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Abstract

Microglia aretheresident immune cells of the brain that survey the
microenvironment, provide trophgupport to neurons, and clear debris to maintain
homeostasis and healthy brain function. Microglia are also drivers of neuroinflammation
in several neurodegenerative diseaBasessive pronflammatory activity by microglia
involves the release of solulfectors that can impair neuronal function. In this thesis, |
tesedthe hypothesis that priaflammatory microgliacouldinduce secondary damage to
neurons and explodemultiple pharmacological strategies to prevent this pro¢éssnd
that stimulatiorof cultured microglia with bacterial lipopolysaccharide (LPS) and
interferong a mma (| F N2 )-inflanhmatory respahse ghat pvas strong enough to
directly kill cultured neuronand that preareatment of microglia with synthetic
cannabinoids targetncannabinoid type 1 (GBand type 2 (CB receptors could reduce
the inflammatory response enough to reduce neuronal death (Chapteef)further
explored the effects of L P Stosynmhesizé, Begrade,on t h
andrespondt cannabinoid receptor agonists. LPS
upregulation of mMRNA fo€nr2 and DAGLBIn a biphasic mannéChapter 2). The use
of synthetic CB agonists (HU308 and HU433) were then used to further probe the
mechanism of the aninflammatory effects of CBreceptor activation on microglia.
Activation of microglial CB receptors suppressed the canonical signaling clikell
receptor 4 (TLR4) and directly inhibited the release of nitric oxide (NO) and tumour
necrosis factor (TNF) (Clpger 4). An inrdepth examination of the effects of LPS and
| FN2 on microgl i a raetinasyhesidtic ndnrttatist hese st i m
dependent on Janus kinase (JAK)1/2 as suppression of JAK1/2 prevented the microglial
response to botimolecules (Chapter Skinally, | explored the mechanisms by which the
neurons were killed by microglidicroglial-secreted factors induced apoptosis and
necroptosis in neuronal cells which could be completely prevented by neutralization of
TNF (Chapter b These findings suggest that direct suppression of microglia is sufficient
to reduce secondary neurotoxicity and highlight some potential opportunities for the

treatment of neuroinflammation.
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Chapter 1: Introduction

Neurodegenerative diseases are among the most threat@amggeing
population.Such diseases involve the progressive loggeafonalfunction and primarily
occur in the later stages of life. Advancements in other areas of medicine such as
oncology, immunology, and cardiology haalowed for small but gradual increases in
life expectancy and healthspan over the past cer(@riffin 2008; Crimmins 2015;
ChambersRichards et al2022) However, this has correlated with an increased incidence
of some ageelated neurodegenerative diseases as larger numbers of indiedigathe
higherrisk age bracketErkkinen et al. 2018; Li et al. 2022)ementia and other
symptoms of neurodegeneration will placeiacreasinglynassivesocietal and economic
burdenon most developed countri€keicht et al. 2013; Alzheimer Society of Canada
2016; Nandi et al. 2022More tragically,anincreasing number of individuals will be
robbed of their ability to think, move, play, make new memories, and participate in
activities that mke longer lives worth livingThe purpose of this thesis is to make a
small contribution to our greater understanding of neurodegeneration in the hope that
effectivetreatments for these devastating diseases will eventually emerge.

Although neurons are not the most abundefis of the brainneurons facilitate
the key functions of the bragiand the loss of neuronal function or viability idefining
feature of neurodegeneration. Neurodegeneration generally follows an unfavourable
change in the neuronal microenvironment which can manifest differently based on the
specific diseasé€nce thought to be immune privileged and thus sparedgeyipherally
mediated damagé is now understood that systemic inflammation can penetrate the
brain(Sankowski et al. 2015A common feature of neurodegenerative disease is-a pro
inflammatory environment within the brajpiSabato etl. 2016) Microglia are the
resident immune cells of the brain that regulate bothgrd antiinflammatory
processes to maintain homeostaargl nmicrogliaarethe primary cells that produce
diseaseassociated alterations in the inflammatory statefbrain(Perry et al. 2010)
These alterations can be caused by intrinsic microglial defects as well as in response to
peripheral inflammatory stimuliThis series of observatiohasinitiated a widespread

effort to control inflammation as a method to preserve brain health.
1



1.1 The immune systeminfluences thebrain

It was long believed that theain was separated from the immune system to
preventthe entry ofpathogensr collateral damage from the inflammation associated
with the clearance of such pathogeniis concept arose fronady reportsof tissue
transplantation whicidentified thatumours would fail to grow when transplanted into
the subcutaneous tissue afs, but would grow rapidly when inoculated into the brain
(Shirai 1921; Murphy and Sturm 1928pter experiments by Medawdemonstrated
that if skin was first grafted peripherally, then skin from the same donor would later be
destroyed when grafted into the bréedawar 1948)These initial findings indicated

that the brain was unlikely to mount an immune response but was sensitive to the activity

of the peripheral immune systgiVidner and Brundin 1988Yhe bloodbrain barrier
(BBB) is aset ofprotective structuiethatprevens the passive entry of peripheral cells
as well asnanyproteinsandsmall moleculesbutit has become clear thetere is
incomplete separation of tiperipheral immuneystemand the central nervous system
(CNS)Fig. 1 1A). Indeed, these systerare inclose communicatioandthe interactions
can bebeneficialas well agletrimentaldepending on the context

Under certain pathological conditigribe peripheral immune systezan
provide benefits andffer protecton tothe CNS In the healthy adult CNS; cells exist
in the meninges and may secrete interleukin-@iland 1L.-13 which can promote the
resolution of inflammation and facilitate learning and men{bmsrecki et al. 2010;
Brombacher et al. 2017; Mamuladze and Kipnis 20€8)e subjected to experimental
stroke exhibit infiltration of macrophages into the brain parenchiynaeéear dead cells
and debrisvhich promotes resolution of inflammation and subsequent tissue repair
(Zhang et al. 2019cY he infiltration of T cells and macrophageatsolimits secondary
damage and promotes neuronal recoveltlpwing optic nerve crush injurfMoalem et
al. 1999) Corversely amyotrophic lateral sclerosis (ALS) mice bred to lack functional T
cells exhibit accelerated motoneuron degenerdBeers et al. 2008)nterferongamma
(I F Nio the brain castimulatethe entryof macrophageshich assist withthe

phagocytosis and clearanaeamyloidb et a ( Ab) , resul ting i
2
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performancgBaruch et al. 2016 hus, a insult to the brain capromptperipheral
immune cellgo enterthe brainandpromote recovery.

Although te peripheasl immune systemam protect the brainthere is also an
apparentink betweenmmune systendysfunctionandneurodegeneran. Human
Al zhei mer 6s disease (AD) patients exhibit
cerebrospinal fluid that are reively associated witbognitive performancéGate et al.
2020) Similarinfiltration of cytotoxic T cells into thérain iscorrelated with neuronal
lossin AD mice(Chen et al. 2023)n ageing humaswith cognitive impairment,
monocytederivedC-X-C motif chemokine ligand 18CXCL16)is upregulatedn the
cerebrospinafluid (CSF) whichengage CXC receptor 6 (CXCR6) on T celdsd
promote entry into the braiPiehl et al. 2022)T cells in the dural sinuses can also
recognizeCNS antigens that have been captured by dendritic cells f@@G$Hk and
subsequently engage in prdlammatory activity within the meningéRustenhoven et
al. 2021) Thus,brains in the progss of degeneration actiyegecruitimmune cells from
the blood stream or CSF into the parenchyAtdnough T cells can suppress
inflammation and promote tissue repair, excesgreeuitmentof CD8" cytotoxic T cells
to the brainis associated witeecondry tissue damag&Valsh et al. 2014; Kaya et al.
2022)

The connection between thmmune system and the CNS is not limited to the
entry of immune cellsChronic lowgrade neuroinflammation is characterized by
elevated quantities of priaflammatory cytokines in the brain without the infiltration of
cells. Although glia can produce ckines,thosegenerated in the periphery can penetrate
the BBBwhich allows systemic inflammation toodify the progression of
neurodegenerative diseagBegttcher et al. 2021Elevatedplasmaconcentrations gbro-
inflammatory cytokines such as-f.and tumour necrosis factor (TNiR)otherwise
healthypatientsareassociated witlanincreased risko developall-cause dementia,
including AD (Engelhart et al. 2004; Tan et al. 2007; Holmes et al. 2009; Swardfager et
al. 2010; Koyama et al. 2013Jhe increased quantities of cytokines tgpically
secreted by peripheral blood mononuclear @lidmay be associated with chronic
inflammatory diseases or infectidpatients that are hospitalized with bacteoraliral
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infections alsdiavean increased risk to develdementidater in life (Sipila et al. 2021)
The greatest risk is seen with CNS infectibns everperipheral infections increase the
risk of dementia decades into the fut&apila et al. 2021)Mice that are challengday
simulatel viral or bacterial infectionexhibit longterm cognitive deficits and neuronal
loss that mimics neurodegeneaoatin humangQin et al. 2007; Krstic et al. 2012; Zhao
et al. 2019)Even in the absence of infection, AD patients exhibit marked differences in
the gut microbiome that includecreased quantities of pioflammatory genera such as
EscherichiaandShigellg and reduced quantities loéneficialgenera such as
Eubacteriumand Bacillota (Cattaneo et al. 2017; Vogt et al. 2013¢veral recent meta
analyses have revealed thigsregulatiorof the gut microbiomés also observed in other
neurodegenerative disordersdgpsychiatric conditiongBoddy et al. 2021; Romano et al.
2021; Zhang et al. 2022d)his growingbody ofevidence suppasthe concepthat the
brain is sensitive to systemic inflamation, and that chronic inflammation throughout the

body increases the risk of neurodegenerati

1.2Microglia as effectors of neuroinflammation

Microglia are specialized macrophages that reside in the brain parenchyma and
are the primaryesponders to prmflammatory stimuli that penetrate the BEBBg. 1
1B). As the resident immune cells of the brahe bntogeasisof microglia isdistinct
from other celkypesin the CNS. Microgliaarisefrom early erythremyeloid progenitors
in theextraembryonigolk sac which become yolk saaorophages duringrimitive
hematopoiesi§Ginhoux et al. 2010; Masuda and Prinz 20T&)ese yolk sac
macrophages invade the develop@igSand become permanently compartmentalized
from peripheral tisues following closure of tH8BB (Hoeffel and Ginhoux015)
Development into mature microglia and subsequent persistence in the central nervous
system is dependent specificproteinsincludingIL -34 and tansforming growth factor
beta( T G KNdayuda and Prinz 2016\t maturity, microglia comprise roughly 10% of
cells in the brain and turn over at a relatively slow rate, with some cells surviviog up
20 years in human&awson et al. 1992; Réu et al. 2017)



\

Endothelial cells
Astrocyte

Pericytes

. Perivascular macrophages

Perivascular space

Astrocytes

uielg-poo|g

Figure 1. 1. Schematic of the blooebrain barrier (BBB). A Crosssectional view of the specialized vessels of the
BBB. B Longitudinal view of the BBB and the parenchyma which contains microglia and neurons.



Microglia performa broad variety of criticdunctions in théhealthyCNS
during postnaal developmentLike macrophages, microglia are phagocytes and use this
ability to shape the formation of the CN3uring development, microgliengulf and
digest synapses in a complemdependent manné¢Btevens et al. 2007 his synaptic
pruning is regulated by neuronaltiaity which facilitates maintenance aftive synapses
and removal of undasedsynapsegSchafer et al. 2012)n addition to individual
synapses, microglia also clear dead and superfluous cells which is necessary for the
spatial patterning of the developing br@ifaux and Korsmeyer 1999; Schafer and
Stevens 2015)These functions of microglia are indispensable during initial wiring of the
CNS and ultimately impact the moleaularchitecture of the brain.

In theadultbrain, microglia primarilymonitorthe microenvironment and use
scavenger receptors to detect disruptions in homeostasis and react appropriately
(Nimmerjahn et al. 2005Microgliasurvey the influx of bloodbornemoleculesand are
highly sensitive to pranflammatory cytokines gpathogerassociated molecular patterns
(Kettenmannetal. 2011¢Ci r cul ati ng cyt ok@maeidiltragedheh as
BBB and interact with microglial receptors to engage Janus kinase (JAlS)carad
transducers and activators of transcrip(iSmAT) signaling cascadg3dain et al. 2021)
JAK-STAT signaling is a criticalamponent of the innate immune response and
facilitates intracellular signaling of immune cells, including microglia, to an array of
molecules including interleukins, chemokines, and interfefditolas et al. 2013; Yan
et al. 2018)Upon interaction wittsuchstimuli, microglia utilize JAK-mediated signaling
in addition to several parallel signaling pathwaysitate a preinflammatory reaction.

In apro-inflammatory state, microglighift from a ramified to amoeboid morphology and
upregulate their phagocytic capacitydear debris, dying cells, or microbes from the site
of insult. Under persistent piaflammatory conditions, microglia release chémes to
attractperipheral immune cells and engulf astrocytic-é®t and endothelial cells to
facilitate entry of immune cells through the BBBaruwaka et al. 2019; Pan et al. 2021)
Following resolution of inflammation in the brain, microglia also depasit sculpthe
extracellular matrixand promote angiogenesis to restore homeostasis and provide an
6



optimal microenvironment for neural functifudvarski Stankovic et al. 2016; Dudiki
et al. 2020; Nguyen et al. 2020; Crapser et al. 2021)
Although microglia servenanyimportant functions to maintain healthy brain
function, microglial dysfunction is implicated the progression of neurodegenerati
(Perry et al. 2010; Hickman et al. 201B) AD patients, disease progression and
cognitive decline is more correlated with the abundance eiifleonmatory microglia
thanthequantiy o f plaueqEdison et al. 2008)npres y mpt omat i ¢ Hunti n
disease (HD) patients, the accumulatdmactivated microglia is observed several years
prior to theexpectedhge of onset based on the degree of expansion bithegtin
(HTT) gene(Pavese et al. 2006; Tai et al. 200%¢tivatedmicroglia in the substantia
nigra and putamen are elevateghostmortem brain tissuefrolar ki nsondés di se
(PD) patients relative to healthy contr@led the degree of microglial activation
correlates with the degree of neuronal IddsGeer et al. 1988; Imamura et al. 2008)
multiple sclerosis (MS), the prototypical neuroinflammatory disease, increased quantities
of activated ntroglia are observed in the white matter of MS patients compared to
healthy control¢Zrzavy et al. 2017)Specifically,microgliaare foundn active lesios
during the early stages of demyelinationanimal modelsexaggerated phagocytic
activity of microgliais involved in the synaptic loss that occurs in AD, tbd ageing
(Hong et al. 2016; Wilton et al. 2021; Dundee et al. 2023)
To survive in the CNS, microglia require constitutive activatiooaddny
stimulating factor XCSF1) receptorsrough the endogenous ligands, CSF1 arg4L
(Lin et al. 2008; Ginhoux et al. 2010; Erblich et2011; Nandi et al. 2012Brain-
penetrant antagonists of CSF1 receptors deplete microglia from living amingahave
provided insight into the functional roles of microglia during health and di¢Eamere
etal. 2014) In 10-monthold mice with five familial AD (5xFAD) mutations, elimination
of microglia had no effect on existing AbD
of the loss of dendritic spines angenerareduction in neurodegenerati(®pangenberg
et al. 2016) This would suggest thaticroglia are required to induce neurodegeneration,
potenti al |y IAfollow-apssidy examined the effebts of chronic
microglial depletion in éveeko | d mi c e, prior t (bpahgerberp nset
7



etal.l20199Ear |l 'y el i mination of microglia reduce

paenchyma which suggests that microglia are active contributors to plaque formation in
the early phases of AD. Given that many of the genes known to influence AD risk are
specific to microglia, it is certainly possible that microglia would contribute wupla
formation in 5xFAD mice and humans with specdlieles(Efthymiou and Goate 2017)
Depleton of microgliafrom the R6/2 mouse model of HEsulted infewer motor
deficitsandimproved cognitive performang€rapser et al. 2020%imilar results were

shown in mouse models of PD, whereby microglial depletion ameliorated both behavioral
deficits and markers of neuroinflammati@@h et al. 2020; Zhang et al021a) This

body of microglial depletion experiments suggestsadbtvation of microglia is a

common factor in mouse models of neurodegeneration ancethatval of microglia

generally improves outcomes.

1.3Behavioural and cellular consequencesf neuroinflammation

The symptoms ofhronic lowgradeneuroinflammationncludechanges in
behavior and cognitive performance. Acute encephalitis, most commonly caused by a
viral or bacterial infection in the CNS, involve®re severgymptons such as memory
loss, seizures, aggression, and psychiossldition to fever and other traditional
symptoms of infectioEllul and Solomon 2018; Kumar 202&ven during peripheral
infections which do not penetrate the CNS, the upregulated productiorloblL and T NF
by peripheral immune cells induces fatigue apgulates sleep through interaction with
serotonergic neurons in the brain stgmeri and Opp Q09) Thesesymptoms resolve
uponclearance of the infectiomhich indicategshese cognitie deficitsand behavial
changesre directly linked to high levels of inflammation in the br&aripheral
injection with bacteriablerivedlipopolysaccharided_PS) is sufficient to induce
neuroinflammation characterized by glial activation and neuronal loss in(Batista et
al. 2019) The neuroinflammatioand subsequent cognitive impairmemuced by LPS
can be blocked btoll-like receptor 4 TLR4)-specific peptides which indicates that LPS
penetrates the BBB to elicit inflammatory responses that are specific to thébramet

al. 2019) Activation of microglial TLR2 and TLR4 in the mouse prefrontal cortex has
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also been shown to underlie str@ssuced social avoidance via secretion ofllIlU  a n d
TNF (Nie et al. 2018)Overall,neuroinflammation influences cognition in humans as
well as rodents. Importantly, these chas can be observed even in the absence of
immune cell infiltration into the CNS.

In line with the known effects of neuroinflammation on cognition and behaviour,
inflammation has also been identified as a component of several psychiatric illnesses
including depression, anxiety, and addictiétevated markers of inflammation and
microglial activation are observed in several brain regions of humans during major
depressive episodes, and the degree of inflammation correlates with the severity of the
episodegSetiawan et al. 2015; Richards et al. 20E&)stmortem tissue samples from
the white maer of patients with major depressive disorder also exhibit increased markers
of microglial priming and inflammation as well as infiltration of peripheral immune cells
including macrophagdd orresPlatas et al. 2014puicide among patients with
depression has also been correlated aitincreased abundance of reactive microglia in
several brain regions including tbersolateral prefrontal cortex, anterior cingulate
cortex,andmediodorsal thalamys$Steiner et al. 2008xposure of newatal rat pups to
LPS has been demonstrated to affect andtikeybehaviour and induce memory
impairments that last into adultho@ominsky et al. 2012; Wang et al. 201djce
injected with LPShave also been shovim exhibit anxiety and depressivéke behaviors
due to enhanced excitability of projection neurons in the basolateral am{gdlaiey et
al. 2021). With respect to the addictive behaviour of animals, direct inhibition of TLR4
mediated signaling reduces the dregking behaviour abdents in response to both
opioids as well as cocairfelutchinson et al. 2012; Brown et al. 202Bhese data
suggest that microgliemediated inflammation is a component in several aspects of
neuropsychiatric conditions.

Within the CNS, cytokine receptors are expressed on neurons and glia, and the
presence of specific cytokines can affect the functional properties of individual neurons
and neuronal circuitdL-1 b a n dchcrebddrieuronal excitabilityn vitro andin vivo
by enhancing glutamatmediated signaling throudit+-methytD-aspartatéNMDA) and
U-amino3-hydroxyk5-methyt4-isoxazolepropionat AMPA) receptos (Hagan et all.
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1996; Viviani et al. 2003; Pickering et al. 2005; He et al. 204Rhough these effects
have been associated with enhanced synaptic plasticity and scaling, excessive quantities
of these cytokinesra also associated with excitotoxic{§eattie et al. 2002; Stellwagen
and Malenka 2006; Jara et al. 20djcessive production of TNF by microglieduces
circuit instability and susceptibility tiethal seizures in micg-einberg et al. 2022)
Elevated TNF in the CN8f ratscanalsoupregula¢ Na,1.3 and Nal.8which are
important contributors to neuropathic péite et al. 201Q)In contrast witHL-1 b a n d
TNF, IL-6 is known tadampen neuronal activity through regulation of adenosine
receptors and Ga.2 (Biber et al. 2008; Ma et al. 2012phibitory GABAer gi ¢ (2
aminobutyricacid)neurons are particularttye nsi t i ve t o | FNo2 whi ch ¢
toneandaffect learningand memory as well as stregdated cognitive impairment
(Brynskikh et al. 2008; Filiano et al. 2016; Monteiro et al. 20Cyj)okines play
important roles in the functions of neuronal circuits but can create dyisiumdien not
maintained within specific concentrationkich highlights the importance of regulating
inflammation in the brain

It is likely that the transient behaw@l correlates of neuroinflammation can be
caused by the effects of inflammation on neural activity, however, moredomg
cognitive changes can also occur when chronic inflammation facilitates the permanent
loss of synapses or the death of neurons. Micedavery from virainfection exhibit
increased release of I FNo from T cells whi
in learning as well as synapse elimination and neuronal apoptosis in the hippocampus
(Garber et al. 2019These effects anegulatecby complenentdependenmicroglial
phagocytosi®f synapses and perikarya as well as astregdgteved I.-1 b whas ¢ h
been shown tpromotelearning deitits and inhibit neurogenegiGarber et al. 2018)n
a mouse modedn o fkighddhg in miErdylh is associated with the loss
of postsynaptic terminals, however, ifeurons, stimulation byterferonss associated
with memory | oss and (Royeta. 2020 202P2Andtkep o s i t i on
characteristic of AD is an overabundance o
coincides with the activation of both microglia and astrocytes in the CNS and loss of
synapses and viable neurdi®wn et al. 2005; Dai and Shen 2021)
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1.4Neuroinflammation as a therapeutic target

Neuroinflammation is a common characteristic of virtually all brain ailments,
however, inflammation in the brain is highly heterogeneous and can be initiated by a
wide variety of different factors depending on the disease or i(Ragsohoff 2016b)
Four primary neurodegenerative diseases are ADARS, and HD, of which the initial
signs and symptoms of pathology are directly related to neuronal dysfunction. This is in
contrast with MS where neuronal damage occurs secondarily to the initial autoimmune
response against myelin. AD, PD, ALS, and Higlgeature defects in distinct proteins
that either initiate or contribute to the progression of the disease. These proteins include
Ab and hyper-paos p symiciRinddnirdPD, TAR DNA-binding
protein 43 (TDP43)in ALS, and mutanHTT (mHTT) in HD. Each of these proteins
have a propensity tmrm extracellular or cytoplasmaggregats. These protein
aggregates may subsequently induce neuroinflammation or elicit direct cytotoxicity
through the formation of intracellular oligomers irils (Reish and Standaert 2015;
Crotti and Glass 2015; Selkoe and Hardy 2016; Bright et al. 2B@d gxample,
microgliarespod di r e c t | “gyn with a $idbm od pradflantmatory cytokines
including TNF, IL-6,and IL1 b whi ch can i mivivoi\ahgetah eur on al
2015; De et al. 2019; Hughes et al. 2020; Choi et al. 2020; Xie et al.. ZDR®ing
treatment strategsfor these primary neurodegenerative désshave focused on the
direct removabf these protein aggregates. This includes the use of neutralizing
antibodies raised against Ab to prevent ag
antisense oligonucleotides to reduce the translatiom-bif T (van Dyck 2018; Rook and
Southwell 2022)However, there is growing interest in the common roles of
inflammation in these diseases and exploring neuroinflammation as a source of
therapeutic targets.

As neuroinflammation is often associated végistemic inflammation, an
obvious treatment option would be the use of globatiafftmmatory agents to suppress
inflammation in both the brain and periphefyn earlyprospective, populatichased

cohort studyusing patient recordsf nearly 7000 subgctsfound that there was a reduced
11



risk of AD with longterm nonsteroidal antinflammatory drug (NSAID) usagei n t 0
Veld et al. 2001)A follow-up metaanalysis of over 600 studies contradicted these
findings and demonstrated that there was no reduced risk of AD associated w#é the u
of NSAIDs or steroidal aninflammatory druggJaturapatporn et al. 201ore recent
evidence has also failed to identify a link between NSAID usage arat RDS (Fondell
et al. 2012; Brakedal et al. 202Given theadditional adverse effects associated with
chronic use of various NSAIDs or steroidal anflammatories, the opportunities to use
these drugs for the treatment of neurodegenerative diseases appear to be limited.

Current efforts imeuroinflammation tr@mentare focused on the suppression
of pro-inflammatory glial activity througimdirect inhibition ofprocesses that lead to
microglial activation or direct action on microgIP0O01 is a proprietary formulation of
sodium chlorite which was developed Idguvivo for the treatment of ALS. NPOO1
targets macrophages to divert activation from aipflammatory phenotype toward an
antrinflammatory phenotype and has shown benefits to select subsets of patients with
respect to clinical disease progression, respiratory function, serdmflgramatosy
markers, and microbial translocation from the intestine to the bloods{h#er et al.
2014, 20152022; Zhang et al. 2022c; McGrath et al. 2028001 was slated for a
phase 1 tria(ClinicalTrials.gov identifierNCT03179501)n AD patients but this was
terminated due tmsufficientrecruitment XprokE , developed bynmune Bio, Ing.is a
nextgereration TNF inhibitor which comprises an engineered recombinant human TNF
protein that forms trimers with native soluble TNF but cannot bind the type 1 TNF
receptor (TNFR1)XproE has recently completed a phase 1 iridfebruary 2022
(ClinicalTrials.govidentifier: NCT03943264to determine safety and efficacyAD
patients The company has reportadnarked reduction in hyperphosphorylated tau in the
cerebrospinal fluid (CSFPhase 2 trials foxproE in patients with mild AD and
cognitive impairment wh elevated biomarkers of inflammation are currently in the
recruitment phasand will include neuroimaging as well as cognitive testing
(ClinicalTrials.gov identifies: NCT05318976andNCT05321498 ACZ885, developed
by Novartis, is a monoclonal antibodgsigned to neutralize circulatitig-1 bACZ885
was successful in phase 1 safety tr{@bnicalTrials.gov identifiers: NCT006199GHd
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NCT00421226pnnd is currently recruiting for a phase 2 trial in patients with mild
cognitive impairment or AQClinicalTrials.gov identifier: NCT04795466) heseearly
successes suggest that the peripheral immune system can be targeted to improve
outcomes in neurodegerative disease through the reduction ofipfammatory
myeloid cells and circulating cytokines such as TodH.-1 b

One of the first compounds used in AD clinical trials to specifically target
microglia isGC021109developed by GliaCure INGC021109s a prodrughat is
metabolized into an agonist of microglR2Y purinoceptor §P2Y ¢) receptors.
Adenosine diphosphate (ADP) and uracil diphosphate (UDPharendogenous ligaad
of P2Ys receptors and are released by-pritammatory astrocytes as as injured
neurongGuthrie et al. 1999; Davalos et al. 2005; Koizumi et al. 20@@fjvation of
P2Ye stimulates microglial phagocytosasd reduces cytokine releasedthe rationale
for this compound was toinducant r og | i all upt akwithand cl ear an
simultaneous reduction of neuroinflammati{tinet al. 2013) The phase 1b trial to
evaluate safety and pharmacokinetics in AD patients was completed in February, 2016
(ClinicalTrials.gov identifier: NCT02386306however, the results have not been
published Stimulation of microglial P2¥receptors has more recently been shown to
induce phagocytiaptake of stressed but viable neuramsitro andin vivowhich would
contradict the use of a P2¥eceptor agonist for therapeutic purpogesigdellivol et al.
2021) ALOO3, developed by Alector Inc., athai AG22515 developed byH. Lundbeck
A/S, are two more compoundsat target the microglial receptors, CD33 and CD40,
respectivelyCD33 and CD4Mave each been associated with microglial inflammatory
and phagocytic activityGerritse et al. 1996; Ponomarev et al. 2006; Estus et al. 2019;
Bhattacherjee et al. 2021AL003 recently completed a phase 1 safety trial in AD
patientgClinicalTrials.gov identifierNCT03822208and a phase 1 safety trial with
AG22515is currently in progress as &fine, 2023ClinicalTrials.gov identifier:
NCT05136053

There are currently no approved drugs to specifically treat the
neuroinflammation tat precedes the onset of virtually all neurodegenerative diseases.
Although currentlinical effortsskew heavily toward\D, the results of ongoing trials

13



will provide insight into the value of neuroinflammation as a therapeutic target. As
neuroinflammatia is a unifying process in neurodegenerative disease, tHespathat
progress made toward the treatment of AD will be transferrable to other diseases,
including HD, PD, ALS, and more. Furthermore, the abtbtpharmacologically
modulate chronic lovgrade neuroinflammation could also be useful to improve or

preserve brain function in healthgeingindividuals.

1.50bjectives of this research

Although there is a clear link between systemic inflammation,
neuroinflammation, and impairment of neuronal function, the sequences of events are
difficult to confirm. It is unclear whether peripheral inflammation induces glia activation
and subsequent neanal loss, or if inflammation can directly induce neuronal loss which
promotes glial activatiorin vivomodels of neurodegenerative disease are useful to build
our understanding of the broad relationship between neuroinflammation and
neurodegeneration.dwever,in vitro models allow for a more mechanistic investigation
into the relationships between microglia, neurons, and individual cytokines.

The purpose of this research is to investigate the mechanisms by which
microglia respond to common piaflammabry stimuli as well as the mechanisms by
which activated microglia can negatively affect neurons. The core questions are whether
the preinflammatory activities of microglia will directly impair neuronal function and
survival, and if so, whether pharmaagical manipulation of microglial activitgan
prevent these negative effects. As microglia are innate immune cells, | focus on the use of
immunemodulating drugs to either control the activity of microglia in response to pro
inflammatory stimulito reducehe release afytokines before they interact with neuronal
cytokine receptors. Thgroup ofpharmacologicaagentsxplored in tis thesis is broad
and includes experimental signaling inhibitors, synthetic cannahieogptor agonistas
well as endocarabinoids, JAK inhibitors, and antitokine biologics. Ultimately, the
goal of this thesis is to improve our mechanistic understanding of how microglia can
damageneurons angrovide somevidence to suppovthethertraditional

immunomodulatory drugs hojgtomise for the treatment of neuroinflammation.
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Chapter 2: Synthetic cannabinoids reduce the inflammatory activity of
microglia and subsequently improve neuronal survivaln vitro

Copyright statement

This article was published in June, 2022 in the jouBnaln, Behavior, and
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of the article within this thesi¥.he publication status of firstuthor articles inclued or
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Preface

Chronologically, the experiments contained within this chapter were performed
before the experiments contained in other chapters. The primary purposes djibes ch
were to establish the conditioned media model and determine whether cultured microglial
cells would induce secondary damage to cultured neuronal cells. The secondary purpose
was to assess the potential anflammatory properties of different classef
cannabinoids on the microglia. This chapter provides a juragfingoint for the
remainder of the thesis as each subsequent chapter expands on a specific component of

this chapter.
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2.1Abstract

Microglia are resident immune cells of the brain thatey the
microenvironment, provide trophic support to neurons, and clear debris to maintain
homeostasis and healthy brain function. Microglia are also drivers of neuroinflammation
in several neurodegenerative diseases. Microglia produce endocannadntbélgpress
both cannabinoid receptor subtypes suggesting that this system is a target to suppress
neuroinflammation. We tested whether cannabinoid type 1)(@Bype 2 (CB)
receptors could be targeted selectively or in combination to dampprothélammatory
behavior of microglia, and whether this would have functional relevance to decrease
secondary neuronal damage. We determined that components of the endocannabinoid
system were altered when microglia are treated with lipopolysaccharidietaridron
gamma and shift to a pioflammatory phenotype. Furthermore, pndlammatory
microglia released cytotoxic factors that induced cell death in cultured T’
neurons. Treatment with synthetic cannabinoids that were selective foe€ptos
(ACEA) or CB receptors (HLB08) dampened the release of nitric oxide (NO) ané pro
inflammatory cytokines and decreased levels of MRNA for severahflasnmatory
markers. A nonselective agonist (CP 55,940) exhibited similar influence over NO release
but to a lesser extent relative to ACEA or 308. All three classes of synthetic
cannabinoids ultimately reduced the secondary damage to the cultured neurons. The
mechanism for the observed neuroprotective effects appeared to be related to
cannabinoidmedated suppression of MAPK signaling in microglia. Taken together, the
data indicate that activation of @Br CB, receptors interfered with the pioflammatory

activity of microglia in a manner that also reduced secondary damage to neurons.
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2.2 Introduction

Neuroinflammation is a hallmark of damage to the brain that occurs with chronic
neurodegenerative diseases as well as acute conditions such as traumatic brain injury or
septic encephalopatlfeuzmanMartinez et al. 2019; Li et al. 2020; Witcher et al. 2021)

Microglia are recognized as resident immune cells of the brain and have been identified

as active propagators of neuroinflammatiBerry et al. 2010)At rest, unreactive

microglia survey the microenvironment using scavenger receptors, clear debris, and

provide trophic support to neurons to maintain homeostasis and histhyunction

(Nimmerjahn et al. 200%Cherry et al. 2014Microglia may detect soluble factors

released by damaged neurons or infiltrating peripheral immune cells and transition to an
activated prenflammatory phenotypt mediate host defense via release of pro

inflammatory cytokinesuch as interleukin (IkL b and t umor necrosi s f
( T N RGhhor et al. 2013)Sufficient concemritions of these cytokines trigger neuronal

signaling cascades that lead to cellular impairment or apogitesisnann et al. 2002;

Brown and Vilalta 2015; Bachiller et al. 2018hus, the sustained pnaflammatory

actvity of these microglia promotes chronic neuroinflammation which induces secondary
neuronal damage and impairs global cognitive funaiiod Avi | a et al . 2018;
2019)

The endocannabinoid system functions at the interface between the nervous
system and the immune system and has been proposed as a source of targets to treat
inflammation and neurodegenerati@acher et al. 2006The endocannabinoid system
comprises synthetic and degradative enzymes for the endocannabinoids, anandamide
(AEA) and 2arachidonoylglycerol (AG), as well as the cognate G protewupled
receptors (GPCRSs), which are the cdnnaid type 1 (CB) and type 2 (CB receptors
(Howlett 2002) CB: receptors are abundant in neurons in the central nervous system and
typically inhibit the release ofeurotransmitters when activat@dowlett et al. 2002)

Conversely, CBreceptors are primarily found in macrophage and other immune cells,
including microglia (Galiégue et al., 1995; Howlett et al., 2002; Stella, 2009). CB
receptorsme primarily responsibl%® for the psych

tetrahydrocannabinol (THC), whereas £3Bceptors typically mediate the anti
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inflammatory effects of specific cannabinoi@&aliégue et al. 1995; Marsicano and Lutz
1999; Maresz et al. 2005)

Treatment with nonselective cannabinoids, including endocannabinoids and
synthetic molecules, has been shown to reducenfileonmatory narkers in rodent
models of neuroinflammation and dampen theipflammatory behavior of microglia
(Ehrhart et al. 2005; Eljaschewitsch et al. 20@&nikashvili et al. 2006; Fernandez
Lopez et al. 2006; Tanaka et al. 2020; Komorowgkdler and Schmdle 2020)
Microglia express both CGBand CB receptors, and crogalk can occur at the signaling
level when both receptors are targeted simultarg@8s¢ella 2010; Callén et al. 2012;
Navarro et al. 2018a; Young et al. 2022pwever, the pharmacological contributions of
CBs1 and CB receptors to the primflammatory activity of microglia have not been
clearly delineated using selective agonists and antagonists. Furthermore, the biological
relevance of these effects has not been determined with respect to secondary damage to
neurons.

In this work, we aimed to determine the effects of synthetic cannabioaid
pro-inflammatory microglia using drugs that selectively activate eithard€B;
receptors, or nonselectively activate both receptors. We used a strategy that involved
conditioned media to assess the effects of secreted microglial factors on damnstr
neuronal viability(Chha et al. 2013; Janefjord et al. 2014; Dai et al. 2015; Wang et al.
2017; Garcia et al. 2018 p.; Liu et al. 2018 present evidence that each class of
cannabinoid receptor agonists dampen themffammatory activity of microglia, and
thatselective activation of cannabinoid receptors may be more beneficial than dual
activation in this context. Moreover, these effects translated to subsequent improvements
in neuronal survival the model of microghativen neurotoxicity. Taken together, tbes
data support that the microglial endocannabinoid system is a promising target to dampen

microgliamediated neuroinflammation and prevent subsequent neuronal damage.
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2.3Results

231LPS and | FNo st i mul protindasnmatorydactorg | i a t o r el
SIM-A9 microglia were treated with a combination treatment of LPS (1000

ng/ mL) and | FNo ( zi6flanm@toryresponge gFigelA)iTeea t a pr o

treatment stimul ated-1Hh a ®ihdlhéalttemedidlm NO, TN

with distinct temporal profiles. NO release was significantly elevated within 16 h and

continued to increase up to 72 h (R2g1B). NO release retained an upward trajectory

throughout all time points and reached 279 £ 9 pmol per microgramteirped the

endpoint of 72 h. TNFU peaked at 16,555 N

media between 16 and 24 h following stimulation but returned to baseline by 48 & (Fig.

1C).IL-1 b r el ease peaked at 113 d¥ bBtthepeak/ mL 24

concentration at this time point was not statistically different from baseline2(AiB).

IL-6 peaked at 832 + 135 pg/mL within 8 h and remained significantly elevated until 16 h

but returned nearly to baseline by 48 h (RdLE).
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Figure 2. 1. Soluble factors released following pranflammatory treatment. A SIM-

A9 microglia were treated with LPS-and
inflammatory f a-&tb p6vak NoDitoredTfod &plq 48 brl72B.NO

was monitored in the cell supernatant via Griess assay for up to 72 hours following
treament(Nn=8)CTNFU (RIL2b4) n £IL4H)n=4)averd monitored for

up to 48 hours following treatment using specific enzjimieed immunosorbent assays.
Data is presented as mean * standard error of the mean. Significance was detesimgned
the nonparametric KruskaWa |l | i s t est -hoc tedy *pBE ©@.65nv8. shoup o s t

time-point. Panel A was prepared using BioRender.
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In subsequent experiments, conditioned media from-&8Mnicroglia was
applied to cultured neurons. For thesxperiments, microglia were stimulated with LPS
and | FNo for 16 h before the media was har
media harvested at this time point-6include
compared to baseline. Thus, this diloned media contained 86.5 = 1.9 pmol NO per
mi crogram of protein, 16,555 N-1»,548&dp&/LmL
+ 96.4 pg/mL IL:6 in addition to the pranflammatory factors that were not specifically
quantified in this study.

2.3.2.The micoglial endocannabinoid system was altered underipfl@ammatory
conditions

Given the roles that the endocannabinoid system may play in
neuroinflammation, we measured gene expression of several components of the
endocannabinoid system in microglia upoatteme nt wi t h LPS afnd | FNO
inflammatory conditions, there was a decrease in the mRNA abunda@oeldiCB;;
3.22fold, p = 0.0022, Fig2. 2A) andCnr2 (CB; 17.82fold, p = 0.0022, Fig2. 2B)
relative to microglia that did not receive th@nflammatory stimuli. There was no
change iMNAPEPLD(NAPE-PLD; Fig.2. 2C) but there was an increase in mRNA
abundance foFAAH (FAAH; 26.07fold, p = 0.0022, Fig2. 2D). Conversely, there was
an increase iIDAGLA( D A G L U :foldJp = 6.@022, Fig2. 2E) but no change in
MGLL (MAGL; Fig. 2. 2F).

As the abundance @nrl1andCnr2 mRNA was diminished upon treatment with
the preinflammatory stimuli, immunofluorescence staining ofi@Bd CB receptors
was used to determine whether the-ftammatorymicroglia expressed cannabinoid
receptors at the cell surface. Qualitative immunofluorescence staining revealed poth CB
and CB receptoflike immunoreactivity in the unreactive and pndlammatory states
which indicated that the microglia expressechtreceptor proteins following treatment
with LPS anrR@GH)RKNmrol gafmpleg were prepared using a blocking
peptide for the aCB; receptor antibody which ablated &lke immunoreactivity as
determined qualitatively in all samples regardlettreatment (Fig2. S1).
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Figure 2. 2. Components of the endocannabinoid system were dysregulated in
microglia exposed to preinflammatory stimuli. A-F Reverse transcription quantitative

PCR analysis of mRNA abundancefoCnrl (CB: receptors)B Cnr2 (CB2 receptors)C
NAPEPLD(NAPE-PLD), D FAAH (FAAH), E DAGLA( DA GL U F MGL4 (MAGL)

foll owing 24 h treat ment with wvehicle or
determined using the ngrarametric ManfWhitney test; * p < 0.01. G-H
Immunofluorescence labeling of CBgreen) and CB(magenta) receptors in SHX9

microglia treated witls vehicleoHL PS and | FNo. Scale bar; 10
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2.3.3.Conditioned media from primflammatory microglia was neurotoxic

To determine if the media from piflammatory microglia was cytotoxi&§IM-

A9 microglia were stimulated with LPS and
was applied to cultured $TNR7/?7 neurons for 24 h. To identify a potential dose

response relationship between the conditioned media treatment and subsequent neuronal
survival, the conditioned media was diluted in serfinee DMEM:F12 media so that

treatment groups would receive as little as 60% of the conditioned media or up to 100%
conditioned media (Fig2. 3A).

The neurons were cultured in the conditioned media4dr and cell viability
was measured. Compared to media taken from unstimulated microglia, the pro
inflammatory conditioned media was observed to be neurotoxicknll§?T'?" neurons at
a concentration of 85% or higher (F&3.3B). In these neurons, 100%cbtioned media
induced death in up to 64.4 + 4.4% of cells whereas the undiluted media from
unstimulated microglia induced death in only 30.9 + 1.7% of cells. Cultured HEK 293T
cells were subjected to the same treatments for comparison to determinad the
inflammatory media may be selectively neurotoxic. The conditioned media did not
induce more cell death in HEK 293T cells compared to media from unstimulated
microglia at any given dilution (Fi@. 3C). HEK 293T cells that received 100%
conditioned mdia from preinflammatory microglia exhibited 19.3 + 1.3% cell death
whereas the proportion of cell death was 17.2 + 4.1% in cells that received media from
unstimulated microglia.

As a corroborating measure of cell viability, t@ncentration of ATP was
measured in STAh?"?"neurons and HEK 293T following exposure to-lammatory
conditioned media. The $h?"/?" neurons exhibited a significant reduction in ATP
concentration upon exposure to a concentration of 70% or goeatditioned media
(Fig. 2.3D). In HEK 293T cells, the prmflammatory conditioned media had no effect
on the concentration of ATP.
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Figure 2. 3. Conditioned media from pro-inflammatory microglia was toxic to
STHdhR"Q7 neurons and not HEK 293T cells.A Media was harvested from pro
inflammatory microglia, diluted in serufree media, and applied to STHI” neurons

or HEK 293T cells in the ratios indicated {600% conditioned media). Cell viability was
measuredrn B STHAH"?" neurons (n = 8) an@ HEK 293T cells (n = 4) following
exposure to conditioned media for 24 hours. The concentration of ATP was also
determined irD STHAH"?" neurons (n = 8) anll HEK 293T cells (n = 4) as a measure

of overall cell viabilty. Data is presented as the mean * standard deviation. Statistical
significance was determined using tway ANOVA with Sidak correction for multiple
comparisons; < 0.001. Panel A was prepared using BioRender.
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2.3.4 Cannabinoid treatments dampened the ngted pro-inflammatory response

Cannabinoid receptor agonists have been repeatedly shown to have anti
inflammatory effects in different models of neurodegenerative digBase et al. 2009;
Fakhfouri et al. 2012; Aso et al. 2013; Javed et al. 2016; Chung et al. 2016; Cassano et al.
2017) We aimed to determine whether stimulation ofi GBCB; receptors by selective
or nonselective synthetic agonists would influence thargtammatory behavior of
SIM-A9 microglia. Microglia were treated with ACEA (>1408ld selectivity for CB
over CB), HU-308 (>440fold selectivity for CB over CB), or CP55,940 (relatively
nonsel ective) and the effect on NO release
was determine@Pertwee 1997; Hillard et al. 1999; Hanus et al. 1988jtreatment with
ACEA produced a dosdependent decrease in N€lease, to 53.22 + 14.09% relative to
control samples with an Egof 677.64 nM (Fig2.4A). HU-308 suppressed NO release
to 72.43 £ 6.13% with an EBgof 692.04 nM and CP 55,940 suppressed NO release to
81.26 *+ 6.97% with an Efof 564.94 nM.

To coroborate the effects of cannabinoids on NO release, the experiments were
repeated usingtheCood o0 s e of ACEA308. R22¢MM) g MHU or CP
eM) and/ or AM251 ( 2 Merbp)iatreated vitMACEA exliibltede M) .

suppressed NOreleasseo 136.8 N 41.0 nmol per e€g tot al
27.0 in the cells that recep<wWel)(Fig2.y LPS K

4B). The effect of ACEA was also blocked by the selective antagonist AM251 (
0.0121) which indicatedht effect was mediated by €Beceptors. Treatment with HU

308 reduced NO release to 148.0 N p®. 7 nmo

0.0001) and the effect was blocked the the f&B8eptor antagonist, AM63@ € 0.0185)
(Fig. 2.4C). This irdicated that the effect of HB08 on NO release was mediated by
CBa2 receptors. Finally, treatment with CP 55,940 suppressed NO release to 147.1 £+ 36.3

nmol per €g total pP=0d0004)iand thé d¢ffec{whs parbally) = 65.

blocked by both AM2514= 0.0219) and AM630p(= 0.0303) which suggested a

contributon of both receptors to the effects of CP 55,940 (FigD). AsAM251 and

AMG630 are known as inverse agonists ofi@Bd CB receptors, respectively, we

prepared dose=sponse curves with these drugs alone to determine whether there was a
25
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dosedependenpotentiation of NO release with the inverse agonism of @ECB,
receptors (Fig2. S2). We found that there was not a ddspendent effect of AM251 or
AMG630 alone on NO release from SIA® microglia. This indicated that either these
ligands behaved aseutral antagonists in this assay, or that inverse agonism of the

cannabinoid receptors did not induce NO release.
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Figure 2. 4. Microglia treated with cannabinoids exhibited reduced NO release and

MRNA of pro-inflammatory markers. A NO release following treatment with LPS +

| FNo and vehi-308, er,CP B6Q@EAN = 1H)UStatistical significance was
determined using twavay ANOVA with Sidak correction for multiple comparisong)

0.05, ACEA vs. CP 55,940;p< 0.05, HU308 vs. ACEAB-D Cells treated with vehicle

or LPS + | FiNdoseoiBACEAe (ECHUBMNB, (2. DCe M) , of
55,940 (1.8 €M) and/ or AM251 (2 €M) or AMG6!
was determined using the nparametric KruskaWa | | i s t est -hwitéesh~ Dunnod
p< 0. 05 vs. pkQ@®O0Svs+agdnist NAM251#3'< 0.05 vs. agonist + AM630.
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To determine whether the synthetic cannabinoid agonists also had an effect on
the abundance of piaflammatory markers, mRNA fddos2(iNOS), Tnf( T N Filtlb
(IL-1b) ,l6@dR6d) wer e measured following treat me
presence of cannabinoids. The {GBid CB receptors were targeted individually or in
combhnation using the Eés of ACEA, HU-308 or CP 55,940. For comparison, a
combination of ACEA and HtB08 was used at half of the kCTreatment with LPS and
| FNo2 i n the pr e s388radeceddhe abAnddhde ofoanRNAmS2(p
< 0.0001; Fig2.5A), Tnf(p < 0.0002; Fig2.5B), ll1b (p < 0.0001; Fig2.5C), andll6
(p<0.0001;Fig2.5D) relative to LPS and I FNo2 al one
not influence the mRNA abundanceiNfOSor IL-6 but reduced the abundance of
mRNA for T N F(f)< 0.0001) andL-1 &p = 0.0007). Interestingly, the combination of
ACEA and HU308 was less imgrtful on the mRNA for pranflammatory markers, and
only reduced the mRNA abundance ffiorl f{p = 0.0048).
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To confirm that the synthetic cannabinoid treatments suppressed the release of
TNF U-1 b1, L aéntde michoglial culture medium was analyzed following treatment
wthLPS and | FN2 1 n c o miB08nhoaGPi5s R Trwatmehtwik CEA, H
the preinflammatory stimuli induced the release of TNF whi ch was- reduced
treatment with ACEA§ = 0.0341) or HU308 alone§ = 0.0066) whereas CP 55,940 or
the combination of ACEAandH3 08 di d not infludm@e the re
6A). Thereleaseof L b wa s dampeoned byretregtment with ACEAR =
0.002) or HU-308 alone§ = 0.0496 (Fig. 2. 6B). Similarly, IL-6 release was
suppressed only by treatment with ACE®=0.0024 or HU-308 (p = 0.0254 (Fig. 2.
6C).
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0.05 vs. untreated; p< 0.05v s . LPS + | FNo.
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2.3.5Microglial cannabinoid treatment reduced neurotoxicity of conditioned media

The stimulation of CBand CB receptors reduced the abundance of mRNA for
pro-inflammatory markers and reduced NO release from cultured/A®vhicroglial
cells To determine whether these effects had biological relevance, the conditioned media
was again applied to $Th"9" neurons and HEK 293T cells and cytotoxicity was
measured (FigR. 7A). STHANR’" neurons that received the conditioned media exhibited
622 + 7.0% cell death. The proportion of cell death was reduced when thASGIM
microglia were pretreated with ACEA (43.3 £ 3.6p65 0.0001), HU308 (37.8 + 4.5%;
p < 0.0001), or CP 55,940 (49.8 + 5.2p6: 0.0056) (Fig2. 7B). Furthermore, the direct
treament of neurons with the cannabinoid drugs or themfftammatory stimuli had no
effect on cell viability (Fig2. S3). The effects of ACEA pretreatment were abrogated
when the SIMA9 microglia were also pretreated with AM251 or AM630. Interestingly,
theeffects of HU308 and CP 55,940 were blocked only by AM251 pretreatment whereas
AM®630 had no influence. We also found that although AM630 did not block the
neuroprotective effects of H308 or CP 55,940, an alternative £Bceptor inverse
agonist, SR144%8, fully blocked the effects of these agonists (Big4). When HEK

293T cells were subjected to the same treatments, there was no effect of the conditioned

media, regardless of whetherthe S mi crogl i a had been treat

ACEA, HU-308, or CP 55,940 (Fig. 7C).
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Figure 2. 7. Microglial cannabinoid treatments reduced neurotoxicity of conditioned

media. ASIM-A9 mi croglia were treated wi408 LPS +
or CP 55,940 in conjunction with AM251 or AM630. The conditioned media was
subsequently applied directly to culturBdSTHAH?" neurons (n = 8) o€ HEK 293T

cells (n = 4) and celliability was measured after24 hp< 0. 01 vs. pkPS + |
0.05 vs. LPS + | FNp< +0 .a0gh0 nviss.t L+ SA M2 5 1F No# +
Panel A was prepared using BioRender.
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We assessed the presence of @ CB receptors in SRdhR”?” neurons
using immunofluorescence and segmiantitative RTPCR and determined that the cells
may contain both CBand CB receptors (Fig2. S5). We observed strong Gbke
immunoreactivity but weak CGHike immunoreactivity which was abrogated using the
blocking peptide for the ar€B; antibody. RTPCR revealed that $Tdh?”/?" neurons
possess mMRNA for botinrl andCnr2 despite the weak GBeceptor staining. Thus, it
could not be ruled out that the cannabinoid drugs in the conditioned media could also
interact with neuronal GBor CB; receptors to contribute to the neuroprotective effects.

236Cannabinoid treatments di f-mediatedsignaliag | y i n
in microglia

LPS has been previously shown to signalvielNB wher eas | FNo has
shown to signal via JAK/STAT1 and phosphoinositidargase (PI13K)/Akt pathways in
microglia(Darnell et al. 1994; Ramana et al. 2002; Eirlet al. 2005; Eljaschewitsch et
al. 2006; Zhao et al. 2019; Kang et al. 2009 hypothesized that activation of CB
and/or CB receptors would interfere with the phosphorylationofNB p 65 or STAT
at the early (5 min) or late (30 min) stageighaling. We found that upon treatment with
LPS + | FNo-aB5 p@®i5nphoNpPhoryl ation was el eva
to vehicle and this was not influenced byiooubation with ACEA, HU308, or CP
55,940 [F = 3.112 (3, 11.90)] (Fig. 8A). Similarly, at the 30 min time point, N& B
p65 phosphorylation was elevated to 126.1 + 7.9% relative to vehicle and there was no
significant effect of cannabinoid doncubation [F = 3.302 (3, 11.08)] (Fig. 8B).

Upon treat ment wit h IlpRoSphorylatiofr Was elevaied mi n)
to 134.6 + 10.5% relative to vehicle and there was no significant effect of ACEA, HU
308, or CP 55,940 [F = 2.143 (3, 10.88)] (Ag8C). Finally, at the 30 min time point,

STAT1 phosphorylation was elevated to 148.3 + 7téP4tive to vehicle, and this was
not affected by cannabinoid-teeatment [F = 1.522 (3, 10.77)] (Fi.8D).
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(constrained to 100%ndicated by dashed line). Statistical significance was assessed using
Brown-Forsythe and Welch ANOVA tests with Dunnett correction for multiple
comparisons.
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Signaling of LPS and | FNo2 has al-so
activated proteikinase (MAPK) pathways including extracellular signegulated
kinases (ERK)1/2,-dun Nterminal kinase (JNK), and p38 as well as the PI3K/Akt
pathway(Waetzig et al. 2005; Eljaschewitsch et al. 2006; Khatchadourian €&, 2
Subedi et al. 2017; Ye et al. 2020; Lu et al. 20&k)the cannabinoid treatments
dampened t h-endute® &tivationloff SNWA9 microglia, we hypothesized
that activation of CBand/or CB receptors would interfere with the activation otar
several of these signaling pathways. We found that treatment with ACEA-GOBU
bl unt ed t h-iedudedPphosphorylaidd of ERK1/2 whereas CP 55,940 did not
have an effect [F = 136.4 (3, 5.530)] (Fxy9A). HU-308 also dampened the LPS +
| F Nnmluced phosphorylation of INK [F = 27.86 (3, 6.532)] (BigB) and p38 [F =
7.892 (3, 9.525)] (Fig2. 9C) whereas ACEA and CP 55,940 had no statistically
significant effect on these pathways-.
induced phosphorylation of Akt [F = 38.88 (3, 6.525)] (R2g9D).
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Figure 2.9. MAPK and PI3K -Akt pathways were differentially influenced by ACEA,

HU-308, and CP 55,940 treat men8IM-Ahmiceogliaj unct i
were treated with. P S+ with Eifder the vehicle, ACEA (1.2 uM), H308 (2.5 uM),

or CP 55,940 (1.8 puMjpr 30 min Phosphorylation oh ERK1/2 (Thr202/Tyr204, B INK
(Thrl83/Tyrl85) C p38 (Thrl80/Tyrl82) and D Akt (Ser473 was measured and
normalized to cell number using CellTag 700. Phosphorylation (%) was normalized to cells

that did not receivePS + F N (constrained to 100%, indicated by dashed lih@)< 0.06

VS. L P S+ vehicle;Fg&®D . 05 v s. HGOPS5940; p FOND5 vs. LPS +

| F N-AACEA. Statistical significance was determined using Bréwrsythe and Welch

ANOVA tests with Dunnett correction for multiple comparisons.
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2.4Discussion

We have investigated the influence of synthetic cannabinoid drugs to determine
the contributions of 81 and CB receptor activation on the pioflammatory activity of
cultured microglia and the downstream effects on cultured neurons. The data suggest that
in microglia, activation of CBor CBp receptors effectively dampened the release of NO,

T NF U-1 pdnd. IL-6 and reduced the abundance of mMRNA corresponding to these
factors. Ceactivation of CB and CB receptors also reduced NO release and mRNA for
IL-1b. Ulti matel y, t r3@8aadr @Pe5h,940 redudedhthesubseduent H U
neurotoxicity of te conditioned media from piiaflammatory microglia. This indicated

that either individual or simultaneous activation of cannabinoid receptors effectively
reduced the prinflammatory and neurotoxic activity of microglia in a biologically

relevant manner.

Microglia exhibit fluctuations in the endocannabinoid system components under
pro-inflammatory conditiongYoung and DenovaliVright 2022a) We observed that the
components of the microglial endocannabinoid system fluctuated upon treatment with the
proinflammatory stimuli, LPS andtlyl FNo. The
reduced quantities of GBand CB receptor mRNA, similar findings were reported by
Maresz et al. (2005)here CB receptor mRNA was suppressed in L¥8ated
microglia. CB receptor mRNA was also substantially reduced in primary rat microglia
and RAW 264.7 macrophagei ke cel |l s upon treatment with
(Maresz et al. 2005Pespite the observed reduction in cannabinoid receptor mRNA, the
microglia exhibited CBand CB receptoflike immunoreactivity following treatment
with LPS awewkr dntibdties raisddagainst GPCRs and especiafly CB
receptors generally do not exhibit a high degree of specifidaier 2015; Zhang et al.
2019b) This prevented direct correlation between immunofluorescence anor CiB,
receptor abundance. Ultimateljpetmicroglia were responsive to cannabinoid drugs
foll owing treatment with LPS and | FN2 whic
receptors at the cell surface in thisqmlammatory state. The microglia exhibited
changes in mRNA for the endocabireid metabolic machinery, including increased

DAGLU and FAAH. Il n primary rat microgli al
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decreased mRNA for FAAH and MAGIMedhadt i ncr e

al. 2015) Taken together, these data suggest that theaxffasnmatory microglia could
have shifted to synthesize relatively morA@ and less AEA under the pro
inflammatory conditions. It has been previously observed that activatedffaromatory
microglia release more-2G compared to unreactive microglia via a mechanism
controlled byP>X7 purinoceptorgWitting et al. 2004, 2006 -AG has also been found
to enhance recruitment of leukocytes to facilitate aipilammatory response whereas
AEA has been found to dampen such a response via cannabinoid receptor activation
(Eljaschewitsch et al. 2006; Turcetet al. 2016)Thus, preinflammatory microglia may
release 2AG to facilitate the recruitment of additional immune cells to propagate
neuroinflammation.

We observed that conditioned media from theipftammatory SIMA9
microglia induced cell death the cultured SRdhR”?” neurons but not in HEK 293T
cells. Furthermore, there was a relationship between neuronal survival and the relative
concentration of conditioned media in which the cells were incubated. Microglia can
potentially kill neurons vigeveral mechanisms including direct phagocytosis or the
release of toxic factorgeviewed in Brown and Vilalta, 2015)s the microglia were not
cultured in contact wit the neurons, the microglia affected neuronal survival via factors
released into the media rather than via direct contact. Similar findings have been reported
as conditioned media from pioflammatory microglia was shown to induce apoptosis in
primary catical neurongChhor et al. 2013Although it is unclear which molecules
specifically induced cell deatin the cultured neurons, it appeared that the neurons had
receptors to respond to these factors whereas the HEK 293T cells didinatation
associated with the use of glial conditioned media is the complete composition of the
conditioned media is Wmown in most cases. In this work, we performed tooerse
experiments and monitored the release of four knowsarl@mmatory mediators (NO,
TNF U1 b1,-6) to provide multiple reference points for the composition of the
conditioned media. Furthermgralthough glial conditioned media can be prepared in a

reproducible manner, the composition of glial conditioned media does not represent the
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concentrations of pronflammatory cytokinesn vivo. This highlights a benefit of animal
models in future work.

Previous work has demonstrated that the endocannabinoid system modulates the
pro-inflammatory activity of microgligEljaschewitsch et al. 2006; Corretal. 2010;
Hernangdmez et al. 2012; Malek et al. 2015; Ma et al. 2018; Askari and SNafiee
2019; Tanaka et al. 202@oth CB receptorselective agonists and nonselective agonists
have demonstrated the potential to suppress thenh&ated induton of pro
inflammatory markers in immortalized and primary microggaksman et al. 1999;
Ehrhart et al. 2005; Ma et al. 2015, 2018; Mecha et al. 2015; Askari and Skzkee
2019) We found that selective activation of C& CB: receptors suppressed NO release
in a dosedependent manner and attenuated the induction of mRN&sZ Tnf, I111Db,
andllas wel | dss, T NépdbteindLowever, activation of both receptors
by CP 55,940 only affected NO release and mRotAIlb. This indicated that treatment
of microglia with different classes of cannabinoids could produce unique anti
inflammatory responses. As these effects were abrogated by blockade of either CB
receptors by AM251 or CBeceptors by AM630, it is likely that both cannabinoid
receptors contributed to these anflammatory effects. In agreement with these
findings, the selective agonists ACEA and JW38B also inhibited NO release from N9
microglia treated with LPS and IBNNavarro et al. 2018a)

The effects of cannabinoids on cultu®i-A9 microglia were biologically
relevant in the cell culture model of inflammatimuced neurotoxicity. We found that
treatment with either cannabinoid recegdetective or nonselective agonists reduced the
subsequent proportion of cell death whiea tonditioned media was applied to cultured
neurons. The effects of ACEA were blocked by-peatment with AM251 or AM630
whereas the effects of HBO8 and CP 55,940 were blocked by AM251 or SR144528.
This may be indicative that the antagonists exhilstedsantagonism which has
previously been reported in activated microglia as well as transfectedCallsn et al.
2012; Navarro et al. 2018a; Young et al. 2022icroglia possess several additional
cannabinoiesensitive receptors including GPR18 and GPRSalter et al. 2003;

McHugh et al. 2010; Stella 2010) is possble that the high concentrations of ACEA
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(2.2 uM), HU-308 (2.5 uM), or CP 55,940 (1.8 uM) also engaged these other receptors,
in either an orthosteric or allosteric manner, which contributed to thénfathmatory
effects in a manner that was not contplle abrogated by CBor CB; receptorselective
antagonists. Alternatively, GBand CB receptor antagonists alone have previously
demonstrated aninflammatory properties in microglia which could potentially explain
how the effects of HLBO8 or CP 55,94Were not blocked by AM63(Ribeiro et al.

2013) Interestingly, the CBreceptor inverse agonist, SR144528, effectivelybiéd

the protective effects of H308 and CP 55,940 where AM630 did not. AM630 has been
demonstrated to act as a partial agonist of @Beptors in addition to an inverse agonist
at CB receptors whereas SR144528 has been shown to interact only witbgeptors

at concentrations up to 10 pfRinaldi-Carmona et al. 1998; Ross et al. 1999us,
SR144528 may be a superior antagonist in experimental systems that involve both
receptors, such as microglia.

In this experimental system, there was no evidence that neuronal cannabinoid
receptors contributed to the changes in neuronal viability upon treatment with
conditioned media. Direct treatment of the neurons with cannabinoid receptor ligands
alone did not influencthe viability of the SHdh?"/?” neurons. Janefjord et al. (2014)
also found no changes in cell viability upon direct treatment of culture8\&Y
neuronal cells with ACEA or the GBeceptorselective agonist, JWHA15 (Janefjord et
al. 2014) However, it cannot be ruled out that amgal cannabinoid receptor
mechanism could contribute to neuroprotection undefrgtammatory conditions via
cannabinoids that remain in the conditioned media. A3dB%®"/” neurons contain CB
receptors, it is possible that ACEA or CP 55,940 in the itonéd media could interact
with the neurons. We found that B¥h°"?"may also contain CReceptors.

Furthermore, there is evidence that neurons may expreseCiptorsn vivo (Chen et
al. 2017; Ma et al. 2019These neuronal GBeceptors have also been reported to
become upregulated vivofollowing pathology or drug treatme(iVotherspoon et al.
2005; Jordan and Xi 2019; Grenier et al. 202hus, the contributory role of neuronal
cannabinoid receptors in addition to glial cannali receptors should be considered in
future work.
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We found that cannabinoid treatments differentially influenced intracellular
MAPK signaling when ceadministered with the prmflammatory stimuli. MAPK
signaling pathways including ERK1/2, JNK, and pz&e previously been associated
with the preinflammatory activities of microgliékim et al. 2004; Waetzig et al. 2005;
Eljaschewitsch et al. 2006; Bachstetter et al. 2011; Li et al. 2019b; Chen et al. 2021)
Treatment with AEA dampened the release ofipfammatory cytokines I£12 and IL-
23 in a mouse model of multiple sclerosia the JNK and ERK1/2 pathwafGorrea et
al. 2011) In this case, AEA treatment induced the phosphorylation of ERK1/2 and JNK
which suppressed the release ofl2 and 23 from microglia via CBreceptors.
However, AEA has alsbeen demonstrated to mediate ERK dephosphorylation which
countered the effects of LPS upontoeatment in immortalized B\2 mouse microglia
(Eljaschewitsch et al. 20068pther studies have indicated that:C&ceptor activation
interacts with signaling patterns initiate
immortalized and primary microgli@ibeiro et al. 2013; Ma et al. 2015; Reusch et al.
2022) Based on the data from our work in SAA® microglia, it appears that treatment
with LPS + I FNo2 initiated the phosphoryl at
pathways including MAPK, PI3¥Akt, NFFe B, and JAK/ STAT pat hways
co-treatment with selective and nselective cannabinoid agonists indicated that
activation of CB and/or CB receptors differentially interfered with the phosphorylation
of the ERK1/2, IJNK, p38, and Akt pathwaydthough other work has identified a link
between cannabinoid receptor activation and the attenuation-ef BIF and JAK/ STAT
phosphorylation, we did not make the same observations under the specific reported
experimental condition&Ehrhartet al. 2005; Ribeiro et al. 2013)ltimately, it appears
that the effects of cannabinoids are mediated by mechanisms that directly oppose those
driven by the pranflammatory stimuli that initiate the transition to a fsindlammatory
phenotype. Furthheresearch will provide insight into the specific pathways that are linked
to the induction of different aspects of prdlammatory microglial phenotypes.

We observed a previously identified phenomenon wherefactweation of CB
and CB receptors using nonselective agonist produced unique effects compared to
activation of CB or CB; receptors via selective agonists. This phenomenon has been
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previously explained by the formation of physically interacting receptor complexes

known as heterome(€allén et al. 2012; Navarro et al. 2018a, 2018hijs has been

shown to occur in cell types that express both receptors such as microglia which

primarily mediate the antnflammatory effects of cannabinoids in the central nervous
system(Staiano et al. 2016; Navarro etal. 2018a)Mi cr ogl i a treated wi i
were shown to have an enhanpedportion of CB-CBy interactions and respond

differently to combinations of cannabinoid ligands relative to untreated(biaigarro et

al. 2018a) For example, cactivation of CB and CB receptors with agonists for both

receptors resulted in reduced ERK1/2 phosphorylation in microglia and transfected

neurons compared to agonism of either receptor individ¢@iylén et al. 2012; Navarro

et al. 2018a)Antagonists for either GBor CB; receptors can also diminish signai

from both types of recepto(€allén et al. 2012; Navarro et al. 20188)milar patterns of

crosstalk have been observed between @& eptors and dopamine Beceptors as such
interactions caused di fof e r)@&tich mediated@ellygar ot e i n
events not oleyved from activation of CBor D, receptors alongBagher et al. 2016,

2017, 2020)

Although activation of either GEand/or CB receptors reduced the pro
inflammatory activity of SIMA9 microglia, these receptors do not necessarily represent
equally clinically relevant targets. The prolonged global activation afr€&eptors can
induce ngative side effects such as psychoactivity and fibi@saton and Glass 2007;
Marquart et al. 2010; Volkow et al. 2014; Cinaaé 2017) Without proper
management, these effects would preclude the use of selectiveceptor agonists to
treat neuroinflammation in a clinical context. Conversely, drugs that selectively target
CB2 receptors have shown promise with respecteiaroinflammation, without negative
side effects associated with nonselective cannabinoids or nonsteroidaflantmatory
drugs(Ashton and Glass 2007; Vonkeman and van de Laar 2DL@)to these effects,
selective CBreceptor agonists have gained traction as potential treatments for both
systemic inflammation and neuroinflammatigfomorowskaMuller and Schmale
2020) Importantly, some aspects of neuroinflammation ¢sm lae beneficial and
support neuronal survival as well as tissue refizBabato et al. 2016Yhus, it will be
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important to considgootential immunosuppression as an adverse effect in future
strategies to develop GBeceptoftargeted drugs.

There are known differences in microglial behavior amangtro andin vivo
models. There is a growing body of work that involves the stimula@iaonicroglia to a
pro-inflammatory phenotypm vittousi ng LPS and/ or | FNo, or
amyloid-b1-42 (Maresz et al. 2005; Ehrhart et al. 2005; Eljaschewitsch et al. 2006;
Navarro et al. 2018aHowever, populations of microglia do not exhibitcttadherence
to such a phenotypa vivowhich is an inherent limitation of cell culture models
(Ransohoff 2016a; Dubbelaar et al. 20I8anscriptomic studies have revealed that
microglia in the mammalian brain appear to exhibit more complex phenotypes that
contain aspestof both the pranflammatory phenotype and an amtflammatory
phenotype as well as other transcriptomic profiles that are indicative of additional
functions(Hammond et al. 2019; Masuda et al. 201%us, the mechanisms observed in
immortalized microglian vitro may only apply to specific subsetEmicrogliain vivo
that exhibit similar pranflammatory properties under specific conditions. Given these
known discrepancies, there is a growing body of evidence thateCBptostargeted
therapies improve markers of inflammation in microglia andamal survival in several
animal models of neurodegenerative disdesdewed in Tanaka et al., 2020hus, the
mechanisms that underlie the beneficial @8eof CB receptor activatiom vitro
systems may translate to more complex models of disease.

In conclusion, we have demonstrated that theipitammatory behavior of
cultured microglia can be attenuated through the activation ob€8B; receptorsising
synthetic selective agonists. @otivation of CB and CB receptors using a nonselective
agonist did not produce additive effects but had reduced efficacy compared to the
selective agonists. Ultimately, all three types of cannabinoid treatmergcppli
microglia reduced the subsequent neurotoxicity of the glial conditioned media. Given the
psychoactivity associated with global Ct&ceptor activation, this work highlights the
potential of selective CBreceptor agonists to regulate pnflammatorymicroglial

activity in diseases with a neuroinflammatory component.
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2.5Supplementarydata
Untreated LPS + IFNy

No CB, blockling peptide

CB, blockling peptide

Figure 2. Sl. CB2-like immunoreactivity in SIM -A9 microglia was abolished by
pretreatment with an anti-CB2 receptor blocking peptide. CB: receptor (green) and
CB:2 receptor (magentdlke immunoreactivity in SIMA9 microglia treated with vehicle

or LPS and I FNo in the presence or absence

the antiCBzreceptoranbody . Scal e bar; 10 em for
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Preface

This chapter expands on the observation that the microglial endocannabinoid
system becamedywsg ul at ed upon treatment with LPS
conflicting reports of whether inflammatory conditions cause components of the
endocannabinoid system to become aipdownregulated. | aimed to address this
guestion usi ng téyRaSnukipediffereRt doncemstratipns to determine

if past discrepancies could be due to stimutwsconcentratiordependent differences.
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3.1 Abstract

Perturbation of the endocannabinoid system can have profound effects on
immune function and synaptic plasticity. Microglia are one of few cell types with-a self
contained endocannabinoid system and are positioned at the interface between the
immune systenand the central nervous system. Past work has produced conflicting
results with respect to the effects of pnflammatory conditions on the microglial
endocannabinoid system. Thus, we systematically investigated the relationship between
the concentratioof two distinct preinflammatory stimuli, lipopolysaccharide and
interferon gamma, on the abundance of components of the endocannabinoid system
within microglia. Here we show that lipopolysaccharide and interferon gamma influence
messenger RNA abundancédgte microglial endocannabinoid system in a
concentratiordependent manner. Furthermore, we demonstrate that the efficacy of
different synthetic cannabinoid treatments with respect to inhibition of microglia nitric
oxide release is dependent on the cotre¢ion and type of prinflammatory stimuli
presented to the microglia. This indicates that differentiqftammatory stimuli
influence the capacity of microglia to synthesize, degrade, and respond to cannabinoids
which has implications for the developmef cannabinoicbased treatments for

neuroinflammation.
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3.2Introduction
The endocannabinoid system (ECS) plays roles in mood, memory, appetite,
pain, immune function, and thermoregulat{®ienger and Moldrich 2002; Marsicano
and Lafenétre 2009; Pandey et al. 2009; Woodhams et al.. Z0#5ECS comprises
endogenously produced cannabinotig, receptors for these molecules, and the enzymes
required to biosynthesize and degrade them. The primary endocannabinoids are
anandamide (AEA) and-@rachidonylglycerol (AG) which bind to the cannabinoid
type 1 (CB) and type 2 (CB receptors to regate synaptic activity or
neuroinflammation and partially mimic the effects of the psychoactive constituents of
cannabigLu and Mackie 2016; Young and Denovafright 2022a) AEA is synthesized
by N-acyl phosphatidylethanolamirgpecific phospholipase D (NAPELD) and
metabolized by fatty acid amide hydrolase (FAAH) whereA$2is synthesized by
diacylglycerol lipase (DAGL) and metabolized by monoacylglycerol lipase (MAGL)
and Mackie 2021)Components of the EXCare primarily located in brain cells including
GABAergic interneurons and microglia, but are also distributed throughout the periphery
in the immune system and the ¢8tella 2010; Lu and Mackie 2021jhe ECS is
dynamic, and the abundance of its components fietunder pathological conditions
including inflammation and neurodegenerat{#ioung and DenovahVright 2022a)
Perturbation of the ECS at a global scale may subsequently inhibit immune function and
synaptic plasticity, or increase the risk to develop psychiatric disqtdeifets and
Castillo 2009; Leweke 2012; Lu and Mackie 2016, 2021; Young and Devight
2022a) Thus, it is important to understand how endocannalsremd the associated
receptors and metabolic machinery are regulated under pathological conditions.
Microglia, the resident immune cells of the brain, possess-a@atifined ECS
including receptors for cannabinelite molecules and the capacity to bio#yesize and
metabolize AEA and-AG (Stella 2009, 2010)n the brain, endocannabinoids released
by postsynaptic neurons interact with psgnaptic neuronal cannabinoid receptors to
inhibit the release of transmitters, primarily glutamate or GABA, through modulation of
calcium mobilization, cyclic AMP signaling, and inwardly rectifying potassium currents

(Howlett 2002) Endocannabinoids also interact with microglial cannabinoid receptors to
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suppress neuroinflammatig@orrea et al. 2010, 2011; Malek et al. 2015; Mecha et al.
2015) Infusion with AEA or 2AG has been neuroprotective in animal models of
multiple sclerosigLourbopoulos et al. 2011; Hernangdmez et al. 20d@yvever, 2AG
is also an intermedia metabolite in prostaglandin synthesis and excess quantities of 2
AG could promote neuroinflammation and subsequent neurodegeneration via
prostaglandirmediated microglial activityNomura et al. 2011; Klawonn et al. 2021)
Thus, control of the microglial ECS is critical to the regulation of neuroinflammation.

Microglia exhibit extraordinary phenotypic plasticity and-flammatory
stimuli such as | FNDo and LPS have been de
inflammatory cytokines, stimulate migration, and regulate phagocytsitenmann et
al. 2011) Upon exposure to primflammatory stimuli, there are conflicting reports with
respect to pgurbation to the EC$¥oung and DenovahlVright 2022a) Studies using
var i ous single concentrations of | FNo2 and L
both upregulation and downregulation of cannabinoid receptors and the associated
regulatory enzymefCarlisle et al. 2002; Maresz et al. 2005; Mecha et al. 20T®)se
conflicting reports have made it difficult to discern the true effects of inflammatory
conditions on the regulation of the ECS in microglia.

Given the importance of microglia and the ECS in the maintenance of proper
brain function and the controf neuroinflammation, we aimed to delineate the effects of
pro-inflammatory stimuli on the regulation of the microglial ECS. We used two distinct
proi nf |l ammatory stimul i, |l FNo and LPS, in a
assess the doskpendat fluctuation in the components of the microglial ECS. We also
aimed to determine whether these molecules would behave in an additive or synergistic
manner when combined. Lastly, we used a panel of selective and nonselective synthetic
cannabinoids to meare the responsiveness of microglia to cannabinoid ligands across a

range of pranflammatory conditions.
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3.3Results

3311l FNo2 and LPS induce NO release from micr
manner

To compare the effect seimSIMAIRMNrogliaasnd L PS
concentratiorresponse curve was prepared for eachimitammatory stimulus. Both
molecules induced the release of NO from microglia in a concentidéjoendent
manner . | FNo2 induced the rel ea’/mmolpeflOONO up
Hg protein with an E€ of 1.80 + 0.12 ng/mL (Fig3. 1A). LPS stimulated NO release to
a maximum of 17.77 £ 0.49 nmol per 100 ug protein with agpBC56.89 + 9.86 ng/mL
(Fig. 3. 1B). In subsequent experiments, concentrations of 1,d62@mg/mL were used
for | FNo and concentrations of 10, 100, an
values represent the concentrations required to elicit a low, moderate, and maximal pro

inflammatory response as denoted by the release of NO.

54



A B

'E; 20.0- 20.0- ;I

% 17.51 17.54 I@li

o 15.01 5 @ 15.0- P27

S 12,57 OQ‘ & 12.5- EE

T 10.0- 10.0- /a

:% 7.5- Qéi 7.5 2

2 50- 5.0

E 2.5 ? 2.5- @

S 00l : . ~ 001G —4 . .
-1 0 1 2 0 1 2 3

log [IFNy], ng/mL log [LPS], ng/mL

Figure 3.1. 1 FNo and LPS stimulate NO release f
concentration-dependent manner. AB SIM-A9 microglia were stimulated witA | F N2

(0.17 150.0 ng/mL) oB LPS (17 4000 ng/mL) for 16 h and NO release was measured

from the cell supernatant. Arrowheads indicate the concentrations that were selected for
Ssubsequent experiments (1, 5, 20 ng/ mL for
presented as the nrea standard deviation of the mean for four independent experiments
performed in technical duplicates.
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3.3.2Pro-inflammatory stimuli modulate microglial cannabinoid receptor abundance

To determine i f I FNo2 or LPS influence t
the cannabinoid receptors, SIM microglia were treated with increasing concentrations
of each stimulus. Treatment with either stimulus at any concentration resulted in a
decrease i€nrl mRNA (Fig. 3. 2A). The abundance @nr2 mRNA was increased by
31f ol d by the | owest concentration of | FN2
concentration (Fig3. 2B). The lowest concentration of LPS increaSed2 mRNA by
2.1-fold but the maximal concentration of LPS also had no effect. In contrast, treatment
withthema xi mal concentration of Ijfedémorsitol2t3dr eas e d
+ 68% of baseline whereas LPS resulted in a @Btein abundance of 135 + 44% and
was deemed to have no affect (Bg2C). A similar pattern was observed for £B
receptorprb ei n abundance where t rpgddntodsOtt wi t h | |
19% relative to baseline whereas LPS treatment resulted in 108 + 5%.#W). These
data indicate that treatment wandGB | FNo st
receptors, butPS did not.
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Figure 3.221 FNo and LPS differentially influence
CBi1and CB:receptors.A-BSIM-A9 mi crogl i a were torkat ed wi
and mRNA abundance &f Cnrlor B Cnr2 (n = 3) was quantified via RGPCR relative

to cells that were treated with vehicle onlyp ¥ 0.01 compared to untreated; significance

was determined via ongay ANOVA with Holm-Sidak posthoc test.C-D SIM-A9

mi croglia were tr e atlfLd (1000 ng/mL).IPftNiIDabin@afce ofg/ mL
C CBuy receptors ob CB2 (n = 12) receptors was quantified viadgell western relative to

cells that were treated with vehicle only, data are presented relative to untreated cells which

are constrained to 100%. g < 0.01 relative to untreated; p-< 0.01 relative to LPS.
Significance was determined viaKrusk&la | | i s test with Dunnbds ¢
comparisons.

57



3.3.3Pro-inflammatory stimuli modulate quantities of enzymes of the endocannabinoid
system

We net aimed to assess whether anflammatory stimuli may alter the
capacity of microglia to synthesize or metabolize endocannabinoidsASIdlls were
treated with increasing concentrationdoF No or LPS and the quant.i
NAPEPLD FAAH, DAGLA andMGLL were assesseNAPEPLDmMRNA was
unaffected by I FNo but was decreased upon
LPS (Fig.3.3A). FAAH mRNA was increased only by the maximal concentration of
| FNo and the | ow c &B3R).dneserdatd indicate thatfmicroghaSn ( Fi g
a prainflammatory phenotype could synthesize less AEA and degrade more AEA
depending on the degree of stimulD&AGLAMRNA was increased by the low
concentration of LPS but was unaffected otherwise @igC). MGLL mRNA was
suppressed by both | FNo am30). Thd’e&dataindicaid | ¢ on
that 2AG synthesis may be unaffected under-imtammatory conditions, but-AG

degradation may be enhanced.
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Figure 3.3.1 FNo and LPS differentially influence
the endocannabinoid systemA-D SIM-A9 microglia were treated with increasing doses

of | F N ofor d6rhand PFRINA abundance & NAPEPLD B FAAH, C DAGLA D

MGLL (n = 3) was quantified via RFPCR relative to cells that were treated with vehicle

only. * p < 0.01 compared to untreated; significance was determined viaagn@NOVA

with Holm-Sidak posthoc test.

59



334Combi nations of | FNo2 aercanpdnéhSofthef f erenti a

endocannabinoid system
To determine whether |l FNo2 and LPS coul

MRNA abundance of components of the endocannabinoid systemASHvcroglia

were treated with combinations of dosages of eaofusitis. Combinations were prepared

d

using either a maxi mal concentratien of |F

versa. The results are summarized in T&ble The combination treatments did not

significantly affectCnrl mRNA compared to the treatm¢ s wi t h | FNo or LP

contrast, the combination treatments appeared to block the upregulaiorRohRNA
observed upon treatment with low concentrations of either stimulus. This indicated that

Cnr2 mRNA was only elevated in the presence oflemcc e nt r at i ons of ei t

LPS.NAPEPLDmMRNA was generally unchanged although treatment with the maximal
concentration of | FNo and a | oNAPERLDCentr at
MRNA compared to treat ment -treaimerhwithtReNo al one
maxi mal concentration of | FNo2 an-fbldt he | ow
increase iFAAHMRNA compared to the i®ld increase induced by the same
concentrati on o-foldihcFedbe indudesdhy EPS alomAGLANRNA

was not significantly influenced by the <co
MGLLMRNA was suppressed whether cells were
combination.
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Table 2.1.Combi nat i ons o fdiffereRtiblly inflaemad mMRNASabundance of some components of the
endocannabinoid system.Treatments were prepared using either a maximal concentratigR) (E o f | FNo2 and a
concentration (kin) of LPS or viceversa. SIMA9 microglia were treated wittFMINo  or LPS al one or i n <c
MRNA abundance of mMRNA fo€nrl, Cnr2, NAPEPLD FAAH, DAGLA MGLL (n = 3) was quantified via RIPCR relative

to cells that were treated with vehicle only. Values represent thelialdge in mMRNA abundance relatigevehicletreated

cells. *p<0.01 compared to vehicleppx 0. 05 compared to | FNo (2<€00.05cpmparedto and LP
| FNo (1 ng/ mL) and LPS (1000 ngAwaylANOVAsvithdlolm-Sidalcpasthacéestwas det e

Gene Vehicle 1| F Noma)( E LPS (Emn) | F Noma)( | F Nomn)( LPS (Ema) | F Nomm) ¢ EPS
+ LPS (Enin) (Emax)

Cnrl 1(0.31) 014 (0.03* 0.14(0.101)* 050(0.13) 012 (0.1)* 0.36(022)* 0.49 (0.35)

cnr2 1(0.08) 1.40(0.38)  2.10(0.38)* 0.94(0.1)  3.20 (0.5)* 0.51(0.09)* 0.61 (0.23)*
NAPEPLD 1(0.08) 0.72(0.07§  0.88(0.14) 1.20(0.36) 0.89 (0.16) 0.62(0.11) 0.66 (0.06)

FAAH 1(0.37) 15.38(3.66)% 7.12(3.01f 37.37 (6.72)* 3.01(0.87) 4.43(0.17) 4.81 (0.91)
DAGLA  1(0.09) 0.58(0.13)  2.20(0.99) 1.30(0.51) 1.40(0.5)  0.75(0.14) 0.95 (0.15)
MAGL 1(0.23)* 0.06(0.01)*  0.19 (0.09)* n.d? 0.45 (0.04)* 0.05 (0.01)* 0.06 (0.01)*

a2 Not detected.



3.3.5Treatment with synthetic cannabinoids influenogdroglial NO release upon
exposure to | FNo and LPS

Finally, we aimed to assess whether a panel of synthetic cannabinoid molecules
would inhibit NO release from SIM\9 microglia upon treatment with increasing
concentr at i on sCormdntratior Nos paoommds eL RS1.r ves f or | FN
prepared in the presence of ACEA, +808, or CP 55,940 at a concentration of 1 uM or
a combination of ACEA and H308 each at a concentration of 0.5 pM. Shifts in the
ECso and Enaxwere modeled and anaba to assess the impact of the cannabinoid
treatments (Tabl2. 2. When microglia were treated with increasing concentrations of
LPS, each of the treatment groups exhibited a reduction in both thefCthe Eax
(Fig.3.4 A) . However , sehtethe canairoid neatmentp nredriced the
Emax Of NO release but no longer influenced thes&HEig. 3. 4B). This indicated that
cannabinoid signaling may have potentiated NO release stimulated by a low
concentration of LPS but suppressed NO releatieeipresence of a high concentration
of LPS. When microglia were treated with i
treatment with ACEA or HLBO8 reduced thenzxwhereas treatment with CP 55,940 or
ACEA and HU308 increased thenax (Fig. 3. 4C). Thisindicated that individual
stimulation of CB or CB receptors inhibited NO release whereasctivation of both
receptors potentiated NO release in the pr
However, the Eax0of NO release was reduced by all cannabit@edtments upon €o
treatment with LPS and i nc34Da Sakentpgethar,ncent r
the results indicated that the cannabinoid treatments suppressed microglial NO release in
the presence of high concentrations offtammatory stinuli but were less efficacious

in the presence of moderate concentrations of LPS.
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Figure 3. 4. Cannabinoid treatments differentially influenced NO release from

microglia. SIM-A9 microglia were treatedoncurrentlywith LPS and/ or I FN2 i n
presence of different cannabinoid treatmdotsl6 h (n = 4) The cannabinoid treatments

included ACEA and HtB08 (0.5 uM each), ACEA (1 uM), H308 (1 uM), or CP 55,940

(1 uM). NO release was monitored following treatment of microgiih W increasing
concentrations of LPBi ncreasing concentrations of LP
ng/mL),Ci ncreasing con®emtcr @taisomg «c«fonlcENaI r at i
presence of LPS (10 ng/mL).
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Table 2.2. Cannabinoid treatments differentially influenced the Enaxand ECsoof LPS

t 8IM-NdDmiaroglih wesestreated r o
t he
treaments included ACEA and HB308 (0.5 uM each), ACEA (1 uM), H308 (1 pM),

and
wi t h

FNOo
LPS

wi t h
and/ or

or CP 55,940 (1 uM).

respect

Il FNo2 i n

presence

Stimulus®  Concurrent treatment®

Emax (95% CI)®

ECso (95% CI)®

LPS Vehicle 17.77 (17.11 10 18.44)  56.89 (47.03 to 68.82)
ACEA + HU-308 8.35 (7.81 tc8.90)* 5.74 (3.51 to 9.39)*
ACEA 7.39 (6.80 to 7.98)* 3.85 (1.95 to 7.61)*
HU-308 7.19 (6.55 to 7.82)* 13.36 (8.52 to 20.96)*
CP 55,940 10.26 (9.57 to 10.95)*  4.12 (2.18 to 7.80)*

LPS | FNo + Vehi 19.46(18.481020.45) 1.29 (0.68 to 2.47)
| FNo + AGI& 12.21 (1.41to0 13.01)* 1.31 (0.90 to 1.90)
| FNo + ACEA 11.58(1.00t012.17)* 1.08 (0.83 to 1.39)
| FNo -308 HU 11.86(11.15 to 12.58)*  1.39 (1.02 to 1.89)
| FNo + CP 5 12.02(11.35t012.68)* 1.43 (1.02 to 2.02)

| FNo  Vehicle 13.41 (13.07 t0 13.75)  1.84 (1.65 to 2.06)
ACEA + HU-308 15.88 (15.14 t0 16.63)* 2.64 (2.25 to 3.09)*
ACEA 10.78 (10.15 to 11.41)* 1.10 (0.85 to 1.43)*
HU-308 11.11 (10.47 to 11.74)* 2.42 (1.98 to 2.96)
CP 55,940 17.18 (16.41td7.95)*  1.99 (1.68 to 2.37)

| FNo LPS + Vehicle 19.93 (19.52 t0 20.35)  1.34 (1.13 to 1.60)
LPS + ACEA + HU308  14.33 (13.32 to 15.33)* 0.29 (0.16 to 0.52)*
LPS + ACEA 14.56 (14.07 to 15.06)* ~0.2584 (N.D.)
LPS + HU308 14.49 (13.61 to 15.36)* 0.38 (0.28 to 0.51)*

LPS + CP 55,940

12.74 (12.13 to 13.34)*

0.32 (0.07 to 1.54)

2 Applied as a concentratienesponse curve.
b Applied as a fixed concentration.

¢ Determinedby nonlinear regression with foymarameter analysis.
* Significantly different from vehicle aadicatedby nonoverlapping®5%CI.
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3.4Discussion

Endocannabinoids and their receptors on microglia have previously been
implicated in neuroinflammation, but conflicting reports have made it unclear whether
inflammation may stimulate or suppress the ECS. We used two unigirgflpromatory
sti mul nhdLPS, & Mw, madium, and high concentrations to examine the effects
on the microglial ECS. We observed that |IF
relative to one another at different concentrations @i§). Furthermore, in some cases,
the comination of both pranflammatory stimuli produced results that were not

observed upon treatment with either | FN2? o
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The preinflammatory stimuli influenced the mRNA and protein abundance of
the cannabinoid receptors. TB&rAImMRNA was suppressed by eithi
regardless of concentration. In contr&tr2 mRNA was elevated following treatment
with a low concentration of either stimulus but subsequently reduced in-aepsedent
manner. Furthermore, | FN2 enhanand@B t he abu
whereas LPS had no impact on the protein dhaooe for either receptor. Carlisle et al.
(2002) previously reported CihrantRNAwWh&leas ( ~10
LPS (1000 ng/ml) suppress€ar2 mRNA in RAW264.7 macrophagée cells. Maresz
et al. (2005) al so r dipgnotrinfluersceCrirzmkRiNA whétdd® ( ~ 15
LPS (100 ng/ml) had a suppressive effect in primary cultured microglia. Using cultured
N9 microglia, it has been reported that LPS (1 pM) indu@e mRNA by roughly 15
fold (Navarro et al. 2018alJsing primary rat microglia, it has also been demonstrated
that LPS (50 ng/mL) suppresdCnrlandCnr2 mRNA after 6 hours, but the abundance
of these transcripts returned to normal within ZMlecha et al. 2015)These conflicting
reports have created confusion with respect to the regulat@nr@mRNA in myeloid
cells under pranflammatory conditiongYoung and DenovahVright 2022a) Our
results support t hatnfdctdgrdotinflem€m2mRkKAan i ons o
SIM-A9 microglia but low or moderate concentrations stimulate its upregulation.
Similarly, our findings support that a low concentration (10 ng/mL) of LPS could
upregulateCnr2 mRNA whereas high concentrations may sepprit. Taken together,
these data provide evidence that theseipifammatory stimuli influence the regulation
of CBz receptors in a biphasic concentratiependent manner

We observed that | FN2 anddepeRdenteffecso e x hi
on mMRNA for NAPEPLD FAAH, DAGLA andMGLL, the enzymes that synthesize and
degrade AEA and-AG, respectively. The highest concentration of LPS resulted in a
reduction of mMRNA foNAPEPLDandMGLL which would correspond to reduced
synthesis of AEA and breakdown oA, respectively. However, the lowest
concentration of LPS resulted in elevated mRNAFAAH andDAGLAwhich would
correspond to increased breakdown of AEA and synthesinoG2  tmedibated
signaling generally had a smaller influence on ECS enzymes compared to LPS, but the
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hi ghest concentration of IFRAHandgupmessed v enha
MGLL. Mecha et al. (2015) previously reported that treatment with LPS (50 ng/mL)
suppressed mRNA foNAPEPLD FAAH, andMGLL within 6 hours. However, after 24

hours, onlyFAAH andMGLL remained downregulated. These data indicate that

microglia in a preinflammatory phenotype generally exhibit altered quantities of ECS

enzymes that may salt in reduced biosynthesis of AEA but elevated production of 2

AG. However, these effects are influenced by several variables including type of pro
inflammatory stimuli as well as concentration and length of exposure to stimuli.

When c¢ombi n &RS,exhibited\someaffeds on the ECS that were not
observed when the microglia were exposed to eitheinfli@mmatory stimulus alone. To
assess the effects of dwual treatment with
the highest concentrationd@ N> (20 ng/ mL) and the | owest
ng/mL) and viceversa. Generally, the net effect of the dual treatments produced an effect
that was like the stimuli of the greater concentration. However, there were some
examples of synergy. Mostreob | vy, t he combinati onFAAH | FNDO
MRNA by 37#fold comparedtoalb ol d i ncrease 1 ndu<doeld by | FI
increase caused by LPS alone. Interestingly, the same upregulagddAEfMRNA was
not observed when the lowestconader at i on of | FNo2 was combi ne
concentration of LPS. This indicates that thererasstalkoetween toHike receptor 4
(TLR4) and the interfercgamma receptor (IFNGR) which is sensitive to the
concentrations of ligand for either receptdpn-additive interactions between the effects
of LPS and | FNo have been fdHaeslerebab2002y obser
Zhao et al. 2006; Papageorgiou e8l16) Our data supports that these interactions can
also affect components of the ECS in microglia.

Pharmacological activation of GBnd CB receptors influenced the release of
NO from microglia upon exposure esthavel FN2 an
demonstrated that different cannabinoid molecules could inhibit microglial NO release
vitro using single concentrations of pirdflammatory stimuliiWaksman etla1999; Ma
et al. 2015; Malek et al. 2015; Young and DeneVimght 2022b) However, the
concentratiorresponse curves used in this work revealed that different synthetic
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cannabinoid treatments could produce a variety of effects that were depentlentyme
of cannabinoid as well as the concentratio
were exposed to LPS alonetteatment with any of the cannabinoid treatments
substantially reduced thenk of LPS as well as the & This pattern was also reped
by Rosset al. (2000)following treatment of RAW264.7 macrophages with LPS apd (
WIN 55,2122 or palmitoylethankamide. These observed effects of cannabinoids on
LPSmediated NO release resemble the expected effects of a modulator which would
increase the affinity of LPS but decrease its effiq&snakin 2007) However, to our
knowledge, there is currently no evidence that cannabinoids bind directly to TLR4 in an
orthosteric or allosteric manner. Thus, this was likely a summative effect that emerged
based on the overlap of common signglpathways among TLR4, and €&nd CB
receptors. When microglia wetreetmenttwithmul at e d
ACEA or HU-308 suppressed NO release whereasaatment with ACEA and H308
or CP 55,940 enhanced NO release. This indicates tratte@tion of CB and CB
receptors may produce a different effect than selective activation of either receptor under
specific circumstances.

We found that when microglia were sti mu
cannabinoid treatments also reduced the malki® release but without an effect on the
ECso. This is potentially becausetor e at ment wi th | FNa masked t
mediated effects on the BOf LPS. When microglia were treated with combinations of
| FNo2 and LPS, all c amal N®relaase withyvariable eéffectserd t h e
the EGo of the prainflammatory stimuli. Furthermore, there was an observed downward
shift in NO release at the | ower concentra
operational model for an allosteric modulator with direct agonist effid@egakin
2007) However, it is likely that the synthetic cannabinoids did not act in an allosteric
manner but have direct agonist efficacy via cannabinoid receptors and suppression of NO
release \as simply masked by a floor effect upon treatment with low concentrations of
LPS or I FN2 alone.

CB: and CB have previously been reported to physically associate to form
heteromers which can alter the response to endogenous or exogenous cannabinoids
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(Callén et al. 2012; Navarro et al. 2018b; Young et al. 208#)ough CB-CB>

heteromers have demonstrated the potential to mediateygyaraong cannabinoids

(Navarro et al. 2018ajhe heteromers geradly have a propensity to exhibit negative

crosstalk which reduces the efficacy of cannabinoid drugs when presented in
combination(Callén et al. 2012; Young et al. 2022; Young and DendVaight 2022b)

As this specific pattern was only observed in the presence of a high concentration of

| FNo and a | ower concent r aibflanomatorg f LPS, it
environment also influenced the efficacy of the cannabinoid treatments.

It has been freqntly reported that components of the ECS, especially CB
receptors, are upregulated under condition
di sease (AD) and HyBenito et a. 2O3I3) Sagredd et ale2@09;e ( HD)
Palazuelos et al. 2009; Mulder et al. 20M/e found that microgliaCnr2 mRNA was
upregulated upon exposure to relatively low tadmeor at e concentrati ons
but not in response to relatively high concentrations of either stimulus. It is unclear
whether microglial CBreceptors are upregulated in AD and HD due to the microglial
activation associated with chronic neuroinftaation or other diseaspecific
mechanisms. Furthermore, it remains to be determined whether more severe
neuroinflammation in these diseases would also result in suppres§€ion2and other
components of the ECS as observed in the present study. Rsgastithe mechanism,
the elevated quantities of microglial €&ceptors in AD and HD are indicative of an
increased sensitivity to CBeceptofselective agonists that have aimfiammatory
properties without the psychoactive effects ofi @& eptorsekctive or nonselective
cannabinoid agonis{®&shton and Glass 2007; Navarro et al. 2016; Cassano et al. 2017;
Young and DenovahVright 2022a) In future work, it will be important to determine
whether CB receptors and synthetic enzymes for endocannabinoids are most elevated in
speific AD or HD stages of disease. This could be indicative of a window of opportunity
where cannabinoidased interventions could have the greatest therapeutic efficacy.

There are limitations to the present study which highlight the value of future
experimentsin vivo. I n this work, concentrations of
moderate, and maximal based on the degree of NO release stimulated by each molecule.
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Although we observed concentratidne pendent ef fects of | FNo a
microglial ECS,jt is unclear whether these differences may translate to micioglitu
Furthermore, we only assessed microglia at a single time point following exposure to the
pro-inflammatory stimuli. We selected the time point of 16 hours as it corresponded to
thepoint in which the cells exhibit a maximal pirdflammatory response. Components

of the ECS have been shown to fluctuate from 6 to 24 hours following a single exposure

to LPS (50 ng/mL)Mecha et al. 2015)Thus, the element of time which is missing from

this study is also worthy of ingendent exploration. Finally, it would be useful to

measure the release of endocannabinoids fr
Although the abundance of ECS enzymes can provide an indication of the propensity of
microglia to release AEA andA&G, lipidomic analyses could provide further insight into

these results.

In conclusion, the current study demonstrated that stimulation of cultured
microglia with distinctpra nf | ammat ory sti mul i, Il FNo and
the abundance of mRN&nd protein for different components of the ECS. We observed
that low concentrations of these molecules stimulated the ECS whereas high
concentrations of these stimuli were neutral or suppressed the ECS. Furthermore,
treatment with exogenous synthetic calpimoids inhibited the microglial pro
inflammatory response. Generally, activation ofi{@©BCB; receptors alone was more
effective than ceactivation of both receptors which highlighted the value of selective

cannabinoid compounds as aimilammatory molecules.
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Chapter 4. Enantiomeric agonists of cannabinoid type 2 receptors
differentially regulat e the proinflammatory activity of microglia

Copyright statement

This article is currently unpublished and thus does not require copyright
permission to be included in this thesis. The publication status eatitsor articles
included or excluded frorhis thesis are in Table A1 (Appendix A).

Contribution statement

All experiments were performed, and data were collected by myself. Analysis
and interpretation of the data were performed in consultation Dr. Eileen DeWgint.
Currentin vivoexperimets are ongoing in the lab of Dr. Melanie Kelly and the
additional data will be integrated into this manuscript prior to publicafibis. work was
completed as part of an industry collaboration with Panag Pharma Inc. andBibetra

Pharma.

Preface

This chapter further explores the amflammatory effects of CBreceptor
activation in microglia. The purpose of the chapter was to determine potential functional
differences between two enantiomers,-B0B and HU433. TetraBio Pharma is
developing HU308 as a therapeutic for inflammation, pain, and ophthalmology
indications. As synthesis of HB08 tends to generate FAB3 as well, there was industry
interest to determine the functional differences between these molecules and identify
whether HU433 maybe independently useful.
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4.1 Abstract

Microglia are the resident immune cells of the brain and are the primary
regulators of inflammation in the central nervous system. Hyperactivation of microglia is
characterized by chronic upregulation of cytokine redesa®d is a common element of
several neurodegenerative diseases. Microglialr€é&eptors are an emerging therapeutic
target to suppress the excessive inflammation associated with hyperactive microglia. HU
308 and HW433 are enantiomers and are both sele@gonists of CBreceptors with
the demonstrated ability to reduce inflammaiiorivo. We compared the effects of HU
308and HW4 33 wi t h -a rers @ ®tcitme@ruitamentat tie Buman GB
receptor and the antflammatory effects in culturegIM-A9 microglia. We observed
that HU3 08 more stron@lry erse d inbivdaen dU4ERintore b
strongly suppressed LP& n d -mé&dMted signaling in microglia which culminated in
a greater influence over the release of NO and TNF.ddn®onstrated that the effects on
downstream signaling were not directly linked to the magnitude of effector recruitment,
and that the signaling effects were more predictive ofiaflimmatory capacity. This
work provides insight into the mechanism byiethCB, receptor activation leads to
suppression of microglial inflammatory activity which is relevant to the treatment of

neuroinflammation.
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4.2 Introduction
The endocannabinoid system (ECS) contributes broadly to the physiology of
animals and is involverh thermoregulation as well as memory, appetite, and immune
function(Wenger and Moldrich 2002; Marsicano et al. 2002; Cabral et al. 2098¢ 2
cannabinoid (CB receptors are expressed in myeloid, monocytic, and lymphoid cells
and mediate the immusrelated functions of the EQMunroet al. 1993; Galiégue et al.
1995) This contrasts with type 1 cannabinoid (CEBceptors which mediate the effects
of endocannabinoids in the central nervous system (CNS) as well as the psychoactive
effects of exogenous cannabino(ti#echoulam and Parker 2013Ithough CB
receptors were once reported to be absent from the brain, they have since been identified
primarily within microglia with some expression by neur@snito et al. 2003;
Palazuelos et al. 2009; Lanciego et al. 2011; Zhang et al. 2014, 2021b; Stempel et al.
2016; Chen et al. 2017; Navarro et al. 20184, receptors within the CNS have now
successfully been targeted to treat neugoden e r at i ve di seases such
Parkinsonds di s dRaiceetali 2009;aviartivioeeho ehab 2082} Aso
et al. 2013; Javed et al. 2016; Li et al. 2019dthough CB receptors have demonstrated
therapeutic poterdl, there are few ligands that maintain high selectivity to target these
antrinflammatory functions of the ECS without psychoactivity or otheitarifet effects.
Selective CBreceptor agonists have shown promise for the modulation of
inflammation, painneurodegeneration, and osteopor¢§abrizi et al. 206). HU-308 is
a synthetic cannabinoid and structural analog of cannabidiol (CBD) that behavesas a CB
receptor agonist with greater than 440 selectivity over CBreceptorgHanus et al.
1999) HU-308 is synthesized from moleculegiwmultiple chiral centers, thus, its
production yields multiple enantiomers. One such enantiomer includet38Which
has demonstrated a lower binding affinity for human @&Beptors than H{308, but
increased efficacin vivoto reduce xylenénducedear swelling and ovariectomy
induced bone loss in mi¢g&moum et al. 2015)hus, HU308 and HW433 are
enantiomers that differ with respect to receptor binding and efficacy. However, it is
unclear whether these agonists diffeterms of arrestin recruitment, downstream

signaling, or antinflammatory capacity in microglia. As these intracellular effects
74



greatly influence the clinical relevance of a potential-arflammatory compound, it is
important that these pharmacolodipeoperties are defined.

Microglia are the resident immune cells of the brain and possess the necessary
components to biosynthesize and degrade endocannabinoids or respond to cannabinoids
that target either CBor CB; receptorgStella 2010; Young and Denovairight 2022a)
Microglia expres<B, receptors and are tipeimary target cells for antnflammatory
cannabinoids in the CN&tella 2010) Although microglia are known to propagate
neuroinflammation in response to immunogenic stimuli such as lipopolysaccharides
(LPS) and interferon ga mmiaroglialUBNezeptorstme | ect i
been demonstrated to suppress theipitammatory response to these stim{@dhrhart et
al. 2005; Ashton and Glass 2007; Young and DendWaght 2022b) However, it is
unclear which signaling pathways are modulated by 1€Beptor agonists to eliciiése
immunosuppressive effects.

Agonists of CB receptors have shown promise for the treatment of
neuroinflammation but there are gaps in our understanding of heweC&ptors
influence the inflammatory activity of microglia to mediate these effecthisrwork, we
utilize the HU308 molecular scaffold to examine the differential cellular effects of HU
308 and HW433 via CB receptors. Specifically, we investigate howC8ceptor
activation can influence cellular signaling of microglia in responseoS and | FNo .
findings suggestthat H308 and HW4 33 exhi bi t di fferemnces in
a n darrdstin2 which translate to subtle differences in the canonical signaling responses
to proinflammatory stimuli. Ultimately, these differencessignaling culminate in

increased efficacy of Hi433 to suppress microglial inflammationvitro.

4.3Results

431HU-308 exhi bits en h-armesiedndmae Pcamparedéon t o f
HU-433

HU-308 and HW33 are enantiomers and F808 wageported to exhibit
higher binding affinity for the human GBeceptor relative to H433, but the

compounds were not compared with respect to effector recruitment (E)(]Smoum et

75



al. 2015) To assess the relative efficaxief HU-308 and HWJ433 on the human GB
receptor, NanoBIT assays were performed to measure the concerntiegiemdent

recr ui t-amestin2 ora min@WUprotein (Fig4. 2A). Themini-G Uprotein

constitutes only t he jwahchinteraats vath tielrdeepore d o ma i

upon ligand bindingNehmé et al. 2017Preliminary experiments were performed with
the fusion proteins in differepermutationsand it was determined that the assays were
most sensitive when the small nanoluciferase fragment was fused tae¢hmiGus of the
CBq receptor and the large nanoluciferase fragment was fused tetérenius of thé-
arrestin2 or miniG U(Fig. 4. S1). It was also confirmed that any effect of-B08 or
HU-433 was reversed by the €i&ceptor inverse agonist, SR144528 (Fig. A-&).
SR144528 alone also reduced the luminescent signal below baseline in a concentration
dependent manner which suggested that the assay could detect constitutive activity of the
transfected CBreceptors (Fig. 4. S2C).

We me a samrestnd redouitment ovéine course of 42 min for H308
(Fig. 4.2B) and HU433 (Fig.4. 2C) and the areas under the curve were used to prepare
concentratiorresponse curves. HB08 (EGo= 530. 4 nM) exHhi bited
arrestin2 recruitment at concentrations above 100 nMpaoad to HU433 (EGo = 2.42
UM; p < 0.0001) (Fig4. 2D). Relative to HLB08, CP 55,940 exhibited increased
potency withanE&of 52. 4 nM but reduc-arkestie2f fi cacy
recruitment. When minG Urecruitment was measured, FB08 (EGo = 14.9 uM) and
HU-433 (EGo not determined) had low potency and efficacy relative to CP 55,944 (EC
= 239.6 nM) (Fig4. 2E). However, HUB08 did exhibit increased recruitment of mini
G Wcompared to H433 at concentrations above 100 rivk(0.001).

As HU-308 and HW433 are both expected to bind the orthosteric site of CB
receptors, we investigated whether these molecules woulgete witreach other to
i nf | uarestn re€ruitment. To test this, HEK 293T cells expressing human CB
receptors weré&reated with the E§ of HU-308 (1.8 uM) or HU433 (5.9 pM) in
conjunction with increasing concentrations of the other molecule. We observed that at
concentrations above 10 pM, HAB3 did appear toutcompetHU-308 at the
orthosteric site which reducedeth over al | raerestin2I (Figdn2B)nA of b
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similar pattern was observed in the inverse experiments a308lppeared to
outcompetdHU-4 3 3 t o Harrestin2eexrsitenenbat concentrations above 10 pM.
These data indicate that although 308and HU433 compete for the GBeceptor
orthosteric site, relatively high levels of crasstamination would likely be required to

have an observable influence at the cellular level.

77



OH
é i
\0/@><W\
HU-308 HU-433

Figure 4. 1. Structures of thenantiomers, HLB08 and HW433, used as CBreceptor
agonists.
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Figure 4.2. HU-308 exhi bits enh anarestih2 ané miniGiUT me n t

compared to HU-433. ANanoBIT assays were developed to facilitate the detectibn of
arrestin2 or miniG Urecruitment to human GBeceptors in HEK 293T cells. NanoBiT
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4). * p < 0.05; HU308 vs. HU433.E Concentratiordependent recruitment of mi@ U
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4.3.2HU-308 and HU433 blunedLPS a n d -mé&dMted signaling in SIM\9
microglia

The effects of HLB08 and HW433 on microglial pranflammatory signaling
were next determined in response totwoiprof | ammat ory stimul i, LP
observed that the prioflammatory signalingpf SIM-A9 microglia displayed an early
wave (10 min) and a late wave (8 h) for ERK1/2, JNK, p38, and Akt signalingd(Fig.
S3AD).NFe B was stimulated early by LPS and on
4.S3E) whereas STAT1 was only stimulatedlatg | FNo2 and wunaffected
absence of a prmflammatory stimulus, HtBO8 and HW433 stimulated ERK1/2
phosphorylation (Figd. S4A) but inhibited JNK and p38 phosphorylation (Fg.
S4B,C) with no effect on Akt phosphorylation (Fig.$4D).

When SIMA9 microglia were stimulated with LPS, HBD8 and HW433
delayed the initial signaling peak of ERK1/2 and JNK phosphorylation and greatly
suppressed the second wave of signaling &i8A,B). Both HU-308 and HU433
inhibited the early phosphdation of p38 although H433 exhibited a greater capacity
to block the late wave of p38 signaling (Fig3C). Similarly, HU433 more strongly
inhibited the late wave of Akt signaling compared to-BQ8 (Fig.4. 3D). Both HU308
and HU433 inhibited NFeB signaling at the 8 h timepoint but had no effect on STAT1
signaling (Fig4.3E,F). WhenSIMA9 mi cr ogl i a were s308 mul at ec
and HU433 suppressed the initial wave of ERK1/2 signaling at the 10 min and 60 min
timepoints, however, H433 wa more efficacious with respect to suppression of
ERK1/2 signaling at the later 6 and 8 h timepoints (FigA). HU-308 and HW433 also
suppressed the initial wave of JNK phosphorylation at the 10 min and 30 min timepoints
whereas only Ht433 reduced JNihosphorylation at the 16 h timepoint (Fig4B).
Wi t h r e s pmeediatedsignaling-rdither HBD8 or HU433 affected the
phosphorylation of p38, Akt Ne B, or STAT1 rel ad.d4GFH.Theo t he
data indicate that CBeceptor acvation influenced the downstream kinetics of LPS and
| FNo di f f er e n t433avaslggneralhamocke efficaceods wikh espect to

suppression of prmflammatory signaling.
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Figure 4. 3. HU-308 and HU433 modulate the kinetics and magnitude of microglial
pro-inflammatory signaling in response to LPS.Cultured SIMA9 microglia were
stimulated with LPS (1000 ng/mL) for 16 h, andciell western assays were used to
monitor the phosphorylation & ERK1/2 (Thr202/Tyr204) B JNK (Thr183/Tyr185)C
p38 (Thr180/Tyr182) D Akt (Ser473) E NF-a B(Ser536) F STAT1 (Tyr701) (n = 4).
Each timepoint represents an independent preparation of culturedASINhicroglia.
Statistical significance was determined using-tmay ANOVA with Tukey posthoc test.

* p< 0.05, vehicle vs. HtB08 and HU433; ~p < 0.05, HU308 vs. HU433; *p < 0.05,
vehicle vs. HU433 only.
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Figure 4. 4. HU-308 and HU433 modestly affect the kinetics andnagnitude of
microglial pro -inflammatory signaling in response to LPSCultured SIMA9 microglia
were stimulated with | Fddlbwegteth@ssaygweralugedtd o r
monitor the phosphorylation & ERK1/2 (Thr202/Tyr204) B JNK (Thr183/Tyr185), C

p38 (Thr180/Tyr182) D Akt (Ser473) E NF-a B(Ser536) F STAT1 (Tyr701) (n = 4)

Each timepoint represents an independent preparation of culturedASINhicroglia.
Statistical significance was determined using-timay ANOVA with Tukey poshoc test.

* p< 0.05, vehicle vs. HtB08 and HW433; ~p < 0.05, HU308 vs. HU433.
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4.3.3Microglial CB, receptor activation inhibited the piimflammatory activity of
microglia

To assess functional differences between3fl@ and HWJ433, the microglial
response to each was compared with respect to the release of NO and TNF, and the
capacity to induceezondary neurotoxicity. The microglial release of NO was suppressed
by HU-308 (IGso: 4.39 uM) as well as H433 (1Gso: 3.25 uM), and HH33 was more
efficacious at concentrations above 1 uM (BigbA). Microglial cells that were
stimulated with LPS (506 g/ mL) and | FN2 (5 ng/ mL) rel eas
7318 £ 222 pg/mL within 16 h (Fid. 5B). Treatment with HtBO8 (5 puM) reduced the
concentration of released TNF to 3541 + 837 pg/mL anédB8treatment (5 puM)
reduced TNF to 1794 + 665 pg/mLhis effect on TNF release was reversed by co
incubation with the inverse agonist, SR144528 (20 uM) which supports theeCdptor
specific effects of HLBO8 and HW433. These data suggest that both-808 and HY
433 had antinflammatory effects on SIM\9 microglial cells via activation of GB
receptors, however, H433 was more efficacious.

The influence of HUB08 and HU433 on secondary neurotoxicity was
determined using conditioned media andH8MR"/?” neuronal cells as previously
describedYoung and DenovahVright 2022b) SIM-A9 microglia were stimwted with
LPS (500 ng/ mL) and | FNo (388onHJA38hAt) i n conj
concentrations of 500 nM or 5 uM. @aeatment of microglia with Ht433 at either
concentration improved subsequent neuronal viability wherea8@8Jvas only
efficaciousat the 5 pM concentration (Fig. 5C). Cotreatment with SR144528 (20 uM)
reduced the effects of HB08 and HU433 (5 uM), however, there was still an
improvement in SRAhR™/?7 cell viability which is consistent with a partial blockade of
the receptemedated effects. This was likely a consequence of the high agonist
concentration relative to the antagorfRinald-Carmona et al. 1998Yhese data suggest
that HU-308 and HU433 reduced the proflammatory activity of SIMA9 microglia

which subsequently reduced the secondary damage to cultursth8’ cells.
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Figure 4.5. HU-308 and HU-433 differentially suppress the release of NO and TNF

from SIM-A9 microglia which impacts secondary neurotoxicity.Cultured SIMA9

mi croglia were stimulated with LP38NOP500 nc
release was measured using the Griess assay (n 4).0:05; tweway ANOVA with

Sidak posthoc test.B TNF release was determined by enzyimked immunosorbent

assay (n = 3). Significance was determined usingvaae ANOVA with Tukey posthoc

test. *p < 0.05 vs. no agonist; p-< 0.05, HU308 vs. HU433.C SIM-A9 microglia were
stimulated with LPS (500 ng/ mL) -808dHUI FNo (
433, and SR144528 as indicated for 16 h. The conditioned media was applied to cultured
STHAh"Q7 cells and ATP concentrations were measured as a proxy for cell viability after
24h.*p< 0. 05 vs. LPS + p<ON%S agenist(SpuMhvs. agomso(Bi st .
MM) + SR144528 (20 pM).
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4.4Discussion

In this work, we investigated a GBeceptoragonist, HJ308, and its
enantiomer, HW33. The goal was to unravel a previously observed phenomenon
whereby HU308 exhibited greater affinity for GBeceptors inn vitro binding assays
whereas HH33 demonstrated greater efficacy in mouse models lahinfiation and
osteoporosigSmoum et al. 2015)Ve measured the effects of FB08 and HW433 on
the recruitment of effector proteins to £®ceptors as well as on the signaling dynamics
of microglia in rHUS3O®BN s e edrrastink @&Imigxl) | FNo .
more strongly than H433 which was consistent with the previously observed
differences in binding affinitygSmoum et al. 2015)n response to LPS, HBO8 and
HU-433 modulated the canonical grdlammatory signaling response including the
suppression of MAPK and Akt signaling. More specifically,.€&eptor activation was
associaté with inhibition of the second wave of signaling which has been linked to
inflammatory activity(Rodems and Spector 1998; Chen et al. 2004; Hadi 2013)
Ultimately, despite reduced recruitment of effector proteins; 438 exhibited greater
influence over the prmflammatory signaling of cultured SBHA9 microglia which
culminated in stronger antiflammatory effects.

We observed that H308 more strongly recruited both mi@ Ua n darrdstin2
to human CBreceptors compared to H4B3. It was previously reported that FB08
induces greater bindingo®flGTP2S and al so displays an in
CBz receptors as measured digplacement offH]-CP 55,94qSmoum et al. 2015Ne
al so found t hat -a@Btinbtdhurfah GBeceptarswith 18odd b
greater potency relative to H8D8 which was previously observésioethoudt et al.
2017) However, we o0bs earrestndrecguitneeat tn eesponseatx i ma | b
HU-308. Taken together, these data suggest thaBéBbinds strongly to CBeceptors
and elicis a greater response than B3 with respect to the recruitment of proteins
required for canonical GPCRediated signaling. With respect to binding of2CB
receptors, docking studies suggest that308 and HW433 both bind to the orthosteric
binding pockein a very similar orientatio(Smoum et al. 2015However, the model

demonstrated that HB08 exhibits stronger hydrogen bonding overall and the bicyclic
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ring is buried deeper into the binding pocket. This information isistems with our
finding that HU308andHU-433competed o i n f-drrestin? ceeruitibent. Together,
these data strongly suggest that-BQB and HW433 both bind to the same orthosteric
binding site rather than different potential allosteric sites.

We identified that HU308 and HU433 both subtly modulated the early
signaling responses of microgl i abgorisssl | s t o
in response to LPS were most notable on the phosphorylation of macgeated
protein kinases (MAPKs ERK1/2, JNK, and p38. It has been previously demonstrated
that the phosphorylation of ERK1/2 is a characteristic of microglia following treatment
with LPS, and that this response is blunted by stimulation of eitheplOBB; receptors
(Ribeiro et al. 2013)LPS was also shown to stimulate ERK1/2 and p38 in primary
mouse microglia and JNK in B¥ immortalized microgligRibeiro et al. 2013; Liu et al.

2021) Consistent with past findings, we found that treatment with3a88 and HU433

blunted the early phosphorylation of p38 in SR microglia stimulated with LPS.

However, while ERK1/2 phosphorylation wasppressed by GBeceptor activation at

the earliest timepoint, there was a greater response at timongmepoint which is

indicative of delayed ERK1/2 signaling rather than suppression. Furthermoi208iU

and HU433 enhanced the early phosphoiglatof JNK. This was unexpected as JNK

has been associated with the-prfammatory activity of primary microglia from both

mice and rat¢Waetzig et al. 2005; Ribeiro et al. 2018his suggests that the LPS

mediated signaling response is multifaceted angr€&eptor activatio has multiple

effects that are dependent on specific sig
exhibited rapid phosphoryl at imediateddffeccoRK 1/ 2,
ERK1/2 and JNK was blunted by treatment with either308 or HU433. Thus, the

earlyprei nf | ammat ory response of microglia to
CB2 receptor activation.

The activation of microglial MAPK and Akt pathways was biphasic in response
to LPS, but not | FNo2, wywade awattewdvalatect er i z e
activation of ERK1/2 in immortalized microglia was previously identified and the
stimulation of CB receptors by anandamide suppressed ERK1/2 phosphorylation at the
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late 24 h timepoingEljaschewitsch et al. 2006)Ve observed that although FH308 and
HU-433 influenced the early wave of pirtflammatory signaling, the effects of @B
receptor activation on MAPK signaling were most prominent in the late wave. Together,
these data indicate that targeting the endocannabinoid system through eitbe GEB
receptors is a viable method to suppress the late wave of MAPK signaling a&sbadiat
pro-inflammatory activation following LPS treatment. Biphasic ERK1/2 signaling in
response to growth factors has been observed in smooth muscle and epithelial cells
(Finlay et al. 2003; Chen et al. 2004; Hadi et al. 2013; Huang et al.. 201/ second
wave of ERK1/2 phosphorylation is associated with proliferative activity as well as the
inflammatory response to infection in hunféroblasts and mammary epithelial cells
(Rodems and Spector 1998; Chen et al. 2004; Hadi et al..20103trix metalloprotease
inhibitor spedically blunted the second wave of ERK signaling in human mammary
epithelial cell{Chen et al. 2004)A second wave of LR8ediated 118 secretion has
been demonstratl in human neutrophils and was dependent on TNF regl€aseatella
et al. 1993) This indicdes that the second wave of signaling is an autocrine mechanism
involving secreted proteins. Although it is unclear whether therglammatory activity
of microglia is primarily linked to the second wave of MAPK signaling, future work is
warranted to dermine whether this could be a primary mechanism for the anti
inflammatory effects of CBreceptor agonists.

Despite the structural similarities between4308 and HWJ433, we observed
differences in the efficacy of the ligands to suppress the inflammattwty of
microglia. HU-308 previously suppressed the release of NO and TNF fromASIM
microglia and reduced the secondary neurotoxicity in ar€&ptordependent manner
(Young and DenovahiVright 2022b) CB; receptor activation has also been shown to
inhibit LPS a n d -mé&dMted effects in other meld of microglia, including
immortalized N9 cells and primary mouse and rat micrd@iahart et al. 2005; Correa
et al. 2010; Ma et al. 2015; Mecha et al. 2015 )contrast, H433 was also shown to
have greater efficgan vivoto inhibit xylenemediated ear swellinGmoum et al. 2015)

In this work, wealsodemonstrated that Hd33 suppressed the release of NO and TNF
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to a greater extent thatU-308despite theeduceddegree of effector euitmentto CB;
receptors

Although the activity of CBreceptors has generally been antiammatory and
neuroprotective in various vivomodels, there is evidence that OBceptors promote
inflammation under specific conditions. In a mouse modgraft-versushost disease,

CB. receptorknockout mice displayed reduced infiltration of donor CBAd CD8 T
cells into the brain which was accompanied by reduced ca8pesavage in neurons
(Moe et al. 2023)These results were replicated with the use of a {panetrant inverse
agonist of CBreceptors, SMML89.An additional study identified that primary
microglia from CBreceptotk nockout mice were | ess sensitd.i
(Schmole et al. 2015Blockade ofCB> receptors with SR144528 reduced swelling,
neutrophil recruitmen&nd leukotriene production in a mouse model of acute ear
inflammation(Oka et al. 2005)CB, receptor blockade also reduced the recruitment of
eosinophils and the release of mflammatory cytokines such as TNF in mice with
oxazoloneinduced contact dermatit{®ka et al. 2006)These past findings suggest that
the constitutive activity of CBreceptors may be required to initiate the-prtammatory
activity of peripheral immune cells as well as roglia.

Substantial attention has been directed toward understanding the pharmacology
of CBo receptors to develop therapeutics for several indications including inflammation,
itch, osteoporosis, and neuropathic p@&windon and Hohmann 2008; Kusakabe et al.
2013; Han et al. 2013; Rossi et al. 20r®wever, HU308 and mosbther CB receptor
agonists are highly lipophilic molecules with poor solubility and other undesirable
physicochemical properti€Soethoudt et al. 2017; Whiting et al. 20ZPhus, although
HU-308 has been demonstrated to be suitable for topical treatment in multiple mouse
models of ocular inflammation, may have unfavorable pharmacokinetic properties
when administered oral§foguri et al. 2014; Thapa et al. 2018% CB> receptor
agonists, including HtB08, have repeatedly shown promise in-phaical models,
further optimization of CB-selective scaffolds with suitable pharmacokinetic properties

may be critical to the development of £ceptors as targets for neuroinflammation.
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Receptor selectivity has beanotherchallenge in the development of €B
receptor agonists with therapeutic potential in the absence of psychoactivi80&ihhas
demonstrated very high selectivity for €®ver CB receptors and does not elicit
catalepsyantinociception, or hypothermia in mice at doses of up to 100 mg/kg
(Soethoudt et al. 201.7rurthermore, HLBO8 is among the GBeceptor agonists with
the fewest oftargeteffects based on a panel of over 64 human prof8iosthoudt et al.
2017) This suggests that HBO8 has the potential to specifically target-C&ceptorsn
vivo. However,it is unclear whether the effects of H133 are mediated exclusively by
CB:2 receptors. We found that a much greater concentration of the inverse agonist,
SR144528, was required to suppress the recruitmdnainkstir?2 and miniG Win
response to H433compared to HLBO8. SR144528 also reversed the-anti
inflammatory effects of H&33 on microglia to a lesser degree relative ta308. The
effects of HU433 on mouse osteoblast proliferation were shown to be absentin CB
receptorknockout micg Smoum et al. 2015However, antinflammatory effects
through either CBreceptors or other receptors such as GPR55 have not been ruled out.

Despite enhanced effector protein recruitment upon treatment witB(d8Uthe
enantiomer HW33 had greater antflammatory properties to counter the effects of
LPS and | FNo2 -A9micmglid. These dath suppoivithat microglia,.CB
receptors are a useful target to suppress thanflesmmatory activity of microglia.

Fut her more, these dat a hiargehtihiieguitmentarb at pr ope
insufficient to judge the efficacy of a GPCR agonist, and that other properties including

the signaling response may be more predictive of the functional activity.
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4.5Supplementary data
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Figure 4. SL. Determination of proper orientations for small and large nanoluciferase
fragments. A NanoBIiT assays were performed using the humap r€é&ptor sequence

fused to either the small (CB2M) or large CB2-LG) fragment of nanoluciferase in

conj unct-arestin2viused to either the small or large fragment fused to-the N
terminalend (SMandLGb Ar r 2, r espetcegrn mien gl) -SHand-tGhe A Cr 2
respectively) B NanoBIiT assays were perfoed using the CBreceptor sequence fused

to the small or large fragment of nanoluciferase fused to #teer@inal end (CBZSM and

-LG, respectively) in conjunction with the mi@i Usequence with the small or large
fragment of nanoluciferase fused to theerminal end (SMand LGG U respectively).

Lumi nescence was recorded as aarrdstinhamd30c me a
mi n fiand cof@éhtrationesponse curves were prepared from the area under the curve

for each concentration of CP 58(®which was used as the test agonist.
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Figure 4. . Assessment ofb-arrestin2 recruitment in response to SR144528.
NanoBIT assays were performed in HEK 293T cells transfected with humareGiptor
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of 42 min. Areas under the curves (AUCs) were used to prepare concenteaponse
curves.
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Figure 4. S3. Signaling kinetics of SIMA9mi cr ogl i a i n response
Cultured SIMA9 mi croglia were stimulated wi

over the course of 16 h, and-géell western assays were used to monitor the
phosphorylation ofA ERK1/2, B JNK, C p38, D Akt, E NF-aB, F STAT1 (n = 4).
Statistical significance was determined using-tmay ANOVA with Tukey poshoc test.

* p<0.05 vs. baseline (0 min).
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Figure 4. $4. Signaling kinetics of SIMA9 microglia in response to HU308 and HU

433. Cultured SIMA9 microglia were stimulated with H308 or HU433 (1 uM) over

the course of 60 min, and-aell western assays were used to monitor the phosphorylation
of A ERK1/2,B JNK, C p38,D Akt (n = 4). Statistical significance was determinethgs
two-way ANOVA with Tukey poshoc test. *p < 0.05 vs. baseline (0 min).
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Chapter 5: JAK1/2 regulates synergy between interferon gamma and
lipopolysaccharides in microglia
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Preface

Thisc hapter investigates the phiarmacol ogi
mi croglia. The purposes of this chapter we
microglia in an additive osynergistic manner, and to determine which signaling
pathways were likely the most critical to the microglial inflammatory response. Past
reports of associations between altered gut microbindaneurodegeneratiafso
prompted the use of LPSofn different bacteria that were considered more harmful or

beneficial gut microbes.
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5.1Abstract

Microglia, the resident immune cells of the brain, regulate neuroinflammation
which can lead to secondary neuronal damage and cognitive impairment under
pathological conditionsTwo of the many molecules that can elicit an inflammatory
response from microglia are lipopolysaccharide (LPS), a component ofinggaive
bacteria, and interf er on-infgramtorg cytodnE.We ) , an
thoroudhly examined the concentrati@ependent relationship between LPS from
mul ti pl e bact erincalturedsnic®mglia amdsmaeropldages. N measured
the effects that these immunostimulatory molecules have emflmonmatory activity of
microgliaand used a battery of signaling inhibitors to identify the pathways that
contribute to the microgli alinteracked ponse. We
synergistically to induce a piiaflammatory phenotype in microglia, and that inhibition
of JAK1/2 completly blunted the response. We determined that this synergistic action of
L PS a n das likelyNdependent on JNK and Akt signaling rather than typical pro
inflammatory mediators such as NFB . Finally, we demonstrat ec
Escherichia coliKlebsiella pneumonia@ndAkkermansia muciniphilaan elicit
different inflammatory responses from microglia and macrophages, but these responses
could be consistently prevented using ruxolitinib, a JAK1/2 inhibitor. Collectively, this
work reveals a nehanism by which microglia may become hyperactivated when levels
of LPS and I FNo2 rise above normal. Given t
occur in a wide variety of pathological conditions, it is critical to understand the
pharmacological intactions between these molecules to develop safe and effective

treatments for neuroinflammation.
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5.2Introduction

Microglia are specialized brairesident macrophages that are uniquely equipped
to support neuronal function as well as regulate inflammatargggseg$Nimmerjahn et
al. 2005; Perry et al. 2010lthough microglia can suppress inflammation and promote
tissue repair in the central nervous system, thetearel phenotypically plastic and are
also the primary initiators arropagatos of inflammationin the brain(Cherry et al.

2014) The preinflammatory activity of microglia is typically protective against
pathogens or the aggregation of debris within the {@valos et al. 2005; Lehnardt

2010) However, microglial hyperactivity accelerates neuronal death associated with
chronic neurodegenerati ve(AD)jaswechameue, | i ke A
conditions such as sepsissociated encephaldpg (Perry et al. 2010; Widmann and
Heneka 2014; Guzmaartinez et al. 2019)Although microglia regulate innate

immunity in the brain, microglia are also sensitive to immunostimulatory molecules in
peripherakirculation(Hoogland et al. 2015By this mechanism, systemic inflammation
induces the priming of microglia, resulting in a heightenedmitammatory response
upondetection of a second stimulus. In this context, individuals with chronic systemic
inflammation may be more susceptible to subsequent neurodegeneration, and likewise,
individuals with established brain pathology may exhibit an exaggerated microglial
resporse to peripheral infectiofPerry and Holmes 2014; Brown 2019)

Interferon gammal ( F N 9 ) sinflaanmadoryaytokine, can be released by
microglia as well as peripheral immune cells and is commonly elevated in patients with
chronic iflammatory diseases such as type 2 diabetes, obesity, or rheumatoid arthritis
(Kasahara et al. 1983; Ye et al. 1995; Tsiavou et al. 2005; Monteird2ét&L. Zhang et
al. 2019a; Bradley etal. 2022) | FNO serves as a primary act
binding the interferon gamma receptor (IFNGR), and can prime microglia or
macrophages for an enhanced response to oth@nffammatory stimuli sah as
lipopolysaccharide (LP$)layes et al. 1995; Held et al. 1999; Schroder et al. 2006;
Monteiro et al. 2017)LPS is acomponent of grarmegative bacteriaell membranes
that interacts with tollike receptor 4 (TLR4), present on immune c@iigright et al.

1990; Lu et al. 2008When LPS enters the blood stream, it generates a systemic
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inflammatory response anticits sickness behavior in humans at relatively low
concentrationgRietschel et al. 1994; Sandiego et al. 201'B)S may enter general
circulation during acute bacterial infection or from the gut microbiome via damaged
intestinal epitheligEvans and Pollack 1993; van Langevelde et al. 1998)ough LPS
and | FNo have typically been investigated
system, both molecules interact with microglia, especially under conditions of systemic
inflammation when the bloedrain barrier may be more permeafurray et al. 2011;
Chai et al. 2014; Too et al. 2014; Banks et al. 2015; Vaigaaveo eal. 2017)

Some links have been drawn between circulating LPS and the development of
neurodegenerative diseastgh concentrations of LPS have been observed in the blood
of patients with AD, and intestinal per mea
(Zhang et al. 2009b; Forsyth et al. 201This highlights a potential mechanism whereby
LPS enters peripheral circulation to induc
Combined stimul ati on demonbtratédRoNebcitppond LPS has
inflammatory activity from microglia that induces neurotoxi¢iavarro et al2018a;
Young and DenovahVright 2022b) However, the interactions
the level of microglial signaling are unclear which impedes the rational development of
drugs to suppress neuroinflammation.

In this study, we addressed the hymsisthat PS and | FNo2 sti mul a
microglia to elicita greater inflammatory response than treatment with either molecule
alone. We also probed downstream signaling pathways to identify those most closely
linked with the microglial response. LPS from nplkt bacterial speciegscherichia
coli, Klebsiella pneumonigeandAkkermansia muciniphilavere also assessed to
determine whether microglia and macrophage cells respond differently based on the
source of LPS. We provide evidence thatctivation of TR4 and IFNGR stimulates
microglialderived inflammation in a synergistic manner which can be prevented by
blockade of Janus kinase 1 and 2 (JAK1/2) in microglia and macrophages, despite
evidence that TLR4 does not primarily signal via the JBKAT pathway These data
highlight a single pharmacological target that may be used to nullify the pro
inflammatory activity of myeloid cells under a variety of pathological conditions.
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5.3Results
5.3.11 FNo2 a n d E.lcd#iiddude mroglial inflammation in a synesgic manner

Al t hough it has been well established t
inflammatory response from microgli@hhor et al. 2013; Navarro et al. 2018a; Young
and DenovayWright 2022b) we aimed to determine whether the combination of both
molecules would produce an additive, synergistic, or antagonistic response. Microglial
cells were treated with increasing concent
increasing concentratioms the other molecule. NO release was measured as a proxy for
pro-inflammatory activity(Bal-Price and Brown 2001; Chhor et al. 2013)

Il FNo2 st i mul atnrdicragli@ina eohcentratiamepéndent
manner (Fig5. 1A). When LPS was added in combination, there was a concentration
dependent leftward shift in the curve as well as an increase in baseline and maximal NO
release. Similarly, LPS induced NO releagarfrmicroglia, and the potency as well as
basal and maxi mal NO release was elevated
lowas 0.1 ng/mL (Fig5.1 B) . NO rel ease that was sti mul a
completely blocked by the inducible nitric ogidynthase (iNOS) inhibitor, 1400W,
which indicated that the reactive NO release was controlled by the inducible form of
NOS (Fig.5. S1 Garvey et al. 198).

To determine whether the microglial res
LPS was additive or synergistic, isobolograms were prepared from aeddes and a
combination index analysis was perform&Hde combination index provides an
indication of whether two molecules may act in a synergistic (< 1), additive (= 1), or
antagonistic (> 1) mannéChou and Talalay 198€hou 2006, 2018)'he EGo values

were determined for I FNo2 or LPS al obe and
1C). The combination indices for | FN2 comb
were 0.745 (0.05 ng/mL), 0.534 (0.5 ng/mL)dad.343 (5 ng/mL). This indicated that

the potency of | FN2 increased synergistica

inverse experiments revealed a similar pattern as the combination indices for LPS

combined with increasing concentrationsdillF wer e 0.813 (0.01 ng/r
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ng/mL),and 0.633 (1 ng/mL) (Fi§.1 D) . Thi s i ndicated that th
enhanced the potency of LPS in a synergistic manner. Taken together, these data suggest
that | FN2 and LPS micrdgiadneadynddgisticrmanner,avshe f r om
pronounced effects even at relatively low concentrations.

Induction of mMRNA for four pranflammatory markers was measured to further
assess the microglial responseé t& Nuad LPS. The mRNA markers used wisias2
(INOS), Tnf(TNF), 116 (IL-6), andlllb(IL-1 b) , as t hese mar kers ar e
with microglial preinflammatory activity(Chhor et al. 2013).ow, medium, and high
concentrations of F NMOLPS relative to the maximal effect were chosen based on the
concentratiorresponse curves for NO release. These concentrations corresponded to 1, 5,
and D ng/mL forl F NFag. 5. 1E) and 10, 100, and 1000 ng/mL for LPS (BdLF).

Nos2was the only marker elevated byF Muad was only elevated by the highest
concentrat i &rG)old contrasiNLPS gpFegutated the mRNA abundance of

Nos2 Tnf, 116, andll1b at all concentrations (Fid. 1H-J). These data indicated that LPS

was a more robust stimulus than | FNo al one
pro-inflammatory markers in cultured microglia.

The measurements of mMRNA abundance wepeated to assess whether
combinations of | FNo and LPS would produce
stimulus alone. SIMA9 microglia were treated with a low concentration of dvd a
high concentration of LPS or vice versa. For comparison, celis also treated with a
high concentration of both stimuli. Treatment with high $§R0 ng/mL) and low LPS
(10 ng/mL) increased the mRNA fblos2 Tnf, andll6 compared to the same
concentration of IFNor LPS alone (TablB. S1). This pattern was also sérved upon
treatment with low IFN (1 ng/mL) and high LPS (1000 ng/mL). When maximal
concentrations of each were combindds2andTnfwere elevated compared to any
other combination of concentrations, but the same pattern was not obsem@dTiois
suggests that TLR4 and IFNGR-aotivation produces great increases in mRNA for
some prainflammatory markers, especialjos2andTnf.
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20 ng/mL) o LPS (10, 100, or 1000 ng/mL) to use inGPCR experiments. The relative
abundace of MRNA was quantified f@& Nos2 H Tnf, | 1l1b, andJ 116 (n = 3) following

treat ment(l iot20 ngimE bPS(10, 100, or 1000 ng/mL)rhe mRNA
abundance is presented as the-fdidnge relative to vehicle. Statistical significance was
determinedusingaongeay ANOVA with Dunnettdés correct.i
* p<0.05 vs. vehicle.
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532Synergy is consistent between | FNoO and L
muciniphila

LPS from additional bacterial speci&s,pneumonia@andA. muciniphila, were
used to determine whether the bacterial species of origin would influence the observed
synergy between TLR4 and | FNGR. We observe
concentratiordependent manner, and that the combination of LPS Kropmesmoniae
increased both the maximal and the basal NO release5(2ig). The increase in basal
NO release occurred at a concentration of 5 ng/mL and there was a decrease # the EC
of I FN2 in the pr esenclepmedmoroadlabe5 0).A05 ng/ mL
similar pattern was observed when the inverse experiments were performed as there was
an increase in basal and maximal NO release as well as an increase in the potency of LPS
from K. pneumoniag¢h en combi ned with i ncr(ps2Bng conc

When the concentratieresponse curves of LPS fraf pneumoniagvere combined

with increasing concentrations of | FNoa, th
0.885 (0.001 ng/mL) to 0.317 (1 ng/mL) which indicated that the potency ®ffromK.
pneumoniasvas i ncreasingly enhanced by 5increasi
2C).

The same experiments were performed using LPS Aomuciniphilaas this
species of bacteria has been demonstrated to be a beneficial gut microbeaather th
potential pathogefzhou 2017) As with LPS fromE. coliandK. pneumoniaglLPS from
A. muciniphilae n h a n ¢ e d-mediated ND Feldase from SIMO microglia.
However, basal NO release was only influenced at a concentration of 500 ng/mL LPS,
and the potency of | FNo wAmsucioiphlagtai ncr eased
concentration of 5 ng/mL (Fié. 2D). This indicated that LPS from. muciniphilahad
|l ess of a potentiati on e E.fcdiorK. piemmonige N2 ¢ o mp
Similarly, a higher concentration of | FND?
from A. muciniphilacompared td.PS fromK. pneumoniaéFig. 5. 2E)(Table5. 1).
When the concentratieresponse curves of LPS frofn muciniphilawere combined

with increasing concentrations of | FNo2, th
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0.743 (0.001 ng/mL) to 0.290 (1 ng/mivhich indicated that the potency of LPS was
enhanced by increasi nd. 2€)@ableSelpt rati ons of |
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Figure 5. 2. LPS from K. pneumoniaeand A. muciniphila acted synergistically with

| FN2 to induce N@®@9 miedglalacsle A $IV-A9dmic®dlidM cells

were treated with i ncr easiimngngknb)nithevehicle at i on
(PBS) or increasing concentrations of LPS frdnpneumonia. B Microglial cells were

treated with increasing concentrations of LPS fidmpneumoniag2.5 pg/mL1 1000

ng/ mL) with vehicle (PBS) oQAnisobalogrammwas ng Cc O
prepared using Egvalues forl FN2 combi ned 5w0.5tng/mL) & $PS( O , 0 .
combined with | FN2 ( ODSIMA9M@raglial cellsWetetreatkd 1, 1
with increasing c¢onceh20rmgrml) with sehidef(PBE)FoNo ( 5 (
increasing concentrations of LPS frémmuciniphila E Microglial cells were treated with

increasing concentrations of LPS frol muciniphila(2.5 pg/mLT7 1000 ng/mL) with
vehicle (PBS) or i ncr EAnssobolggram was preparédrugingi on s
ECsovalues forl FNo combi ned wi t b0 righb) or(LBS condbinéd5 |, 0.
with | FNo (0, 0.001, 0. 01, 0.1, 1 ng/ mL) .
Griess assay 16 h following the treatment (n = 4). Data points represent the means £ SEM.
Area under the curves were calculated and pldttedach concentratieresponse curve.
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90T

Table 5. 1. SIM-A 9

mi crogl i a

wer e

treated

wi t h

ncreasing

concentrations of the other molecule (n sMinimum NO release (&n), maximal NO release (&), and the E€were calculated

usingnonlinear regression with foymrarameter analysis. The combination indices were determined fleCtbe f |

FNo

the presence of multiple concentrations ofdtieer molecule. Combination indices could not be calculated when the concentration
of the concurrent treatment exceeded itsdEThe Ein, Emaxand EGp are presented as the 95% confidence intervals (Cl).

Treatment? Concurrent treatment Emin( NO, & Emax( NO, ¢ ECso(ng/mL) Combination
index

LPS from
E. coli(ng/mL)

I FNo 0 -0.11t0 0.97 31.25t033.74 1.474101.783 1
0.05 -0.51t01.24 33.98 to 37.30* 1.055t0 1.373* 0.745
0.5 -0.651t0 1.28 45.43 to 48.90* 0.740 to 0.960* 0.534
5 5.58 to 8.63* 53.62 to 58.20* 0.291 to 0.443* 0.343
50 18.29t0 20.82*  54.22t0 59.81* 0.562 to 0.943* -
500 31.99to0 34.92* 57.18to 64.04* 0.5781to0 1.336* -
Il FNo (ng/ mL

LPS fromE. coli 0 -0.621t0 1.86 31.53t037.77 30.26 to 58.25 1
0.01 1.54t0 3.13 26.841029.50 27.11t040.26 0.813
0.1 1.14t0 4.22 31.20 to 36.83" 10.84 to 25.80" 0.459
1 16.76 t0 21.28"  46.84 to 49.34" 0.45to 0.85" 0.633
10 41.49 to 46.63 58.58 to 61.51" 0.40 to 1.34" -
LPS from
K. pneumoniaéng/mL)

I FNo 0 -0.3136t0 1.648 43.76t051.06 0.5335 to 0.6554 1
0.05 0.2366t0 1.775 45.73t050.60 0.4164 to 0.5053* 0.758
0.5 -1.082t01.640 60.03 to 67.14* 0.04661 to 0.1831* 0.504

and
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L



L0T

Treatment?

Concurrent treatment

Emin(NO, €

Emax( NO,

ECso (ng/mL)

Combination
index

5
50
500

15.16 to 19.53*
26.47 10 29.82*
26.82t0 31.17*

71.38 to 86.20*
59.76 to 71.06*
63.91 to 84.62*

-0.1966 to 0.1947*
-0.1859 to 0.2642*
-0.2048 t00.5614

LPS fromK. pneumoniae

I FNO

0.001

0.01
0.1
1

10

(ng/ mL

-0.3136 to 1.648
0.2366 to 1.775

-1.082 to 1.640
15.16 to 19.53»
26.47 to 29.82"
26.821t0 31.17

43.76 to 51.06
45.73 to 50.60

60.03 to 67.14"
71.38 to 86.20"
59.76 to 71.06"
63.91 to 84.62"

0.5335 t0 0.6554
0.4164 to 0.5053"

0.04661 to 0.1831"
-0.1966 to 0.1947"
-0.1859 to 0.2642"
-0.2048 t0 0.5614

0.885
0.791
0.515
0.317

I FNo

LPS from

A. muciniphila(ng/mL)

0
0.05
0.5
5

50
500

-0.1857 to 1.017
-0.2169 to 1.433
-0.3372 t0 0.4994
-0.6463 to 0.7297
0.2994 to 4.408
19.28 to 23.28*

31.351034.64
32.81t0 38.26
36.89 to 39.43*
41.80 to 45.03*
44.73 1053.83*
51.16 to 58.30*

0.5210 to 0.5984
0.4965 to 0.6237
0.4770 to 0.5329
0.2127 to 0.2843*
-0.2404 t0 0.0278*
-0.4241 t0-0.0807*

0.991
0.884
0.502
0.342

LPS fromA. muciniphila

I FNO

0.001
0.01

(ng/ mL

0.0028 to 0.96
-0.11t0 1.43
-0.59t0 0.33

21.64t0 29.51
22.15t042.74
30.61 to 39.88*

179.50 to 358.31
182.83 t0 851.43
226.07 to 401.48

0.743
0.751
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Treatment? Concurrent treatment Emin( NO, € Emax( NO, ¢ ECso(ng/mL) Combination
index
0.1 -0.75t0 0.53 31.53to 34.66* 55.19 to 71.60* 0.192
1 4.15 to 7.24* 40.49 t043.61*  4.24 to 7.06* 0.290
10 22.66 to 42.76* 52.19ton.d.*  1.969to n.d. -
2 Applied as a concentratienesponse curve
* Significantly differ ent-ovérlapping95%QMNo al one as i ndi

A Significantly different from LPS alone awdicated by noroverlapping 95% CI.
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533JAK1/ 2 exerts control over the microgli a
IFNGR signaling is transduced via JAK1 and JAK2 whereas TLR4 signals
primarily via myeloid differentiation primamesponse 88 (MyD88Yogel et al. 2003;
Schroder et al. 2004, 200®)espite little overlap in upstream effector proteins, the
receptors share several downstneas i gnal i ng pat hways activate
includingNFe B and MAP ki nals @\ W¢ hypothdsized thdt if tigere
was no crosstalk between IFNGR and TLR4 signaling, then inhibition of JAK1/2 would
bl oc k o-mddmtedleffettoand inhilon of MyD88 would block only LPS
mediated effects. To test this, microglia were stimulated using fixed concentrations of
| FNo2 and LPS alone or in combination. Thes
with TAK-242 or ruxolitinib. TAK242 is a selecte inhibitor of TLR4 that disrupts the
interaction with MyD88 to suppress Ligediated signalingTakashima et al. 2009;
Matsunaga et al. 2011Ruxolitinib is a dual inhibitor of JAK1 and JAK2 that suppresses
signaling medi at e ddedendent citdkimes,suchlas@i@Qumids J AK
Cardama et aR010; Albeituni et al. 2019)
We observed that inhibition of TLR4 prevented the response to LPS, however, it
did not block the mi c-242gupbpreased LP&edigied NG e t o |
release with an 1§ of 36.48 nM (Fig5. 3B). In thepresence of a moderate
concentration of sobfHAK24AWas 1168 UMpd_shift of nedrlg451 C
fold, this also increased the total AUC (FegS2A). When microglia were treated with
| FNo al emMe, i ThAK -inédiateddNO releasée witan 1Go of 32.81 uM
which is three orders of magnitude higher than the inhibition of LPS and may be
indicative of nonspecific effects at extremely high concentrations §F8f). These
results were expected as TAM?2 is known to inhibit TLR4 but hasnhbeen shown to
i nfl uence I|-rredi&d signalingl F N2
The inverse experiments revealed that inhibition of JAK1/2 using ruxolitinib
bl ocked the microglial response to | FN2 an
combi nati on. Rux enaliated MO rddeade with iarbj@oft 32063 AMF N 2
(Fig.5.3D). In the presence of additional LPS (50 ng/mL), the ¢Cruxolitinib was
shifted only to 397.19 nM which was not di
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change in the total AUC (Fi&. S2B). This indicated that inhibition of JAK1/2
compl etely prevented NO release in respons
without a loss in potency or efficacy. When microglia were stimulated with LPS alone,
ruxolitinib inhibited NO release with an igof 26.48 nM (Fig5. 3E). These data
indicated that inhibition of IFNGR signaling via blockade of JAK1/2 could blunt the pro
infl ammatory effects of | FNo and LPS when
combination.

We assessed the effects of TLR4 or JAKM@hition with respect to the
secondary effects on cultured I3Gh?7/?” neuronal cells. We approached this using a
conditioned media system as previously descr{iyeding and DenovahiVright 2022b)
STHANR"?7 cells were treated with media from SIND microglia that had been
previously treated with LPSorlEN i n combi nati o2, owi t h vehicl
ruxolitinib. ATP concentrations were measured as a proxy for cell viability. When
STHAhR™Q7 cultures were exposed to media from microglia previously treated with LPS,
the ATP concentration fell from 0.99 £ 0.06 uM to 0.17 + 0.03 pM, and the ATP
concentration was 0.29 £ 0.05 uM upon exposure to media from microglia that were
treat ed wgi5t3R). HoweNes, diedE éxposure of BT cells to LPS or
| FNo had no effect on cell viability which
microgliatsecreted factors (data not shown)-t@atment with either TAR42 or
ruxolitinib attenuatedhe effects of LPSonditioned media on $Idh?7'?7 cell viability.
However, only ruxol it i-comditionddimadiatwieetcastThke e f f e
242 had no effect. A similar pattern was observed for the glutamedéated calcium
uptake in SHANR”?7 cells. Conditioned media from microglia that were treated with
LPS induced a loss of glutamateadiated calcium uptake which was likely a result of the
reduced number of viable cells (F&.3G). As observed with NO release and secondary
neuronal deathiTAK-242 and ruxolitinib each blocked the Lia&diated effects on
calcium uptake in SHIdhR”?’ cells. Conditioned media from microglia that were treated
wi t h | FNo al so r e dddi®’@aellc Ehése éffects warepparéaklye i n
blocked by TAK242 but completely reversed by ruxolitinib (Fig3H). Together, these
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data were consistent with the notion that blockade of JAK1/2 is sufficient to inhibit LPS

mediated effects in microglia.
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Figure 5. 3. JAK1/2 inhibitio n negatively regulates TLR4mediated signaling in
microglia but not vice-versa. A Microglia exhibit substantial overlap in canonical
signaling pathways. Blue and red colors indicate signaling pathways specific to TLR4 and
IFNGR, respectively, whereas galdlourindicates signaling pathways known to overlap.

All signaling inhibitors used within the study are indicated. Created with BioReBder.

Mi croglia were stimulated with LPS (1000
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ng/mL) in the presence of ireasing concentrations of a TLR4 signaling inhibitor, FAK

242 (2 nMi 500 yM).CMi crogl i a were stimulated with |
of TAK-242 (60 nMi 200 uM).DMi cr ogl i a were stimulated wi
or in combination with LPS50 ng/mL) in the presence of increasing concentrations of a
selective JAK1/2 inhibitor, ruxolitinib (200 pM5 pM). E Microglia were stimulated with

LPS (1000 ng/mL) in the presence of ruxolitinib (1 AMLO uM). F Microglia were
stimulated with vehiclepr LPS (1000 ng/ mL) or |1 FNo2 (20
TAK-242 (1 pM) or ruxolitinib (1 uM) to generate conditioned media. The conditioned
media was applied to $THhR"?" neuronal cells and cell viability was measured after 24 h
nN=4).*p0O0 0.05 as deiwayrANOWenith Tikey pasthac test.
STHAR" Q" neuronal cells were incubated for 24 h with conditioned media from microglia

that had been treated withLPS (1000 ng/mL)oHl FNo2 (20 ng/ mL) in co
TAK-242 (1 uM) orruxolitinib (1 puM). Calcium uptake in response to glutamate (500 uM)

was then measured using flda@alciumsensitive dye (n = 4). Significaawasdetermined

using 95% confidence intervals of the area under the curve.
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5.3.4Bacterial species of origin inflmees the pranflammatory effect of LPS on
microglia

The structure of LPS can differ among graggative bacterial species which
creates opportunities for differential effects upon interaction with T(\Rzhr et al.
2022) K. pneumoniaés part of a normal microbiome in many humans but msy al
cause communitgassociated infections, including pneumof@alfee 2A7). In contrast,
A. muciniphilais inversely correlated with the onset of obesity and diabetes and is known
as a beneficial gut microfghou 2017) Thus, we compared the piriflammatory
effects of LPS fronK. pneumoraeandA. muciniphilain addition toE. coli. We
observed that LPS froik. pneumoniastimulated microglia with the greatest potency
(EGso; 2.13 ng/mL) and efficacy whereas LPS fréimmuciniphilawas the least potent
(ECso; 33.67 ng/mL) but elicited a sitar response to LPS frofa. coliat the highest
concentration (Figs. 4A).

To better understand the spectrum of spespesific effects, microglia were
treated with LPS (100 ng/mL) froi. pneumoniagE. coli, or A. muciniphilaand
microglia were profed for an array of functional markers. LPS from all three species
upregulated the mRNA fd¥os2, Tnf, 116, lllbandCcl2 (Fig. 5. 4B). However, LPS
from A. muciniphilaelicited a smaller response with respect to upregulatidmbfilb,
andll6 compared to LPS from other species (Tahl82). Furthermore, LPS fror&. coli
andA. muciniphilaupregulatedNos2mRNA to a similar degree which was less than LPS
from K. pnaimoniae This coincides with the observation that LPS fiénpneumoniae
elicited greater NO release compared to LPS feorooliandA. muciniphila LPS from
all species upregulatggisf3but LPS fromA. muciniphilahad the smallest effect (Fi§.
4C). Futhermore, LPS from\. muciniphilawas the only type to upregulg®rpaand
Cd11bwhich are phagocytic markers. LPS from all species induced a reduction in
MRNA abundance for the microglial homeostatic markex8crlandP2ryl2 There
was no effect on dninflammatory markersArgl, Cd206, Fizz1, II0from LPS of any
species or | FNo (data not shown).

At a stimulatory concentration of 100 ng/mL, conditioned media from microglia
stimulated withK. pneumonia&PS induced the greatest proportion of celttian
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cultured SHAh?"?" neuronal cells (Figs. 4D). In contrast, conditioned media from
microglia stimulated witlA. muciniphilaLPS was the least damaging to cultured
neurons. Together, these data suggest that LPSKrgmeumoniaelicited the greast
pro-inflammatory response from microglia and LPS frAnmmuciniphilahad the smallest
effect, whereas LPS froi. colihad a comparatively moderate effect. Regardless of
species of origin, ruxolitinib blocked the Ligediated NO release in a concentnat
dependent manner (Fi§. 4E). Ruxolitinib most potently blocked the effects of LPS
from A. muciniphila(ICso; 12.33 nM) and was the least potent against LPS Kom
pneumoniaglCso; 45.31 nM). Thus, the effects mediated by LPS from all species were
ultimately sensitive to the inhibition of JAK1/2.

We next aimed to assess whether LPS from multiple bacterial species could
elicit a stronger pranflammatory response compared to a single form. The cells were
first exposed to the Bcof LPS from me species with increasing concentrations of LPS
from another species. We observed that combining LPS from multiple bacterial species
elicited a response from microglia that was comparable to the expected maximal effect
from a single form of LPS (Ficp. 4F). The experiments were repeated using thg@eC
of one type of LPS with increasing concentrations of another. We observed that once the
Emaxwas reached using LPS fraf pneumoniaer E. coli, addition of a different LPS
had no effect on NO release (Fig4G). However, when cells were treated with the
ECmnax0f A. muciniphila addition of LPS fronk. colior K. pneumoniaénduced a
further increase in NO release. Thus, once thanflammatay effect was saturated by
LPS fromE. colior K. pneumoniagfurther addition of another type of LPS had no effect.
However, when a saturating concentratiodomuciniphilawas used, subsequent
addition of LPS fronE. colior K. pneumoniaénduced a grater effect. This may be
suggestive of differences in the affinity of different types of LPS for TLR4, or differences

in the proportion of total TLR4 that each LPS must bind to reach the maximal effect.
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Figure 5. 4. Lipopolysaccharides from E. coli, K. pneumoniage and A. muciniphila
stimulate microglia in a JAK1/2-sensitive manner. ASIM-A9 microglial cells were
stimulated with LPS front. coli, K. pneumoniagandA. muciniphila(l pg/mLi 1111
ng/mL) and NO release was measuagter 16 h ( n = 4). Data points represent the mean *
SEM. Significant differences between areas under the curve (AUC) are indicated by an
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asterisk and were determined using 4oeBrlapping 95% confidence intervals. SIA®

cells were treated with 100 mgl. LPS fromE. coli, K. pneumoniageor A. muciniphilaor

5 ng/ mL | FNo for 1 B prdrinflaanmadtoryt ohCeothan Rilt#onaf o r
microglial markers was assessed (n =4p® 0. 05 v s. vehicl-e as
overlapping confidence interval®. Conditioned media from microglia that received the
same treatment was applied toFRIR°7/%” neuronal cells, cell viability was measured after
24h(n=8).*pO 0. 05 a sbydnewayg ANOVA veth Tukeyposthoctest.E

SIM-A9 cells were treated with the k£Lof LPS from each species with increasing
concentrations of ruxolitinib, a selective JAK1/2 inhibitor, and NO release was measured
after 16 h (n = 4). Data points represtre mean £ SEM. SIM\9 cells were treated with

theF ECso or G ECnaxOf LPS from one bacterial species in combination with an increasing
concentration of LPS from another species, as indicated, and NO release was measured
after 16 h (n = 4). Data pointspresent the mean + SEM.
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5.3.5Crosstalk between IFNGR and TLR4 is distinct among downstream signaling
pathways

We dissected the crosstalk between IFNGR and TLR4 in microglia using a
battery of inhibitors for known signaling pathways downstream of MyD88 and JAK1/2.
This included specific inhibitors of JNK, Akt, ERK, mTOR,NdFB, and p38. NO
was used as a prp for pro-inflammatory activity as induction of INOS and subsequent
NO release is tightly linked to microglial inflammatory actiiBal-Price and Brown
2001; Chhor et al. 2013; Young and DencVdright 2022a, 2022c)We hypothesized
that if a specific pathway contributed to the synergy betweBrNo and L PS, ¢ omtk
of both stimuli would produce a rightward shift in the concentratgsponse curve. In
contrast, i f a pathway does not contribute
would expect inhibition of that pathway to have a simiféea on NO release regardless
of whether | FN2 and LPS are presented al on
Signaling inhibition experiments were performed using LPS alone or in the
presence o f-veisd INhbitian ofdNKvandcAkt effectively blocked NO
relcag medi ated by LPS or | FNo alone with red
ICs0s when stimuli were presented together (BichA-D). The bidirectional reduction in
potency and efficacy was clear upon quantification of the AUC for all concentration
response curves. |l nhi bition ofmddiRd&dNOi gnal i
release but the curve was only shifted whe
not viceversa (Fig5. 5E-F). Conversely, mTOR inhibition shifted the curve to ilgétr
only when LPS was 556Hk lehibition bftNlRe BmédMted ( Fi g .
signaling blocked NO release regardless of the stimulus, but shedl@es and AUC
were not affected when both stimuli were presented togethers(FyJ). Finally,
inhibition of p38 did not produce a measurable reduction in NO release from microglia
(Fig. 5.5K-L). These data suggest that JINK and Akt facilitate synergy between TLR4
and IFNGR whereas crosstalk may be unidirectional and more selective at the level of
ERK and mTOR signaling, with no crosstalk observed atthe level s\ or p 38
(Table5. S3).
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Figure 5. 5. Inhibition of pathways downstream of TLR4 and IFNGR signaling
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5.3.6.JAK1/2 blockade inhibits LP®ediated NO release in cultured macrophages
Microglia and macrophages have a shared developmental origin and exhibit
many similar properties with respect to immahmune functiorfGinhoux et al. 2010)
We used cultured RAW 264.7 macrophages to determine whether LPS from different
bacterial species and inhibition of JAK1/2 wopldduce similar results compared to
microglia. As with the microglia, we found that LPS frémpneumoniastimulated the
macrophage cells with the greatest potencys¢&€14 ng/mL) and LPS frorA.
muciniphilawas the least potent (E§£17.41 ng/mL) (Fg. 5. 6A). LPS fromE.coli
elicited a maximal response from macrophages that was the s&mprasimoniage
whereas in microglia, the response to LPS fenaoliwas lower and more comparable
to that ofA. muciniphila | FNo snadrophadesawitleash B§of 4.18 ng/mL
which was less potent than in microglia (F3g6B). As in microglia, TAK242 inhibited
the effects of all t-mepiates NO feleakeRda lessercextemtf f e ¢ t
(Fig. 5. 6C). Inhibition of JAK1/2 by uxolitinib did block LPSmediated NO release in
macrophages, but the inhibition was not complete in macrophages as observed in
microglia (Fig.5. 6D). Taken together, these results suggest that LPS from various
bacterial species have differential effeatscnlltured macrophages and that JAK1/2 also

controlled TLR4mediated signaling in these cells.
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Figure 5. 6. Unidirectional control of JAK1/2 over TLR4-mediated NO release is
recapitulated in RAW 264.7 macrophage cellsRAW 264.7 macrophages were
stimulated withA LPS fromE. coli, K. pneumoniagandA. muciniphila(l pg/mLi 1111

ng/mL)(n = 4). Data points represent the mean + SEM. B Macrophage cells were stimulated
with I FNo, and NO r el e as eatapairdgs represard thermeah a f t ¢
N SEM. Cells were stimulated with a maxi mal
with increasing concentrations & ruxolitinib or D TAK-242 (n = 4). Significant
differences between areas under the curve (AUC) areatatl by an asterisk and were
determined using neaverlapping 95% confidence intervals.
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