permission for information collected about me to be stored or 
electronically processed for the purpose of academic scientific research and 
to be used in related studies or other studies in the future. 

Yes  No 

 

I consent to take part in this research study having been fully informed of 
the risks, benefits and alternatives. 

Yes  No 

 
I give explicit informed consent to have my data processed as part of this 
research study. 

Yes  No 

 
I consent to give a blood sample or samples for this research project. I 
understand that giving a blood sample or samples for this research is my 
own decision. 

Yes  No 

 

I consent to be contacted by researchers as part of this research study Yes  No 

 
  

FUTURE CONTACT   

I consent to be re-contacted by researchers about possible future 
research related to the current study for which I may be eligible. 

Yes  No  

 

STORAGE AND FUTURE USE OF INFORMATION   

RETENTION OF RESEARCH MATERIAL IN THE FUTURE  

I give permission for my biological material/data to be stored for future Yes  No  
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academic research related to the current study in, and outside, the EU, but 
only if the research is approved by a Research Ethics Committee. 

I agree that some future research projects may be carried out by researchers 
working for commercial/pharmaceutical companies. 

Yes  No  

I understand I will not be entitled to a share of any profits that may arise 
from the future use of my material/data or products derived from it. 

Yes  No  

   

DESTRUCTION OF RESEARCH MATERIAL  

I request that my biological material be destroyed but I give permission for 
my data derived from my biological material to be stored for possible future 
research related to the current study without further consent being required 
but only if the research is approved by a Research Ethics Committee. 

Yes  No  

I request that all biological material/data previously collected can no 
longer be used by researchers and is destroyed. 

Yes  No  

 

To be completed by the PARTICIPANTS  

 |   |  

---------------------------------------------------------------------------------------------------

------------------------- 

Patient Name (Block Capitals) | Patient Signature | Date 

 

 

--------------------------------------------                         ----------------------------                              

-------- 

Translator Name (Block Capitals)                          Translator Signature                                

Date 

 

 

---------------------------------------------------                ------------------------------------

--------------------    -------- 

Legal Representative/Guardian Name   Legal Representative/Guardian 

Signature       Date 

 

 

To be completed by the Principal Investigator or nominee.  

I, the undersigned, have taken the time to fully explain to the above participant the 

nature and purpose of this study in a way that they could understand. I have 

explained the risks involved as well as the possible benefits. I have invited them to 

ask questions on any aspect of the study that concerned them. 

 

 

 |   |  | 

Name  (Block Capitals) |  Qualifications | Signature | Date 

 

3 copies to be made: 1 for participant, 1 for PI and 1 for hospital records. 
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Participant Information Leaflet  
 

Study title: “The impact of cannabinoids on endogenous interferon beta in multiple 
sclerosis (MS) - an in vitro study" 

 
Principal investigator’s name: Dr. Eric J. Downer 
Principal investigator’s title: Assistant Professor, Trinity College Dublin 
Telephone number of principal investigator: 01 896 2076 
Consultant co-investigator’s name: Dr. Lisa Costelloe/Prof. Orla Hardiman 
Consultant co-investigator’s title: Consultant Neurologist 
Data Controller’s/joint Controller’s Identity: Trinity College Dublin 

Data Controller’s/joint Controller’s Contact Details: Trinity College, Dublin 2.  

Data Protection Officer’s Identity: John Eustace 
Data Protection Officer’s Contact Details: Secretarys Office, Trinity College, 
Dublin 2. 
 
You are being invited to take part in a clinical research study being carried out at 
Beaumont Hospital and Trinity College Dublin by Dr. Eric Downer’s research 
laboratory at Trinity College Dublin. Before you decide whether or not you wish to 
take part, you should read the information provided below carefully and, if you 
wish, discuss it with your family, friends or GP (doctor). Take time to ask questions 
– don’t feel rushed and don’t feel under pressure to make a quick decision. You 
should clearly understand the risks and benefits of taking part in this study so that 
you can make a decision that is right for you. If you decide not to take part it won’t 
affect your future medical care. You can change your mind about taking part in the 
study any time you like.  Even if the study has started, you can still opt out.  You 
don't have to give us a reason.  If you do opt out, rest assured it won't affect the 
quality of treatment you get in the future.  
 

Why is this study being done? 
Multiple Sclerosis (MS) is an inflammatory disease of the central nervous system 
(brain and spinal cord). Its cause is unknown but it is believed to be associated 
with an overactive immune system (which normally takes part in the body’s 
defense against infections). The immune system produces many inflammatory 
mediators (substances that fight infections but in some situation’s attack the 
body’s own structure). Many such inflammatory substances are produced in the 
brain in MS and may be found in the fluid surrounding the brain and also in the 
blood. The purpose of this study is to identify new inflammatory mediators in 
blood cells isolated from MS patients. The number of blood cell types and 
inflammatory innate immune signalling mechanisms will be assessed in isolated 
blood cells, and the ability of novel drugs to target innate immune signalling in 
blood cells, will be determined. These inflammatory mediators will be 
correlated with quality of life and depression scores. This may aid in the 
development of new MS therapies. 
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Who is organising and funding this study? 

Researchers: Dr. Eric Downer (TCD), Dr. Lisa Costelloe (Beaumont), Prof. Orla Hardiman 
(Beaumont), Dr. Margaret O’Brien (Beaumont), Mr. John Mark Fitzpatrick (TCD), Dr. 
Noreen Boyle (TCD), PhD students/researchers (Dr. Downers lab; TCD) 

Funding body: Irish Research Council, GW Pharmaceuticals, Trinity College Dublin 

 

Why am I being asked to take part? 

The purpose of this study is to identify new inflammatory mediators in blood cells. 

 

How will the study be carried out? 

The study will involve the collection of a single blood sample and completion of study 
questionnaires related to health. 

 

What will happen to me if I agree to take part? 

You are being invited to take part in a clinical research study carried out at Beaumont 
Hospital and Trinity College Dublin. At the time of consent you will be asked to complete 
a number of questionnaires to assess quality of life, depression and mood. A standard 
neurological examination may be performed by your doctor. You will be asked for 
permission to obtain a small amount of blood (maximum of 50ml; 3 tablespoons) on 
one occasion for this study. You may be asked for permission to look at your medical 
records. This information will be kept private and confidential. Involvement in this study 
should take approximately 20-30 minutes.  

 

What other treatments are available to me? 

This study does not involve you taking any additional treatments. 

 

What are the benefits? 

MS is one of the most prevalent diseases of the nervous system in the Western world 
and currently there is no cure. Therapies are centered on relapse reduction and 
symptom management. However many patients respond sub-optimally to currently 
available therapies and side effects of medication are common. This study aims to 
examine anti-inflammatory changes in blood cells from MS patients. This may lead to 
the development of novel therapies for MS in the future. By participating in this study 
you would be contributing to this goal. 

 

What are the risks? 

Blood taking may be associated with some short-lasting discomfort of a needle stick. To 
minimize this appropriate tourniquet, alcohol wipes, gauze sponges and adhesive 
bandages and tape will be used. There will be no risks to you aside from that associated 
with routine venipuncture by a qualified phlebotomist. These include the possibility that 
you will experience discomfort as the needle is inserted and you may have a small bruise 
afterwards. It is also possible that you may feel faint, in which case the chair can be 
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reclined until you recover. Emergency procedures are in place to deal with any 
unexpected adverse events, which although statistically possible are extremely rare. 
These could include thrombosis of the vein due to trauma and infection which results in 
thrombophlebitis. 

 

What if something goes wrong when I’m taking part in this study? 

If you decide not to participate, or if you quit, you will not give up any benefits which 
you had before entering the study. Your decision not to participate or to withdraw from 
the study will not restrict your access to health care services normally available to you. 
You understand that your Principal Investigator or the sponsoring company/university 
may stop your participation in the study at any time without your consent. 

 

Will it cost me anything to take part? 

No. Furthermore, you will not receive any expenses for being part of this study. 

 

Is the study confidential? 

Your identity will remain confidential over the duration of the study. Your name will not 
be published and will not be disclosed to anyone outside the hospital or outside the 
Trinity College research team. Your identity will only be available to researchers directly 
involved in the study. Your GP will not be contacted as part of this study. All medical 
information will be kept private and confidential. Blood samples and questionnaire data 
will be assessed for inflammatory changes associated with MS in a research laboratory 
in Trinity College Dublin. The research findings may potentially be published in research 
articles and(or) presented at research conferences. Your identity will remain 
confidential in any publications and(or) presentations. 

 

Data Protection 

You have the right to withdraw consent to your personal data being used in this research 
project.  You will be able to do this by contacting Dr. Eric Downer, Dept. Physiology, 
Trinity Biomedical Sciences Institute, Trinity College, Dublin 2. Phone No: 01 896 2076  

1. We will be using your personal data information in our research to carry out 
our research study which is in the public interest.  

2. We are processing your data for scientific research purposes. 
3. The recipient of your data is Dr. Eric Downers laboratory, Trinity College 

Dublin, GW Research Ltd., Royal Holloway Hospital and academic 
collaborators. 

4. The data will be stored for approximately 7 years after completion of the 
study. This is to allow correlation of the data with further studies. At present 
funding is in place to conduct this study until 2023. 

5. No risks and/or implications may arise for you as a result of the data 
processing. 

6. You have a right to withdraw from the study at any time by contacting Dr. Eric 
Downer.   

7. You have a right to request access to your data and a copy of it, unless your 
request would make it impossible or make it very difficult to conduct the 
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research. 
8. You have a right to have any inaccurate information about you 

corrected/deleted, unless your request would make it impossible (or very 
difficult) to conduct the research. 

9. You have a right to data portability, meaning you have a right to move your 
data from one controller to another in a readable format.    

10. There will be no automated decision making, including profiling as part of this 
study. You have a right to object to automated processing including profiling if 
you wish. 

11. You will be informed if we intend to further process your personal data and 
you will be provided with information on that other purpose.  

12. You will be informed if we wish to transfer your data to a country outside of 
the EU or an international organisation and you will be advised of the 
safeguards we have in place to protect your data. 

 

Consent to Future Uses 

By giving consent to take part in this study you have only given permission for your 
data/biological material to be used for the current research. We are seeking permission 
to store the data/biological material for possible future uses in our research. This may 
entail the assessment of new inflammatory proteins involved in the disease process. For 
example, by consenting to future research related to the current study you are giving 
consent to processing for an MS-related research study and other future unnamed 
research studies in the same area of inflammation research. Your consent could not go 
beyond inflammation to other areas. The data/blood samples will be stored in Dr. 
Downers laboratory at Trinity College Dublin, a laboratory dedicated to understanding 
the inflammatory processes associated with human disease and aims to develop new 
therapeutic avenues. Biological samples may be shared with academic/industry 
collaborator’s (inside and outside EU) for assessment of inflammatory read-outs. This 
laboratory is supported by grants (government-funded, company funded, society 
funded, university funded) with no potential conflicts of interest. You are being invited 
to participate to provide invaluable blood samples and questionnaire data that are 
central to understanding the processing of inflammation in the human body. 
Questionnaire data related to Quality of Life and depression, alongside biological 
material (blood immune cells/plasma) will be stored for future use. Participation is 
voluntary and consent given is an unambiguous indication of your wishes. You can 
change your mind at any time and withdraw from the study by contacting dr. Eric 
Downer. The research is approved by the School of Medicine Research Ethics 
Committee, Trinity College Dublin, and the Beaumont Hospital Research Ethics 
committee. 

 

Where can I get further information? 

You can get more information or answers to your questions about the study, your 
participation in the study, and your rights, from Dr. Eric Downer who can be emailed at 
edowner@tcd.ie or telephoned at 01 896 2076. If your Principal Investigator learns of 
important new information that might affect your desire to remain in the study, he will 
tell you. 

 

 

 

mailto:edowner@tcd.ie
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This survey asks about your health and daily activities.
 
by circling the appropriate number (1, 2, 3, ...). 

 
If you are unsure about how to answer a question, please 
give the best answer you can and write a comment or 
explanation in the margin. 

 

Please feel free to ask someone to assist you if you need help reading or 

marking the 

form. 
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1. In general, would you say your health is: 

(

circle one number) 

Excellent. ......................................................... 1 

Very good. ...................................................... 2 

Fair. .............................................................. 4 

Poor. ................................................................... 5 
 
 
 

 

2. , how would you rate your 

health in 

general 

now? (circle 

one 

number) 

Much better now than one year ago .................................... 1 

Somewhat better now than one year ago. ..................... 2 

About the same. .............................................................. 3 

Somewhat worse now than one year ago....................... 4 

Much worse now than one year ago. .................................. 5 
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3-12.  The following questions are about activities you might 
do during a typical day. Does your health limit you in 
these activities? If so, how much? 

 
’Circle 1, 2, or 3 on each line) 

 Yes, 

Limited 

a Lot 

Yes, 

Limited 

a Little 

No, Not 

Limited 

at All 

3. , such as 

running, lifting heavy 

objects, participating in 

strenuous sports 

 

1 

 

2 

 

3 

4. , such as 

moving a table, pushing a 

vacuum cleaner, bowling, or 

playing golf 

 
1 

 

2 

 

3 

5 Lifting or carrying groceries 

 
1 

 
2 

 
3 

6. Climbing seyncal flights of 

stairs 

 
1 

 
2 

 
3 

 
7. Climbing oos flight of stairs 

 
1 

 
2 

 
3 

8. Bending, kneeling, or 

stooping 

 
1 

 
2 

 
3 

 
9. Walking 

 
1 

 
2 

 
3 

 
10. Walking 

 
1 

 
2 

 
3 

 
11. Walking one block 

 
1 

 
2 

 
3 

12. Bathing and 

dressing yourself 

 
1 

 
2 

 
3 
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13-16.  During the past 4 weeks , have you had any of the 
following problems with your work or other regular daily 
activities 

 

 
(Circle one number on each line) 
  

YE
S 

 
N
O 

13. Cut down on the

 yo

u could spend on work or other activities 

 
1 

 
2 

 
14. than you would like 

 
1 2 

15. Were limited in the kiad of work or other activities 
 

1 

 
2 

16. Had difficulty performing the work or other activities 
(for example, it took extra effort) 

 

1 

 
2 

 
 
 

17-19. During the past 4 weeks , have you had any of the 
following problems with your work or other regular daily 
activities 

prnblems (such as feeling depressed or anxious). 

 
(Circle one number on each line) 
 

YE
S 

N
O 

17. Cut down on the you 

could spend on work or other activities 
1 2 

18. than you would like 1 
 

2 

19. Didn’t do work or other activities as carefully 

as usual 
1 2 
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20. During the past 4 weeks , to what extent has your 
physical health or emotional problems interfered with your 
normal social activities with family, friends, neighbors, or 
groups? 

(

circle one number) 

Not at all .................................................. 1 

Slightly. .................................................... 2 

Moderately. ............................................. 3 

Quite a bit. ............................................... 4 

Extremely ................................................ 5 

Pain 

21. How much bodily pain have you had during the? 

(

circle one 

number) None. .............................. 1 

Very mild........................................ 2 

Mild. ............................................... 3 

Moderate ....................................... 4 

Severe ........................................... 5 

Very severe ................................... 6 

22. During the past 4 weeks, how much did pain 

interfere with your normal work (including both 

work outside the home and housework)? 

(circle one number) 

Not at all ......................................... 1 

A little bit. ........................................ 2 

Moderately. .................................... 3 

Quite a bit ....................................... 4 
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Extremely ....................................... 523-32.  

These questions are about how you feel and how things have been 

with you during the past 4 weeks. For each question, please give the 

one answer that comes closest to the way you have been feeling. 

How much of the time during the last 4 weeks... 
 
 

Circle one number on each line) 

 All of the 
Time 

Most Of 
the Time 

A Good 
Bit of the 
Time 

Some 
ofthe Time 

A Little of 
the Time 

None 
ofthe Time 

 
23. Did you feel full of pep? 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

 
24. Have you been a very 
nervous person? 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

25. Have you felt so down in the 
dumps that nothing could cheer 
you up? 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

26. Have you felt calm and 
peaceful? 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

 
27. Did you have a lot of 
energy? 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

 
28. Have you felt downhearted 
and blue? 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

 
29. Did you feel worn out? 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

30. Have you been a happy 
person? 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

 
31. Did you feel tired? 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

32. Did you feel rested 

on waking in the 

morning? 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 
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33.  During the past 4 weeks , how much of the 

time has your physical health or emotional 

problems interfered with your social activities 

(like visiting with friends, relatives, etc.)? 

(

circle one number) 

All of the time ................................. 1 

Most of the time. ............................ 2 

Some of the time ............................ 3 

A little of the time. .......................... 4 

None of the time. ............................ 5 

Health in General 
34-37. How TRUE or FALSE is each of the following statements for you. 
 
 

(Circle one number on each line) 

  
Definitely 
True 

 
Mostly True 

 
Not Sure 

 
Mostly False 

 
Definitely 
False 

34. I seem to get sick a 
little easier 
than other people 

 
1 

 
2 

 
3 

 
4 

 
5 

 
35. I am as healthy as 
anybody I know 

 
 
1 

 
 
2 

 
 
3 

 
 
4 

 
 
5 

36. I expect my health to 
get worse 

 
 
1 

 
 
2 

 
 
3 

 
 
4 

 
 
5 

37. My health is 
excellent 

 
 
1 

 
 
2 

 
 
3 

 
 
4 

 
 
5 
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Health Distress 
 
How much of the time during the past 4 weeks... 
 
 

’Circle one number on each line) 

  
All of the 
Time 

 
Most of 
the Time 

A Good 
Bit of the 
Time 

Some 
ofthe 
Time 

A Little 
ofthe 
Time 

None 
ofthe 
Time 

 
 
38. Were you discouraged by 
your health problems? 

 
 
1 

 
 
2 

 
 
3 

 
 
4 

 
 
5 

 
 
6 

 
 
39. Were you frustrated about 
your health? 

 
 
1 

 
 
2 

 
 
3 

 
 
4 

 
 
5 

 
 
6 

 
 
40. Was your health a worry in 
your life? 

 
 
1 

 
 
2 

 
 
3 

 
 
4 

 
 
5 

 
 
6 

 
 
41. Did you feel weighed down 
by your health problems? 

 
 
 
1 

 
 
2 

 
 
 
3 

 
 
 
4 

 
 
 
5 

 
 
 
6 



 

252 
 

Cognitive Function 
 
How much of the time during the past 4 weeks... 
 
 

(Circle one number on each line) 

  
All of the 
Time 

 
Most of 
the Time 

A Good 
Bit of the 
Time 

Some 
ofthe 
Time 

A Little 
ofthe 
Time 

None 
ofthe 
Time 

 
42. Have you had difficulty 
concentrating and thinking? 

 
 
1 

 
 
2 

 
 
3 

 
 
4 

 
 
5 

 
 
6 

 
43. Did you have trouble 
keeping your attention on an 
activity for long? 

 
 
1 

 
 
2 

 
 
3 

 
 
4 

 
 
5 

 
 
6 

 
44. Have you had trouble with 
your memory? 

 
1 

 
2 

 
3 

 
4 

 
 
5 

 
6 

45 Have others, such as family 
members or friends, noticed 
that you have trouble with 
your memory or problems with 
your concentration? 

 
 
 
1 

 
 
 
2 

 
 
 
3 

 
 
 
4 

 
 
 
5 

 
 
 
6 
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Sexual Function 

 
46-50. The next set of questions are about your sexual function and your 

satisfaction with your sexual function. Please answer as accurately as 
possible about your function during the last 4 weeks only. 

 
How much of a problem was each of the following for you 
during the past 4 weeks? 

 
 

’ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Circle one number on each line) 

 

 

WOMEN 

 
Not a 

problem 

A Little of a 
Problem 

Somewhat 
of a 
Problem 

Very 
Much a 
Problem 

46. Lack of sexual 
interest 

 

1 

 
2 

 

3 

 
4 

47. Inadequate lubrication 
 

1 
 

2 
 

3 

 
4 

48. Difficulty having orgasm 
 

1 
 

2 

 
3 

 
4 

49. Ability to satisfy sexual 

partner 

 
1 

 
2 

 
3 

 

4 

Circle one number on each line) 

 

 

MEN 

 
Not a 

problem 

A Little of a 
Problem 

Somewhat 
of a 
Problem 

Very 
Much a 
Problem 

46. Lack of sexual 
interest 

 
1 

 

2 

 
3 

 

4 

47. Difficulty getting 

or keeping an 

erection 

 
 

1 

 
2 

 
 

3 

 

 
4 

48. Difficulty having orgasm 
 

1 
 

2 

 
3 

 
4 

49. Ability to satisfy 

sexual partner 

 
1 

 
2 

 
3 

 

4 
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50. Overall, how satisfied were you with your sexual function during the past 4 
weeks? 

(

circle one 

number) Very 

satisfied .................................................... 1 

Somewhat satisfied .................................. 2 

Neither satisfied nor 

dissatisfied ............................................... 3 

Somewhat dissatisfied ..............................4 

Very dissatisfied ....................................... 5 
 
 
 
 

51. During the past 4 weeks, to what extent have problems with your bowel or 
bladder function interfered with your normal social activities with family, 
friends, neighbors, or groups? 

(

circle one 

number) Not at 

all. ............................................................. 1 

Slightly...................................................... 2 

Moderately ............................................... 3 

Quite a bit. ................................................ 4 

Extremely. ................................................ 5 
 
 
 
 

52. During the last 4 weeks, how much did pain interfere with your enjoyment of life? 

(

circle one 

number) Not at 

all. ............................................................. 1 

Slightly ...................................................... 2 
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Moderately ............................................... 3 

Quite a bit. ................................................ 4 

Extremely. ............................................... 5 
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53. Overall, how would you rate your own quality-of-life? 
 
 

Circle one number on the scale below: 
 
 

 

 

10 9 8 7 6 S 4 3 2
 1 0 

Best  Possible

 

Worst Possible 

Quality-of-Life

 

Quality-of-Life 

 

 

 

 

 

 

54. Which best describes how you feel about your life as a whole? 

(

circle one 

number) 

Terrible .................................................... 1 

Unhappy. .................................................. 2 

Mostly dissatisfied .................................... 3 

Mixed - about equally 
satisfied and dissatisfied .......................... 4 

Mostly satisfied. .................................... 5 

Pleased ................................................... 6 

Delighted ................................................. 7 
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8.1 Effect of CB1/2 antagonists,  THC and CBD on TLR4-induced IFN-β or 

CXCL10 mRNA expression in THP-1-derived macrophages 

 

The cannabinoid pharmacology underlying the effect of THC and CBD on LPS-

induced MyD88-independent regulation of IFN-β and CXCL10 mRNA in THP-1-

derived macrophages was assessed. Receptor involvement was addressed by 

employing the use of the CB1 and CB2 antagonists, SR141716 and SR144528, 

respectively. Pre-exposure to SR141716 or SR144528 (both at 1 M for 1 h), failed 

to impact the proclivity of THC (10 M) and CBD (10 M) to regulate LPS-induced 

IFN- (Fig. 8.1A, B) and CXCL10 (Fig. 8.1C, D) mRNA expression. However, it 

is important to note that THC (Fig. 8.1A, C) and CBD (Fig. 8.1B, D) failed to 

significantly inhibit TLR4-induced IFN-β and CXCL10 mRNA in this experiment. 

This is in contradiction to data outlined in Figure 4.5 where THC and CBD 

significantly inhibited TLR4-induced IFN-β and CXCL10 protein, with a trend 

towards inhibiting IFN-β and CXCL10 mRNA observed.  

                                               A                                         B 

 

                                              C                                         D 

 
Figure 8.1. Effect of SR141716, SR144528, THC and CBD on LPS-induced IFN- and 

CXCL10 expression in macrophages. THP-1 macrophages were pre-treated with SR141716 (SR1) 

or SR144528 (SR2) (all 1 μM; 1 h), followed by treatment with phytocannabinoids (all at 10 μM for 

45 min) and stimulation with LPS (100 ng/ml) for 4 h. Effect of SR141716, SR144528, THC and 

CBD to LPS-induced (A, B) IFN- and (C, D) CXCL10 mRNA expression. Data are expressed as 

mean ± S.E.M from 3-4 independent passages. One-way ANOVA followed by Dunnett’s post-hoc 

test was used for statistical assessment. *p<0.05, **p<0.01, ***p<0.001 versus control groups. 
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8.2 Inhibition of CB1/2 does not alter the effect of THC and CBD on TLR3-

induced IFN-β or CXCL10 expression in THP-1-derived macrophages 

The cannabinoid pharmacology underlying the effect of THC and CBD on 

poly(I:C)-induced regulation of IFN-β and CXCL10 mRNA expression in THP-1-

derived macrophages was assessed. Receptor involvement was addressed by 

employing the use of the CB1 and CB2 antagonists, SR141716 and SR144528, 

respectively. Pre-exposure to SR141716 or SR144528 (both at 1 M for 1 h), failed 

to impact the proclivity of THC (10 M), CBD (10 M) and THC:CBD (10 M) 

to regulate poly(I:C)-induced IFN- (Fig. 8.2A, B, C) and CXCL10 (Fig. 8.2D, E, 

F) mRNA expression. However, it is important to note that THC (Fig. 8.1A, D), 

CBD (Fig. 8.2B, E) and THC:CBD (Fig. 8.2C, F) failed to significantly impact 

TLR3-induced IFN-β and CXCL10 mRNA in this experiment. This is in 

contradiction to data outlined in Figure 4.3, where THC, CBD and THC:CBD 

significantly inhibited TLR3-induced IFN-β and CXCL10 mRNA expression.  

                               A                                  B                                     C 

 

                               D                                   E                                     F 

 

Figure 8.2. THC and CBD do not act via CB1 or CB2 to modulate TLR 

signalling. THP-1 macrophages were pre-treated with SR141716 (SR1) or 

SR144528 (SR2) (all 1 μM; 1 h), followed by treatment with phytocannabinoids 

(all at 10 μM for 45 min) and stimulation with poly(I:C) (10 µg/ml) for 4 h. Effect 

of SR141716, SR144528, THC and CBD on poly(I:C)-induced (A, B, C) IFN- 

and (D, E, F) CXCL10 mRNA expression. Data are expressed as mean ± S.E.M 

from 3-4 independent passages. One-way ANOVA followed by Dunnett’s post-hoc 

test was used for statistical assessment. *p<0.05, **p<0.01, ***p<0.001 versus 

control groups. 
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9.1 Poly(I:C) does not induce IL-6 or IL-8 protein expression over a range of 

doses in primary human PBMCs 

PBMCs from HC subjects were cultured with poly(I:C) to optimise the 

dose/timepoints required to induce cytokine and chemokine production in this cell 

type. PBMCs were cultured at a cell density of 0.5 x 106 cells/well, with or without 

poly(I:C) (0.5 - 50 μg/ml), for 8 h and 24 h, and supernatants analysed for IL-6 (Fig. 

9.1A, B) and IL-8 (Fig. 9.1C, D) protein expression via ELISA. Poly(I:C) did not 

promote IL-6 expression after treatment for 8 h (Fig. 9.1A) or 24 h (Fig. 9.1B). 

Furthermore, poly(I:C) had no effect on IL-8 protein expression at both timepoints 

(8 and 24 h) assessed (Fig. 9.1C, D). These data suggest that poly(I:C) does not 

induce IL-6 and IL-8 expression in primary human PBMCs. 

                                            A                                           B 

 

                                              C                                           D      

 
Figure 9.1. TLR3 activation does not promote IL-6 or IL-8 protein expression 

in PBMCs from healthy volunteers. The concentration of (A, B) IL-6 and (C, D) 

IL-8 protein was determined in primary human PBMCs cultured at a cell density of 

0.5 x 106 PBMCs/well following exposure to poly(I:C) (0.5 - 50 μg/ml) for either 8 

h or 24 h. Data are represented as the mean ± S.E.M from 2 HC donors.  
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Histone H3 nuclear marker western blot data in THP-1-derived 

macrophages 

Western blot data in figure 4.4 demonstrated β-actin as a housekeeper nuclear 

marker. In this series of experiments selected nuclear extract membranes were 

probed for p-IRF3 and β-actin, and were then stripped and re-probed for the nuclear 

specific marker histone H3. Unfortunately, histone H3 could not be detected on any 

re-probed membrane. 

     A                                               B                                               C 

 

 

 

Images showing (A) original p-IRF3 (50 kDa) probe detected (highlighted in red 

and inside box), (B) stripped membrane and stain for H3 (15-17 kDa) (highlighted 

in red and inside box), and (C) original β-actin probe in red. 
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Original blots for pIRF3, pIκBα, and IκBα 

 
1. (A)Nuclear and (B) cytoplasmic expression of pIRF3 (green) timecourse 

(0-60 min) after LPS (100 ng/ml) treatment in THP-1 macrophages (Fig. 
3.11), β-actin (red) used as an endogenous control.  

 

A 

 Lane     1        2       3       4       5                 1       2       3       4       5 

  
B  

  
 

Lane Treatment 

1 Control 

2 LPS 15 min 

3 LPS 30 min 

4 LPS 45 min 

5 LPS 60 min 

 

 

 

 

 

 

pIRF3 

pIRF3 
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2. (A)Nuclear and (B) cytoplasmic expression of pIRF3 after LPS (100 
ng/ml) ± THC, CBD and THC:CBD (including cannabinoid alone) 
treatment in THP-1 macrophages (Fig. 4.5), β-actin used as an 
endogenous control.  

 

A                       

  

               Lane   1    2    3     4     5    6   7    8          1    2    3    4     5     6    7    8 

 
 

B 

 

 

 

 

 

 

 

 

 

  
Lane Treatment 

1 Control 

2 THC 

3 CBD 

4 THC:CBD 

5 LPS 

6 LPS+THC 

7 LPS+CBD 

8 LPS+THC:CBD 

 
1. Cytoplasmic expression of (A) pIκBα and (B) IκBα after LPS (100 ng/ml) 

± THC, CBD and THC:CBD (including cannabinoid alone) treatment in 
THP-1 macrophages (Fig. 4.4), β-actin used as an endogenous control. 
Both targets detected from the same membrane. 

pIRF3 

pIRF3 
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A   

 Lane 1    2    3    4    5   6    7    8         1    2    3    4     5    6    7    8 

 
           B 
 

 
Lane Treatment 

1 Control 

2 THC 

3 CBD 

4 THC:CBD 

5 LPS 

6 LPS+THC 

7 LPS+CBD 

8 LPS+THC:CBD 

 

pIκBα 

IκBα 


