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SUMMARY

Background: TILRR (Toll-like Intedeukin 1 ReceptorRegulator)is a transcript variant of

FREML1 (Frasrelated extracellular matrix 1) and the expression of TILRR is observed in a broad
range of human cells includingervicovaginalepithelial cells and PBMCs (Peripheral blood
mononuclear cells). TILRR is reported ascereceptor of IL1R1 (Interleukinl receptor type 1)

and potentiate?NF-e B acti vati on and BeoaudeTdLRR axpresseg inr e s po
cervicovaginalepithelial cells and modulatesinflammatory responseit may play a role in
enhancingthe risk of vaginal HIV-1 infection. To investigate the potenti@le of TILRR on

vaginal HIV transmission, | used twaervicovaginalepithelial cell lines and investigateéde

influence of TILRR on the expression of genesintheeNB i nf | ammat ory pathw
the downstream signaling molecules, and the production of inflammatory cytokines/chemokines,

as well as the effect on the migration of immune cells. | alscstigated whether TILRR exist

in human blood and whether the blood TILRR level is correlated with blood inflammatory

cytokinegchemokinesind susceptibility to HIVL infection.

Methods: TILRR was overexpressed in HeLa and VK2/EGE7 cellsiriypoducing plamid
encoding TILRR withEndofectin Max transfection reagent (GeneCopo&aerexpression of
TILRR was confirmed by Confocal microscopy, Western blot analysis,-R&R and flow
cytometry analysis. The mRNA expression of 84 genes associatedheitiiF-a Bsignaling
pathway was examined by RGPCR primer assay and Rprofiler PCR array. The production

of cytokines/chemokines in cell culture supernatants was examined byhanse developed
Bio-Plex multiplex magnetic bead array system. The influencdld®R overexpression othe
migration of immune cells was evaluated by Transwell assay and with a novel microfluidic

device. In addition, the existence of soluble TILRR (STILRR) protein in human blood plasma



was examined bgnin-house developed BiBlex method, affinity purification, and Western blot
analysis.TILRR protein was quantified ihumanplasma samplesollectedfrom womenof the
Pumwani cohorwith different HIV-1 status(HIV seroconverters [HIV SCONHIV resistantor
HIV-exposed seronegative [HESNInd newly enrolled HIV negatiyeEnzyme immunoassays
(E1A), immunoblot testing, and PCR (polymerase chain reaction) ageeg/ used to confirm
HIV status Women who wereédlV-1 negative at the time of enrolmemiut late identified as
positive byEIA, immunoblottesting and PCRwere defined as HIV SCONBesides women
who were actively engaged the sex work but persistentlyemainedHIV -1 seronegative and
PCR negativefor three or more yearsefore 2000were defined as HESNIhe data were
analyzed using gene globe data analysiseté@iagen), GraphPad Prism (version 7.0 and later),
ImageJ (NIH, USA), Image Studibite (LI-COR, USA), Quantity One (BieRad), OriginPro

(USA), andSPSS software (IBM

Resdts: Overexpression of TILRR incervicovaginal epithelial cell lines significantly
upregulated the mRNA expression of mamyammationresponsive genes theNF-e B s i gn al
transduction pathway. TILRR overexpression increased the production of several pro
inflammatory cytokines/chemokines gervicovaginalepithelial cell culture supernatants. The
increased cytokinehemokine production from epithelial cells significantly influenced the
migration of monocytes (THR) and lymphocytes (MOL-R), the CD4+ HIV1 target cellsl

also foundthat TILRR proteinis circulating in human blood, and the level of plasma TILRR is
significantly correlated with FREM1 SNP rs1552896 genotypes, plasma inflammatory

cytokines/chemokines, and HIV seanversion.

Conclusion: TILRR overexpression ircervicovaginalcell lines increasedhe expression of

many genes involved in inflammatory pemses in the NBB signaling pathway, and increased



the production of prenflammatory mediators. The increased production ofipflammatory
mediators attrasimmune cells. TILRR also exists as a soluble protein in human bloodhgimd
plasma TILRR leel is correlated witthigh plasma inflammatory cytokines/chemokiresd is
associated witiFREM1 SNPrs1552896genotypes and HIV seroconversidecause systemic
and mucosal inflammation increases susceptibility to-#IMfection, TILRR could be a novel

target to reduce inflammation and HIVinfection.
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1 CHAPTER 1: INTRODUCT ION

1.1 HUMAN IMMUNODEFICIENCY VIR US

1.1.1 History, global burden and strains classification

Human immunodeficiency virus (HIVivas first identified with an unusual clinical disease
"Pneumocysticcarinii pneumonia (EP)" accompanying a rare form of malignancy called
"Kaposi's sarcoma" in a group of young homosexual men (MSM, men who have sex with men)
in 1981[1-3]. The term "acquired immune defncy syndrome (AIDS)Was later introduced to
describe a new disease fatality primarily in infected MSM and a group of intravenous drug users
in 198 [4, 5]. Although the disease was reported between 1981 and 1982, the causative agent
was first detected and reported in 1983®]. Since the beginning dhe epidemic, an estimated

75.7 million people havbeeninfected with HIV and 32.7 million peopleavedied from AIDS

related illnessefl(]. Globally, an estimated 38.0 million people were living with HIV and 0.69

million people died due to AlID&elated ilinesses in 20120Q].

HIV is classifiedinto two major typesHIV-1 and HI\ 2 basedon geneticcharacteristics and
differences in theiral antigeng11]. HIV-1 is morecommonglobally and more pathogentban
HIV-2 thatis found mostly in West Afric§l2]. Theancestor virus for HIVL was first appeared

in approximately 193113], and HIV-2 in around 194(14]. HIV-1 hasbeenfurther dassified

into 4 major groups, naraly M (major) O (outliers) N (nonM/non-O), and P[15, 16]. HIV-1
groups M and N originated following zoonotic transmission from Chimpardegswhereas
groups O and P arose from Gorill[ds3, 19]. HIV-1 groyp M is widely distributed and mostly
responsible forthe worldwide pandemic, and groups O, N, and P are primarily confined to
Central Africa,[19, 20]. Based onthe diversity of viral genetics, HIM. group M is also

classified into multiple subtypksrainsand recombinants, such as A, B, C, D, F, G, H,,ard



CRFs (circulating recombinant formgl5]. HIV-1 subtype C is known to be primarily
responsible for the majority of all HKY infectiors in Africa and part of Asiawhile subtype B
mainly confined to Europe, Australia, and the Amerig2@ 21]. HIV-2 is less pathogenic;
however, multiple sulgroups Al had also been proposg2R, 23]. Because the aim of ntiyesis
researchis to investigate the role of a novel host factor (TILRR;litcd interleukinl receptor
regulator) in modulating inflammatory responses relevarth&HIV-1 acquisition, | willreview

the literature on HV-1 only, and use the term HIV to denote HiVhereafter unless otherwise
stated. The overall literatureeview will focus onthe topic of mythesisand include basic
knowledgeof HIV, host immunology and HIV acquisition, and inflammatory immune response

relevant to HIV acquisition focusing on novel host factor TILRR.

1.1.2 Viral structure and genome organization

HIV is a member of thgenusLentivirusunder thefamily Retroviridae[24]. It is an envelope,
sphericalshaped, positive sense, singteanded RNA (ssRNA)irus with a diameter of 10020

nm [25]. The mature virion consists of an outer lipid yda (calledthe envelope) derived from
thehost cell membrane that encloses the matrix protein (MA, figg)immediately beneath the
envelope) and a corshaped viral core. The envelope carries tipl@ outwards trimeric
glycoprotein projections (spikes) comprising of a head (gp120), and a stalk (gp41) essential to
bind with host cell receptors. The viral core contains a capsid g4, which encloses tw&8

kb long linear ssRNA moleculegag polyprotein,envprotein, enzymes, such as integrase (IN),
protease (PR), antkverse transcriptase (RTEach ssRNA is tightly bound to nucleocapsid

proteirs (NC, p7) to stabilize genomic RNA dimg(sigure 1.1) [25, 26)].
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Figure 1.1: Diagram of mature HIV virion. The mature HIV virion contains a viral core,
which is surrounded by the lipid bilayer bearing glycoprotein spikes. The viral core consists of
capsid protein (CA, p24), nucleocapsid protein (NC, p7), RNAs, and enzymes including reverse
transcriptase (RT)ral Integrase. The inner wall tie membrane is lined bthe matrix protein

(MA, p17). This figure was reprinted with permission from Musumetial. [26] under the
license otthe Creative Commons Attribution (CC BY 4.0).



The genome of HI\tontains several structural, regulatory, and accessory genes. |miotal
genes have been recognizedhe HIV viral genome. These included three structugalg, pol
andeny), two regulatory tat andrev), and four accessoryr, viral protein R;vpu, viral protein
unique;vif, viral infectivity factor; andhef negative regulatory factor) gen@sgure 1.2) [27,

28]. Structural genegag, pol,and envencode core proteins, enzymes (RT, #Xdd PR), and
viral envelo protein (gpl160, whichleaves into gp120 and gp4tespectively. The regulatory
genestat and rev function as RNAbinding. Tat protein also acts as transactivator of
transcription during proviral DNA transcription, arel helps in shifting HIV gene expression as
well as in exporting viral protein fro the nucleus to cytoplasm. HIV accessory geres
involved in multiple functions, for instance, vpr functions as nucleocytoplasmic transport factor,
vpu triggers the release of virions from the host cells, nef regulatesll Tactivation
accompanied byalvnregulation of MHC (major histocompatibility complekand CD4 marker

on the surface of the immune cells, and vif enhances the viral replication in targE2 ¢ellg.

The HIV proviral DNA (provirus)genomeis flanked by LTR (long terminal repeat) sequences at
both endgFigure 1.2). The 5' LTR region encodes the promoter for the transcription of the HIV

geneq11].
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Figure 1.2: Organization of the HIV proviral genome.The genome is ~9.8 kb, which encodes
severalviral proteins with 5'and 3* LTRs. The location of each gene shows based on strain
HXB2 (K03455). LTR, long terminal repeatf, viral infectivity factor;vpr, viral protein Ryvpy,

viral protein unique; andef negative regulatory factoASP, antiense protein; bp, base pair;
pl7: matrix protein; p24: capsid proteip2: spacer peptide 237: nucleocapsid proteirpl:
spacer peptide 1p22: protease; p66: reverse transcriptase; p32: integrase. guie fivas
adaptedwith permission from Xiacet al. [28] under the license ofhe Creative Commons
Attribution (CC BY 4.0).



1.1.3 HIV transmission

Transmission of HIV occurthrough direct contact of infected blood or mucosal secretions either
by horizonta or vertical routesHorizontal transmission can take place by either heterosexual
(penilevaginal/anal) or homosexual (penrdeal) intercourse between sexual partn@],
sharing needkeamong intravenous drug usdfl], transfusion of infected blodd2, 33|, and
needle stick injury irthe hospital setting34]. On the other hand, vertical transmission occurs
primarily from mother to ctd during perinatalig utero or during birth)or postnatal periods,

such as breastfeedifg5-37].

The majority of HIV infections (~8®0%) are acquired by sexual transmisdi®®41], and the
risk of HIV acquisition via heterogaal sex (maldo-female) observed 0.08% to 0.30% per
sexual act in highto low-income countries, respectiveljd?]. Following penilevaginal
intercourse, HIV entry to the target cells often involves a compiéardction with innate
immune cells ofthe female genital tract (FGT). The virus can quickly enter the intraepithelial
scavenging CD1la+ Langerhan's cells (LCs) by endocytosis or CD4+T cells via CD4 and
CCR5/CXCRA4 receptemediated direct fusiofd3]. Oncethe virus enters into the CD4+cell-

rich subepithelial mucosa, it initiates systemic spreadthimgeneration of local founder virus
and establishes viral reservoirs/latency in secondanphoid organg44, 45]. In addition, HIV

can also directly penetrate tlvervicovaginalepithelial cells through an alternative approach
called transcytosis and get easy access to the target cell population in-thacaigalepithelia

[46, 47] leading to the systemgpread and latency.

1.1.4 HIV life cycle
The HIV replication cycle is a complex event and involves multiple steps. These include i)

attachment, ii) fusion, iii) uncoating, iv) reverse transcription, v) nuclear entry, vi) integration
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with the host cell genome Witranscription of proviral DNA, viii) nuclear export ix) translation,

X) viral protein assembly xi) virion budding, xii) virion release, and xiii) virion maturation
(Figure 1.3). The cycle starts with the interaction of viral envelope protein gp120 with host
CD4-receptor expressed on target c@dl§]. This binding initiates a conformational change in
exposing the chemokne coreceptor binding domain o§pl120, resulting in an interaction
between the host cells CCR5 and/or CXCR4 and gitl28 complex. The stable complex
CCRS5 and/or CXCR4CDA4-gp120 enables the-dérminal end of envelope gp41l to penetrate the
plasma membrane and undergoes a second conformational change that brings both host cell

membrane and viral envelope in close proximity leading to fUgigjn

Once the fusion occurred, the viral core delivers into the cytoplasm and release RNAs by
uncoating the capsid proteins (p24) following cellular activafi®. Viral RNAs are then
converted into doubtstranded DNAs (dsDNAwithin a reverse transcription complex (RTC) by
viral reverse transcriptag®T) through a unique process termed reverse transcrif2@nThe
RTC then changes ima preintegration complex (PIC) that helps to transport the proviral DNA to
the nucleus where integration withe host cell genome occurs lblge viral integrase (IN) and
forms a functional provirus[48, 50]. The proviral form may either enter viral latency
(transcrigionally silent) for a long period or undergo a transcriptionally active dyfe51].
Activation of proviral DNA transgption in the nucleus is initiated by the combined effect of
both tat and host transcription factors, including 48B, at the promoter site dhe viral LTR
[52]. Fdlowing the transcription, mitiple HIV -specific mRNA transcriptsare producedn the
nucleus[48]. Among them, sme arecotranscriptionallyprocessedo generate multiply spliced
MRNA transcripts which arerapidly exporedinto the cytoplasnand translated tairal proteirs.

On the other hand, unspliced or singly spliced transcripts (called incompletely spliced



transcripts) retaim the nucleusnd trasportinto the cytoplasm by the presence of viral protein
rev [48, 53]. Viral Env glycopoteins are synthesized as gp160 (a polyprotein precursor) whic
is cleaved into gpl2Gsqrface glycoprotein) and gp4l (transmembrane glycoprotein) by cellular

protease$54].

Afterward, viral assembly takes place at the inner surface of the cellular plasma membrane,
which is facilitated bygag @éndgagpro-pol) polyprotein The gagpro-pol polyprotein is formed

when translating ribosomes move to the 3' end of the gag ORF (open reading frame) and then
translate the pol genfb5]. The immature virion is assembled with the incorporation of two
copies of viral genomic RNAgincompletely spliced transcripiseveral viral proteins, and
enzymes, and cellar tRNA moleculesThe gp120/gp4dlycoproteincomplex is integrated into

the lipid bilayer of nascent virions as heterotrimeric spikes during virus assgsplBudding

of newly assembled immature virion takes place froma cell membrane, and the final
maturation phase is accomplished by the protease (PR) cleavage-pblgaglyprotein to
generate fully processed structural proteins (capsid [CA], matrix [MA], nucleocapsid [NC], and
p6), and the viral enzymes (integrase, @ase, and reverse transcriptafgg]. This mature

virion is then fully functional to start another cycle by oifieg the new host cells.
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Figure 1.3: Replicative cycle of HIV. The cycle starts with the binding of HIV envelope
proteins with host cell recepwCD4 and CCRS5, resulting in fusion, and urtoog of viral
nucleic acids irthe cytoplasm. The release of nucleic acids facilitates reverse transcription and
forms a preintegration complex (PIC). With the help of PIC, dsDNAs transport into the nucleus
and integrate with the host cell genome by the integf@sied by host chromathinding protein

lens epitheliurrderived growth factor [LEDGF]). The proviral transcription is mediated by host
positive transcription elongation factor b-TEFb) and RNA polymerase 1l (RNA Pol II), which
produce viral mMRNAs of ifferent sizes. The mRNAs leave the nucleus (larger mMRNASs require
energydependent export throudhe host chromosomal region maintenance 1 protein [CRM1])
and serve aatemplate for protein translation. Afterward, viral assembly takes place in the host
cell membrane followed by budding, release, and proteesi#ated maturation to generate an
infectious viral particle. This figure was adapted with permission from Musuetegi [26]

under the license dhe Creative Commons Attribution (CC BY 4.0).



1.1.5 HIV pathogenesis

HIV pathogenesis involves several critical phases: i) eclipse phase ii) acute phase, and iii)
chronic asymptomatic or latency phase (occasionally death). Initiation of HIV pathogenesis
begins with the entry dhevirus through the mucosapithelium, generation of founder virus in
subepithelial mononuclear cells, and the transfer of the founder virus to the local draining lymph
nodes to induce systemic immune activation and infedts®). When the virus enters the
CD4+T lymphocytesich submucosa, it productively infects activated and resting CD4+T cells
and rapidly increases the local founder viral populaf®on 58]. A short period between the
initial entry to the cell and the production of new virions without detectable viremia
(undetectable RNA in circulation) is call¢ke "eclipse phase" which lasts for about 10 days.
This narrowphase (also called 'window of opportunity’) allows eliminating the infection before

being disseminated systemicalB5-61].

After the eclipse, the level dhe virus is being increased exponentially to peak atl+8eeks

with characteristic ade retroviral symptomgs0, 62], and continues to persistahigh level for

~12 weeks. During this acute phase, the number of CD4+T cell count declined sharply with the
high risk of viral transmissiorf63]. This massive depletion of CD4+T cells in infected
individuals is a critical feature for the pathogenesis of H¥4]. Immediately before the peak
viremia, a systemic cytokine "storm" is indudé&®], followed by the host H\specific immune
responses, including cethediated, and humoral respon§@8, 67]. Both HIV-specific cytotoxic
T-lymphocyte (CTL) and humoral responses markedly control the viral replication, reducing the
viremia to a "set point" level66, 67], and undergo a chronic asymptomatic phase or viral
latency. The chronic HIV latency canrpist for decades witthe gradual decay ofhe CD4+T

cell count[68]. During the chronic phase, tiie CD4+T cell count declined to <200 cells/cubic
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mm of blood, the final phase (AIDS) is achieved. At this phase, the eddubst becomes very
susceptible to opportunistic pathogens, resulting in death due to-w®lBt®d complicationgs9,

70].

1.1.6 Treatment, control, and prevention

1.1.6.1 Antiretroviral therapy (ART)

Following the outbreak of HIV in 1981, the treatment regimen is improved because of the
availability of antiretroviral(ARV) drugs the discovery of several enzyme inhibitors targeting
the HIV life cycle. Although monotherapy & introducedat the beginning of the treatmera,
combination of at least 3 drugs called HAART (highly active antiretroviral therapy) has
significantly changed the potential to decline H®&lated morbidity and mortality71, 72]. The
combination therapy partially improved the immune system by reducing viral load below the
detection limit (<100 RNA copies/ml) and increased CD4+T cell coun{73, 74]. In 2010,the
United States and European guidelines recommended using HAAEETtloa level of CD4+T
cells declined tB50Mmm? of blood, at which phase the level BRNA copies reache$(*-10°
copies/ml[72]. Despite the proper adherence to the treatment, the HAZIRNot eradicate the
HIV infection, which further remindsis to discover alternative approaches to manage HIV
infection. Until recently, five different classes of antiretroviral agents are in use against HIV.
These included: a) nucleosidealog reverséranscriptase inhibitors (NRTIs), b) NoWRTIs
(NNRTIs), c) integrase inhibitors (INIs), d) protease inhibitors (PIs), and e) entry inhibitors

(coreceptor antagonists and fusion inhibit¢2g).

1.1.6.2 Vaccine
Although HAART successfully improves the lifgpan of HI\finfected patients, to end the

HIV/AIDS pandemic requires a preventive vacciore than 250 clinical trials of HIV vaccine
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candidates have been conducted since the first phase | human trial if75R8Ind most of
them were stopped in phakand Il trials[76, 77]. Among them, HIV Vaccine Trials étwork
(HVTN) 502, also calledhe "STEP" trial wasthe most famous HIV vaccine candate that
mainly focused on Tcell immunity. The primary purpose dahe STEP trial was taletermine
whether HI\(specific Tcell immunity generated by thgaccine prevents HIV infection or at
least reduces plasma viral loagsinfected patient$78]. A trivalent mixture of recombinant
adenovirus type 5 (rAd5) vectors expressyag, pol and nef ofHIV cladeB, respectively, was
utilized to formulate theandidate vadne forthe STEP trial.Although the vaccinewas highly
immunogenic in preinical and phase | triathe STEP trialwas unexpectedly stopped in 2007
[79] becausethe vaccineneither preventednfection nor reduced plasmidlV viral loadsin
infected individuals [80]. Two years after the unsuccessful STEP taaother vaccine trial
calledthe"RV144 Thai trial has shown modest protection for the first time with 31.2% efficacy
against HIV infection[81]. In this trial, a "primeboost” combination of AIDSVAX B/E gp120
subunit vaccine and/CP1521 (ALVAC-HIV) canarypox vectored vaccine was usdthe
correlates oprotectionanalysis sbwed thatntibodies to V1V2naycontributeto the protection
against HIV infectionThe data analysifailed to identify the neutralizing &ibody as a ptertial
correlate of protectionand the nonneutralizing antibodies involving antibodiependent cell
mediated cytotoxicity (ADCCyere suggested tplay a role inthe protection[78]. This trial

thusopened up the new door for more research in HIV vaccine developnteoligcal trials.

Following the RV144 Thai trial, a number of vaccine efficacyats had been conducted
including HVTN 702 clinical trial. In HVTN 702 trial, participants received an intramuscular
(IM) injection of vCP2438 (ALVACHIV) at 0- and Xmonth followed by a combination of

vCP2438 (ALVAGHIV) and hvalent subtype C gpl120/MF59 3t, 6- and 12 months[82].
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ALVAC -HIV vaccine contained gp120 of HIV clade C and the vaccine boost wiasmalated

with ALVAC -HIV and MF59 adjuvanf83]. The usgeof the MF59 adjuvanin the HVTN 702

trial wasthe primarydifferencefrom the RV144 Thai trial in additionto the incorporation of
gp120 of HIV clade Gnstead of clade B/BJnfortunately, after a decade afglimmer of hope

on the HVTN 702 clinical trial, the results have shown that the vaccine is ineffective in
preventing transmission of HIV, and the trial waspped in Januar3020[84, 85]. Currently,
several major clinical trials are ongoing, including "HVTN 705/HPX2008 (Imbokodo trial)" and
"HVTN 706/HPX3002 (Mosaico trial)'[84]. The regimen ofthe Imbokodo trial (HVTN
705/HPX2008)is composedof a tetravalent adenovirus vecteaccine (ad26.Mos4.HIVand
aluminumphosphate adjuvanted clade C gp140 vacciihe. Imbokodotrial is to evaluatehe
efficacy, tolerability, and safetgf a primeboost vaccine regimem healthyHIV -uninfected
women [86]. Whereas, Mosaicdrial (HVTN 706/HPX3002) is to assesthe efficacy ofa
vaccine regimen utilizing Ad26.Mos4.HIV and aluminum phosplaievanted clade C gp140

and Mosaic gpl14ih healthy MSM(men who have sex with meahd transgender peofi&7].

The study of our group has recently simothat a vaccine targeting qgiease cleavage sites
(PCSs) offered 80% protecti@gainst repeated intravaginal SIVaat challenges iiMauritian
cynomolgus macaqud88]. To generate a mature and infectious viral progeétly protease
needs to conduct 12 proteolytic reactions at 12 cleavagge it the HIV polyproteinsA subtle
disturbanceaduring this process canterrupt thereactions and produce uninfectious virusesr

growp developedhe PCSvaccineby targetingthe highly conservedequences surrounding the

12 PCSsThe PCS vaccinebcusesmmune responses on the sequence®snding the twelve

viral PCSs.Twelve-peptide immunogens were administered as rVSVpcs (recombinant vesicular

stomatitis virus pcs) andn nanoparticles (NANOpcs). TheVSVpcs and NANOpcs are
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combinedly termedsaPCS vaccing89]. The vaccine regimen casss of a prime with rVSVpcs

at week 0 followed by 4 boosts including rVSVpcs plus NANOpcs at weeks 6 and 51, NANOpcs
alone at week 16, and rVSVpcs alone at week 72. The rVSVpcs and NANOpcs were given
through intramuscular (IM) and intranasal routes, retsypaly [88]. Twentyfour weeks after th

last boost, repeated ledoseintravaginalSIVmac251 challenges were carried ewerytwo-

week for 13times. The study showed theéite PCSspecific T-cell responses are significantly
correlated with vaccine efficadg8]. Thus, the PCS vaccine provides a novel approach for an

effective HIV vacine.

1.2 HOST IMMUNOLOGY AND HIV ACQUISITION

Immune responses directed against HIV are critical for viral acquisition and transmission. Since
HIV mutates rapidly to escape host immune system and targ€B4+ immune cells,
including monocytesand T-lymphocytes this section will therefore focus othe specific
literature relevant to the basic host immunology and its functions in HIV acquisition and
transmission. In generdhe host immune system is classified into two major groups: innate and

adaptive.

1.2.1 Innate immune responses

Innate immune machinery plays a central role in early detection and trigger#inglanomatory
responses to invading pathogeasdis therefore considered ase first line of defense against
infection[90, 91]. It is principally composed of cellular (immune cells), physical (epidermis and
mucosal surfaces), and chemical (pattern recognition molecules, cytokaraskines,
complement fractions, and antimicrobial peptides) elemg&d®s94]. Innate recognition of
pathoges mostly relies on germ lineencoded evolutiondy conserved pattern recognition

receptors (PRRs) expressed on innate imneetis[91].
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1.2.1.1 Innate immune cells

Innate immune cells include monocytes/macrophages, dendritic cells, natural killer (NK),
granulocytes (including neutrophils, basophils, eosinopduild mast cells [MCs]), and epithelial
cells[93, 95, 96]. It also includes newly identified innate lymphoid c¢8§]. The following few
paragraphs will briefly describe the major innate immune ,cpésticularly involved in HIV

acquisition and transmission.

1.2.1.1.1 Monocytes/Macrophages

Monocytesmacrophagesire members of the mononucleaiagbcye system andre primarily
involved in host innatéammune response They play crucial roles in initiating inflammation via
the production of inflammatory mediators and modulating adaptive immune res&7s6s].
Monocytes are derived'dm common myeloid progenitarells of bone marrow. Monocytes
undergo spontaneous apoptosis during normal physiological cond@8d®9(q; howeve, they

can escape the apoptosizeechanism by differgiating to macrophages in the presence of
appropriate sthulus[98, 100-103. Differertiated macrophages function as professional antigen
presenting cells (APCs) and constitutively express high levels of MHC (major histocompatibility
complex) classl molecules, pattern recognition receptors (PRRS), arstiotulatory molecules
[99]. Activation of monocytes/macrophages is induced by recognizing specific stimuli with
myriad surface and cytoplasmic receptfit®81]. The activated macrophages present processed
antigen/peptide to CD4+Iymphocytes via MHC clasid molecules and inducéa¢ development

of adaptive immune responses.

In HIV infection, monocytes/macrophagase the targetcells [104 and potentially serve as a
major contributor in initial infection, dissemination, pergosperson transission, and long

term persistencdg105 106. R5tropic HIV preferentially infects monocytes/macrophages via
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interaction between viral enveleprotein gp120/gp41 and cellular dual surface markers, CD4

and CCRH107-109. HIV envelope proteins gp120 and accessory protein Nef dirgathylate

the activation of monocytes/macrophages, resultinghe production of preinflammatory
cytokines/chemokine$110, 111]. Additionally, increased B B transcri ption f a
activity and HIV gene expression are observed dutirgmaturation and diérentiation of

monocyteg117), supportingthe critical roles of monocyte/macrophage in Hiffection

1.2.1.1.2 Dendritic cells

Dendritic cells (DCs) derived dm bone maow precursors act as sentinels the immune
system[113. They are considered the most efficient APCs because they uniquely initiate,
coordinate, and modulate adaptive immune respdi@&ed.14. DCs trafic from bone marrow

to the bodytissues where theyeside as immature DCs and capture incoming antigens.
Following antigen capture, the immature DCs migrate to the secondary draining lymphoid
organs, transform to mature DCs, and promptly prime nailyenphocyteg113. DCs present
processed antigens (as a form of antigenic peptides) to naive CD4+ helper T and CD8+ cytotoxic
T cells via MHC clasdl and -1 molecules, respectivelj115. Although HIV preferentially
targets monocytes/macrophages as well as CD4+T cells, DCs serve as critical immune cells in
mediating HIV transmission, target cell infection, antigen presentation, and shaping of adaptive
immune responsgd.16. During HIV infection, DCs (primarily skin DCs including epidermal
Langerhan's cells) uptake the virus through a prodbsso-called endocytosjgollowing the

binding of Env gp120 to th€-type-lectin receptors (CLRSPC-SIGN (Dendritic celspecific
intercellular adhesion molecuBegrabbing norintegrin), and Langén [117, 118. Whereas,

blood plasmacytoid DCs (pDCs) uptake the virus mostly via binding of Env gpl120 te CD4

mediated endocytosis despite the expression of CLRs along with CD4 mol¢tu@s
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Furthermore, effective HIV fusion with monocyderived DCs (MDDCs) is mainly dependent
on the elevated level of surfaeexpressed CD4 moleculg$2(. Thus, these data indicated the

plasticity, preference, and portance of DCs in the event of HIV recognition and transmission.

1.2.1.2 Pattern Recognition Receptors (PRRS)

Innate immune cells naturally express multiple cell surtawdcytoplasmic PRRs to recognize
either PAMPs (pathogeassociated molecular patterns) or DAMPs (daresg®ciated
molecular patterns), resulting in immediate immune activation and inflammatory responses
[12]]. PRRs include tollike receptors (TLRs), nucleotigde@nding oligomerizabn domains
(NODs}like receptors (NLRE retinoic acidinducible gend (RIG-1)-like receptors (RLRs), and
C-type lectin receptors (CLRs) which recognize different viral RNA and proteins, bacterial
lipopolysaccharides (LPS), lipoproteins and peptidoglyjd#1, 122. The bindingof PAMPs

with PRRs activates the downstream signaling events, resultitige induction of interferons
(IFNs) as well as prinflammatory mediators' productidd23. Among various PRRs, the TLR
family members aréhe well-studied group. Until recently, ten and thirteen different TLRs have
so far been discovered in hunsgifLR1-10) and mice (TLR13), respectively124, 125 where
TLR10 is nonfunctional in mice[126. TLRs 1, 2, 4, 5, 6, 10, 11, and 12 are exclusively
expressed othe cell surface, whereas TLRs 3, 7, 8, 9, and 13 localized intracellulathein
cytosolic compartment inside the phagocytic vesifles 127, 12§. In exception, TLR2 and
TLR4 also express intracellularly in monocytes, DCs, epithelial as well as endotheligl28lls

131].

Usingin vitro model, exposure of several TLR ligands showed that hurh&?2-b and TLR79
initiate memory and effdor CD4+T and CD8+T lymphocyt&ctivation[132. In HIV-infected

patients, TLR4 mediatesthe bacterial LPS (lipopolysaccharideinduced cellular NFs B
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activation and HIV transcription via I£1 signaling moleculesincluding MYD88 (Myeloid
differentiation primary response 88RAK4 (IL-1R-associated kinasd), TRAF6 (TNFR

associated facte), and NIK (NF-a Binducing kinasg Activation of NFe B t hen pot en
regubtes HIVALTR transactivation and replicatigd33. The bindingof LPS not only enhances

HIV replication but also directly modulates the secretion of cytokines/chemokines fIL -6, | L

and TNFU) from peri pher all34, anflindudesatherramasystemip h a g e
immune activation and inflammatidi35137). Thus, these data demonstratbdt PRRs of

immune celldunction as criticategulators in HIV acquisition.

1.2.2 Adaptive immune responses
The principal components tifie adaptive immune system include dnhd B cells. The adaptive

immune response is selective, proliferatiared generates memory respondas).

1.2.2.1 CD4+ T cells

CD4+T (also known as helper T cells or Th) cells are the principal regulattoe afaptive arm

of theimmune systemThe T-cell surface receptqfTCR) of CD4+T cellsrecognizes PAMPs
presented bythe MHC classll molecule of APCs[139. Following recognition of PAMPs,
CD4+T cells becomeactivated, undergo clonal pansion and develop either memory or
effector T-cell subsets depending on whether tlaeg in draining lymph nodes or migrating
towards other notymphoid organs, respectivelpl4(. Naive CD4+T cells proliferate and
differentiateinto Th (T helper) type 1 (Thl) and Th2 CD4+T cells in the presence of -APCs
secr et e-d2andlINALL2] réspectively. Both Thl and Th2 cells further contribute-to T
cell proliferation and differentiatiofil41]. Activated CD4+T cells also provide essential signals

for the survival andhe generation of londived memory CD8+ cytotoxic T cell[d42-144].
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HIV preferentially infects CD4+dymphoogstes[145. The progressive loss oED4+T-cells is
considered a hallmark of Hlhfection due to the imbalance in CD4+Cell homeostasis, and
gradual impairment of immunity[64]. Following successful entry, the singleuhder virus
rapidly establishes an initial productive infection in CD4kmphocytes of regional lymph
nodes, which serve as major viral reservoirs, from where HIV disseminates to the systemic
circulation and other lymphoid tissue compartments, resuitinigigh levels of viremig 146

147. Over the coursef infection, HIV infects a large proportiorof CD4+ T-cells and the

reduction of CD4+ Tcells leads to immunodeficieneynd opportunistic infectiof61].

1.2.2.2 CD8+ T cells

CD8+T (also known as cytotoxic-lymphocytes or CTL) lymphocytes also requérsignal for
activation The TCR of CD8+T cells bind to pathogenic peptidgsresented by MHC class | of
APCs[139. The bnding of TCR with the MHC-peptide complexlongwith co-stimulationof
neighboring CI3+T cellsactivatesthe CD8+T cells, which clonally differentiate into effector
and memory CD8+T cellgl44, 14§. Activation and early production of cytokines, such a2 L
IL-12, type | IFNs, and IFY| instigate the proliferation, survival, effector differentiation, and
abundance of CTLs during acute viral infectigi9-152. The CTLs kill the infected cells

throughthe expression of granzymes and perforin.

In the case of acute HIV infection, the reduction of viral replication (viremia) is initially
associated with théncreasedHIV-specific CD8+CTL responses resulted in slovdésease
progression153-155. Usingamacaque model, thaepletion of CD8+T cells has been shawn
dramatially increase th@lasma SIV viremid156, 157]. FurthermorgactivatedmatureCD8+T
cells are susceptible to HIV infectiatue to the de novoexpression of surface CD4 antigen

[158. Becausethe CD4 molecule factions as a binding receptor durikjV infection, its
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expression on CD8+T cells thus increag¥ susceptibility Thus, CD8+T cells can either

control or augment HIV infection and disease progression.

1.2.2.3 B-cell and antibody responses

B-cells developfrom bone marrowderived common lymphoid proggors (CLPs) in which
sequential functional gene rearrangements occur in immunoglobulin (Ig) loci, resulting in the
expression of identical surface Ig receptors recognizing specific antigenic epitbpeAfter a

series of initial development, immature B cells lethesbone marrow as shelived, transitioml

type 1 B cell (T1 B) for peripheral developmenttire spleen where T1 B cells convert to
transitional type 2 B (T2 B) cells followed by naive FM (follicular mature) and MZ (marginal
zone) B cells. Once naive B cells encounter antigen with support sigmaT cells, they further
differentiate into longlived plasma cells and memory B cells, which function to secrete
antibodies ancdare responsible forecall responses, respectivdlis9, 16q. In HIV-infected
individuals, several functional dysregtitans have been documented the B-cell population,
including increased apoptosis and exhaustion, loss of morphologic integrity, and decreased
quality of response to HIY161]. Dysregulated Bymphocytes in HIV-infected viremic subjects

is evident bythe disruption of peripheral Bell subsets, whiclare accompanied by decreased
BTLA (B- and T lymphocyte attenuator), arah elevated level of PEL (programmed death)

expressionf162, and hidner production of IgG or hypergammaglobulineifii&3.

During early HIV infection, the initialhost antibody response is directed towards -non
neutralizingepitopes on HIV envelope (Enwgndthe specific responses of broadly neutralizing
activity to early infectious virus isolates are often delayed, and usually developed after several
months (~6 mont) or even years {2 years) aftertransmission evenfl64. This initial

antibody reponseagainst primary HIV viral isolates inefficient to control viremia because the
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selective pressure dhe antibodes rapidy geneates viral escape mutantgl65 166, and in
some cases, the primary viral isolates are resistant toamtieody neutralization167).
Furthermore a very small proportion of HIVtinfected individuals develop highly mutated,
broadly neutralizing antibodies (bnAbs) capable to neutralizeoad range of HIV isolat¢$68
17Q. Despite a wide range of broadly neutralizing activity of antibodies against HIV isolates,
researchers are stillraggling to develop mantibodybased vaccine in addition to the dell-
basedvaccinestrategies against HIV acquisitio@urrently, twoantibodymediated prevention
(AMP) vaccinetrials are omgoing, such as HYTN703/HPTNO81 and HVIIN/HPTNO85 171,
172. Both HVTN703 and HVTN704 vaccine trialare assessing the safety, efficagnd
tolerability of VRCOZlantibody(a potent bnAb, whicldesignedagainstthe CD4 binding site of
HIV envelog glycoprotein)in heterosexual wome[il71], and men and transgender persons

who have sex with men (MSM172, respectively.

1.2.3 Genital mucosal immune cells and HIV acquisition

Multiple immune cells are responsible to generate antimicrobial immuniheinealthy female

genital mucosa. These include mononuclear subsets, such as monocytes/macrophages, dendritic
cells (DCs), Langerhan's cell$-cells, and B cells [173. However, the proportions of these
immune cells are variable the femalegenital epithelium. Flymphocyes are frequentlyound

in the genital epithelium where the levels ofCD8+T lymphocytesare higherthan CD4H
lymphocytes and mostof the T-lymphocytes(both CD4+ and CD8+T cellsiare effector

memory phenotypg@l74-178. Flow cytometry analysis of normal genital tissues demonstrated
thatthe uppergenitaltract (fallopian tubesjterus and endocervixharborshigherlevels of T-
lymphocytes than the lowegenital tract (ectocervix and vaginajl77]. A study also

demonstratedhat ectocervix containselevatedlevels of T-lymphocytes CD4+ and CD8+ T
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cells) and Bcells than endocervikl 78§. Furthermoregctocervix containan increasechumber
of CD14+ tissue hematopoietic celiscluding macrophages (CD14+CD21)Jland dendritic cells

(CD14+CD11c+),wheremacrophageare more frequent thatendritic cell§178§.

During early vaginal HIV infection, thepscific genital mucosal immune cel|] such as
macrophages, and dendritic cells, functeena vehiclearrying the virus to the CD4+Eell-rich
sub-epithelial mucosa. Using genital mononuclear leukocytes, a study showed that vaginal and
ectocervical DCs are the first to uptake HIV as early as 15 min followed by the macrophages and
lymphocytes, suggesting that DCs primarily transfer HIV to @i24+T target cells in sub
epithelial mucos§179. Therefore, the genital mucosal immune cells act as crucial modulators

in vaginal HIV infection ad transmission.

1.3 HOST INFLAMMATORY RE SPONSES AND HIV ACQUISITION

Cellular immune responses following microbial insult or tissue injury induce the production of
chemical mediators via intracellular signaling pathways, resulting in inflammation. Inflammation
is a protective host physiological response characterized by vasodilatation and extravasation of
immune cells and recruitment of plasma proteins to the site of tissue injury/infection.
Inflammation is considered as a beneficial host response requirkétdarmful pathogerand

in promotingthe healing procesgl80-187. However, dysregulated inflammatory responses can
cause aberrant tissue damaghkich favors the pathogensuch as HIVt{o access the target cells

for productive infection. Ashe IL-1-NF-aB signal transduction pathway plays a critical role in
host infammatory responses will highlight the IL-1-NF-aB signaling pathways, and their
downstream signaling effects on inflammatory mediators’ ptamydncluding the effects of
novel host factor(s) in augmenting inflammation, particularly relevant to HIV acquisition and

transmission.
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1.3.1 Inflammatory signaling pathways and HIV acquisition

The hostimmune system is equipped with various signaling netwaokslicit host defense
against microbial infectignincluding HIV. Interleukin (IL)}1 pathway is a master regulator of
inflammatory cytokines/chemokines production through its downstraetmation of NFaB
transcription factor. Irthe context of HIV the IL-1 pathwayfunctiors as a driving force of

inflammationmediatedHIV acquisition

1.3.1.1 Interleukin -1 (IL -1) pathway

IL-1 family cytokines are widely known signaling molecules of host immsystems. It
constitutes eleven members, includingll} IL-16 , -1Ral(IL-1 receptor antagonist), 18,
IL-33, and IL-1F5 to IL-1F10 encoded by 11 distinct human and mouse geresh) are central
regulators of immunity and inflammation against a breadge of stimuli[183186G. The
prototypical, multifunctional agonists of 4L family members (IL1Uand IL-16 Yypically bind
with a cognate receptocalled IL-1R1 (IL-1 receptor type 1) and concurrently recruit a co
receptor I-1RAcCP (IL-1 receptor accessory protein, also known aslR3) to form a
heterotrimeric complex187, 188. Famation of extracellular ternary complex-I:IL-1R1-IL -
1RACP juxtaposes intracellular portions of cytoplasmic TIR (Toll/interledkineceptor)
domains conected to the cognate receptors and instigdt@gnstream cytoplasmic signaling
transduction[183 186, 187]. These conformationathanges allow the recruitment of adaptor
molecules, most commonly MYD88, IRAK4, TRAF@&nd other signaling intermediates.
Following the assembly of all required moleculesjbsequent biological reactioms/olve N~

aB (nuclear facto®B) signaling pathway to induce inflammatory resporjd&§j.

Studies showed that4L U a flfdl il nddHlV @ene expressiofl90-193. IL-1 U  a #lfdd | L

inducedthe secretion of TNFEJ[194], and IL-1b further promoteshe TNFU-induced HIV gene
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expression[19(. The balance between theroduction of edogenous IElb cafled viral
inducers) and the inhibitor HLRa modulates the HIVproduction and inflammatory process
associated with HIV infectiofil95 196¢. For irstance,an elevated level of 1 U a mld | L
strongly induced the HIV gene expression in monocytes whildR& opposed the viral
expression190, 192. Thus,the IL-1 signaling pathway plays an important role in generating
inflammatory responses, and inflammation leading to HIV susxiyt acquisition, and

transmission.

1312 NFeB signaling pathway

NF-aB signaling orchestrates multiple aspects of innate afaptive immunologicesponses
including immune cell activation, survival, and differentiation together with the induction of
inflammatory responsegl81]. Activation of NFaB signaling is mediated by two distinct
pathways: canonical (also called classical) and-cenonical (alternative)The canonical
pathway of NFeB responds to multiple stimuli, including ligands of cytokine receptorslRL,
and TNFR [tumor necrosis factblreceptor] superfamily members), PRRs, TCR, and BCR (B
cell receptor)[181, 182. This pathway of NF-oB activation is based orthe inducible
degradation ofdBU inhibitor with a multi-subunitlaB kinase (IKK) complex[197, 19§. The
IKK complex comprisestwo catalytic subunits KK U and IKKb) and a regulatory subunit
(IKK9; also called NFeB essential modulato{NEMO]) [19§ and activated by pro-
inflammatory cytokines, microbial components, and grofatiiors[199. Following activation,
IKK complex phosphorylateslaBU inhibitor at two Nterminal serings resulting in
polyubiquitination and rapid degradationlaBUin 26S proteasomi98. Degradation ofeBU
inhibitor triggers rapid and transient nuclear translocation ofeBIFamily proteing mostly

p50/RelA and p50/Rel dimers andbind to enhancers or promoters of target gelesling to
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NF-aB pathway activationIn this pathway IKKb but not IKKU is essentialfor inducible

phosphorylation and degradation eBUinhibitor [181, 198§).

The noncanonical NFeB pathway on the othehand,responds to a number of specific stimuli,

such as ligands of TNFR superfamily member subsets, including BAEEI(Rctivating factor

belonging to TNF family), and CD40[200 201]. The noncanonical pathway of NB B

activation is strictly dependent on IKKand independent of IKKand IKKo (NEMO) [198].

This pathwayis primaiily involvedin NFF=e B2 pr e c ur s o procpssirgandedoasiot( p 1 0 0)
involve degradhgla B U i nsf200b Thé mocessing oNF-aB2 (p100)proteinstarts with its
phosphorylatiob y | tdgétblewith theactivation of NFa Binducing kinase (NIK)resulting

in polyubiquitinationand proteasomal degradatiohinhibitory C-terminall a-lie strudure of

NF-a B2 (.@Dggdadaxion ofinhibitory C-terminal region generagés NF-a B 2 (matre

form) and triggersnuclear translocation bNF-ae B c omp | e x p 5 adR@g toB di m

activation of NFe Bsignalingpathway{199.

Functionally, the canonical pathway NF-e B act i v at withmeardysllsaspedtseaot e s
hostimmune responses while tm®n-canonical pathwapds as supplementary signaling axis,
which cooperates witthe canonical pathway in regulating specifienctions ofthe adaptive
immune system including immune cell maturation and differentiation, and lymphoid
organogenesi$181, 202. In short the binding of a ligand to a cognate receptor results in
intracellular signaling cascades involving nuclear transportation obBNFnolecules, and
induction ofinnate inflammatry responses by producingflammatory cytokines/chemokines,
leading toinflammation[122 182 203. NFaB-induced dysregulated immune activation and
inflammatory responses are the hallmarks of inflammatediated inflammatory disease
pathogenesif204, 209.
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The replication and transmission of\Hcan be augmented by activatirpst transcription

factors including NFeB. Becausethe HIV genome containdNF-a Bbinding sites inthe 5*-

untranslated leader region of HIV LTR, the binding of cellular-3®molecules can induce

potent transcriptional activation of HIV gene expres$k®6 207]. Indeed, activation or latency

of HIV in infected cells is tightly controlled by HN.TR transcriptional activity regulated by

host cellular NFe Bt r a n soteculegp20g. b is evident thathe transmission of HIV can

be promoted by It1-induced NFe B a c t i wvirdlammatary, responses, and HIV target cell
recruitment[209. NF-a Bactivationin concertwith the production ofinflammatory mediators

can directly enhance HIV replicatip in addition to its effect onpromoting target cell
recruitment209. In fact, IL-1 itself or in combinationwith IL-6 and TNFUinduces HIV gene
expressionn latently infected monocytes andcélls via activatonof N B si ngl i ng pat
[190-192. TNFUalso mediate HIV expression by elevating the level of freesd B whi ¢ h, i
turn, binds to and transactivates HIVR [191, 21(. In additiontheNF-ae B t r anscr i pti o
not only functions aareplication inducer of HIV gene expression but also acts as a regulator of

HIV latency. The availility of activated NFe B bel ow a certain thresho
factor governing the establishment of HIV latej@t1]. Thus, NFe B f u nas & doabtes

edged sword in HIV acquisition, transmission, and latency establishment.

1.3.2 Inflammatory cytokines/chemokines and HIV acquisition

Inflammatory cytokines/chemokines (also called mediators) producedhéyL-1-NF-a B
signaling transduction pathwawrfction as critical regulators in inflammatiomediated HIV
acquisition. Under physiological conditgnfemale genital cytokines/chemokines regulate
mucosal integrity, chemotaxis of immune cedadgenerate specific immune and inflammatory

reactions toneutralize or kill pathogenic microb¢212. Although the physiological level of
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mucosal inflammatory mediators primarily congrtthe microbial transgressioan abnormally

high level of mediators due to the microbial insult can directly compromise the tight junction
permeability of epithelial and endothelial ce]s13-216. A persistenly high level of female

genital inflammatory cytokines/chemokines (MIP / C CMIB-b / C Cand IR10/CXCL10)

is associated with mucosal vulnerabiltty HIV infection HIV seroconversion, and increased

risk of HIV acquistion [217, 218. The elevated level of these inflammatory mediators promotes

HIV acquisition by recruiting and activating HIV target cells and distorting mucosal

epithelial barrief217). In HIV-uninfected Kenyan women, genital mucosal expression of GM

CSF, I-1 b , -8/GXCLS, IL-17,and MIR3 U ( macr ophage i-hl) admansit or y
shown to alterthe expression of mucosal barrier proteins, proteases,tl@decruitment of

immune cells, which, in turn, become HIV target cells to establish productive inf¢2idh

Increased genital mucosal inflammatory mediators-1(L IL-16, IL-6, IL-8/CXCLS8, IR
10/CXCL10, MCR1/CCL2,MIR1 U/ CCL 3, -1 & h € C MénRcovagnalavage (CVL)
havebeenshown to ausean increased risk of HIV seomnversion and acquisitioi218 220,

221]. Studiesalso demonstrated thateghted level of genitahucosalRANTES/CCL5 in HI\:

uninfected FSWs (female sex workeispositivelycorrelated witithe levelof cervical immune

cells (CD4+T, CD8+T cellsand immature DCs), angro-inflammatory mediators (H1, IL-6,
IL-8/CXCL8, and TNFU) , suggesting t he hi g h[22e 228. s k of
Furthermore, high levels of genital cytokines/chemokines and activated CD4+T cells are

associated witlan increasedsk of HIV acquisition in adolescent girls and young worjizz¥].

Besides, circulating inflammatory mediators also function as critical regulators of systemic
immune activation, and inflamation in HIV acquisition and transmission. The elevated level of

plasma cytokines/chemokines {1b, IL-2, IL-6, IL-7, IL-12p70, 1-:10, IR10/CXCL10, and
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TNF-U have been shown to be strongly associated with increased HIV infectio
ser@onversion, and acggition risk in women[221, 225 226. Taken together, these data
underscore the importance of both female genital and circulatory inflammatory mediators in HIV

susceptibility, acquisition, and transmission.

1.3.3 Inflammation and HIV infection

Cytokines/chemokines produced by activated immune cells cause aberrant inflammation, which
is suggested to be a major driving force of HIV susceptibility, and acquisition. Intteeed,
persistent inflammatory profile of genitamucosa contributes to the higitrisk of vaginal HIV
acquisition[217, 218 227]. Genital inflammation accompanied by increased activated CD4+T
cells is shown to be associated with increased HIV acquisition risk in South African young
women|[224, 228. It has also been shown that genital inflammation is a strong predictor of
genital HIV RNA shedding, plasma viral load, and decreased systemic C&Hdopulation

[229 23(. Thus, HIV acquisition is favored by inflammatory genital mucosa where

inflammation fuels the recruitment and activation of HIV target ¢&B§).

Additionally, chronic systemic immune activation is considered as a driving force of sustained
inflammation, CD4+7¥cell depletion, and pathogenesis of AIDS. Although HIV gilon is
directly correlated witimmune activationaccumulatedevidence showed #b high levels of

HIV replicationaloneare neither enough nor necessary to initggpathological level of immune
activation [231]. The abnormal systemic immune activation and inflammation are the major

determinanbf advanced HIV disease progressj@s2 233.

HIV resistantwomen (HV -exposed seronegative, HEStigmonstrated the immune quiescence

phenotype irthe genital mucos§234], which is characterized by reduced expression of genes in
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CD4+T cells, and reduced frequgnof T cell subsets expressing CD69 activation marker
together with limited production of soluble cytokines/chemok{23%-237]. HESN individuals
have also shown low levetd CD4+T cell activation andeducedPBMC susceptibility to HIV
infection[238. Thus, these observations from HESN individuaticatedthat the presence of

both genital and systemic inflammation is a strong tateefsusceptibility taHIV infection

1.3.4 Novel host factors in regulating inflammation and HIV acquisition

Becauseimmune activation/irkmmation during HIV infectionis multifactorial including
biological, behavioral, ankdost geneticsin this section Wwill highlight the literature onwo host
factors, FREM1 (Fraselated extracellular matrix 1) and its splice variant, TILRR (likd
interleukinl1 receptor regulaterthe focus of this thegisin relevance to the inflammation and

HIV acquisition.

1.3.4.1 FRAS-RELATED EXTRACELLULAR MATRIX 1 (FREM1)

FREM1 is an extracellular matrix protethat forms a ternary complex with other integral
membrane proteins of epithelial cellacluding FRAS1 (Fraser syndrome 1) and FREM2. It
serves as an essential componeuating embryonic development, and a variant of FREM1,

TILRR, functions as a mediator of innate immune responses and inflammation.

1.3.4.1.1 Molecular structure of FREM1 and its splice variants

Full-length human FREM1 contains multiple functional domains that cttevdh extracellular

matrix molecules. It hasnaN-terminal signal sequence, positioned &3lof its amino acid (aa)
sequence, and an-tdrminal variable regiocwontaining (NV) domain (from aa 2274) with an

Arg-Gly-Asp (RGD) motif (from aa 19201). Following the NV domain there are 12

chondroitin sulfate proteoglycan (CSPG) tandem repeats. Each CSPG domain is approximately
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120 aa long (from aa 27b730) [239, 24(. At the Gterminal region, it contains ealcium

binding loop of approximately 89 aa long (Giix d o ma i n, -1820r a@)mandiiRGLL

motif sequence (from 1967909 aa). Athe end of the @erminus, it has a unique type C leetin

like (LecC) domain, which is ~131 aa long (from aa 2@%29)[239. Additionally, it bears two
glycosaminoglycan (GAG) attachment sites located between CSPG10 and CSPG11 domains,
and Calxb  a ntefrmir@l RGD motif, which were showin bind to the IL-1R1 receptor of 1L

I-NF-e B si gnal {(Figuge lgda2dah24Z y

The amino acid sequencetbk N-terminal signal peptide is highly variable between human and

mouse FREML1 protein and therefore termed a®risinal variable regioontainingdomain

(NVD) [239. FREM1 RGD maotif sequence is a wstldied celladhesive motif and functions

as anintegrin-binding region. It is recagzed by a wide group of integrins,uch as Uv sub
(UvblUvdpadd tsubenithls b 1 a h whicliBabsduce signals to the c¢289.

Twelve CSPG repeats, also known as cadherin rdieatepetitive element240, 243 initially

identified in NG2 (neural/glial antigen 2) core prot¢#%4], are the hallmark of Fras/[FREM

family proteins because they are comntonall members of the family243. Studies have
demonstrated that NG2 core protein (CSPG motifs) frequently interact with an array of
extracellular matrix (ECM) proteins, including collagen type I},avid VI[245247)], platele-

derived growth factor (PDGRA, a longerisoform of PDGF) 24§, and basic fibroblast growth

factor (bFGF2)24§. Thus, it is suggested that FREM1 binds with ECM proteins of basement
membranes (BMs) through its repetitive CSPG dom@aAg to conduct its biological functions,

including cel adhesion, cell proliferation, and migration. The Galx d o mai n o f FRE M:
calciumbinding loop of N&Ca exchange bbb ddhmaiGalixs charact

cytoplasmlocalized, calcium chelatingnd calciumbinding region of transmembrane proteins,
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such as [28Q eAdditionally, thel uniqudeature of FREM1 protein is having a C
terminal LecC domain (CTLD) which is associated with carbohydrate residues of ECM. The

other members of Fras/[FREM family proteins do not have C[HT]].

According to AceView 252 253, FREM1 has approximately 15 splice variants. Of thefulla

length isofom 1 encoding the 2179 amino acids long full FREM1 protein
(NM_144966.5/NP_659403.4), and a shorter isoform 2 encoding a 715 aa protein
(NM_001177704.1/NP_001171175.1) were descriffgtf]. The FREM1 isoform 2 (TILRR)

has a structurally different Nlerminal regionand only has 3 CSPG domains with a Galx
domain and a Cterminal LecC domaij241, 254. Similar to isoform 1, it containsneRGD

motif and two GAG attachment sites that are associated witladieesion and 1 b s i gn all

transduction, respective(figure 1.4).
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FREM1 Transcript
variant 1

TILRR (FREM1
Transcript variant 2)

I Signal peptide RGD . CSPG domain Calx-B domain
Motif

. C-type lectin domain v Predicted GAG attachment site

Figure 1.4: Diagram of FREM1 and its splice variant.Full-length FREM1 transcript variant 1
(top) and FREM1 truncated variant 2g@lcalled TILRR) (bottom); CSPG, chondroitin sulfate
proteoglycan; RGD, argininglycine-aspartic acid; GAG, glycosaminoglycarhis figure was
reprinted with permission from Kashem et @54 under the license of Creative Commons
Attribution (CC BY).
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1.3.4.1.2 FREM1 expression, localization, and interactions

FREM1 protein is expressed anwide variety of human and animal cells and tissues. It functions
as an important extracellular molecule either in developing emlanyn the pathogenesis of
multiple abnormalities. FREML1 is primarily secreted by the mesenchymal cells underlying the
basement membrane of visceral pleura and in epithelial and mesothelia]258|256. The
protein is localized in the dermigyer where it forms a stable complex with other Fras/[FREM
related proteins called ternary comp[@67]. Although both dermal and epidermal cells express
FREML1 [25], 25€], its expression is most prominent in dermal cellshefeyelids, headand

limbs of mice[243. It is also expressed in the diaphrafthy, intestine, lung, kidney, and skin
[25€, craniofacial structures, such as ears, forehead, midface, noseateketiair follicles in

mice[243 258 259.

A previous study from our groughowedthat mMRNA of FREML1 is expressed in various human
tissues, including cervix, colon, esophagus, heart, kidney, lung, ovamenfda prostate,
skeletal, small intestine, testes, thymus, thyraitd trache426(. The expression of FREM1

was observed at a high level in ceali tissuesthe small intestine, and kidnsy Immunc
histochemistry staining of human ectocervical biopsy specimens from two different groups of
women (HI\:negative new enrollees and HIV resistant)tioé Pumwani sex worker cohort
(PSWC) demonstrated that FREM1 protein is expressé#ukeiapithelial and sumucosal layer

underneath the basement membrane (BM), particularly the upper lamina p26ffia

Recently, we also found that FREM1 is expressedhim stratified epithelium of human
ectocervix, sukepithelial tissues, and columnar epithelium of endocervix (Omange et al.
Submitted). FREML1 is alswlentified inthe ectocervix of Rhesus monkeys (RM). Surprisingly,

FREM1 was notonly expressed irthe epithelial tissues, but also RRBMCs, including
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monocytes, B NK-, and F cells of humag, and RM.The frequencyf FREM1 expression was
highest in maocytes followed by B NK- and Tcells. Classical monocytes (CDRD16)
showed a relatively higher frequency of FREM1 expression compared to-ctassical
monocytes (CDI#"'CD16") in humas. The pattern of FREM1 expression frequency in
PBMCs of RM waslso shown to be similar to that in hursd®mange et al. Submitted). Thus,
FREML1 is expressed in a variety of immune cells, which may have particular importahee in

pathogenesis of HIV/SIV infection.

1.3.4.1.3 FREM1 and immune cell infiltration

Extracellular matrix (ECM) proteins function as mediators of inflammation and infiltration of
immune cells[261-264). Because FREM1 is an extracellular matrix protein &navidely
expressed in the regions of epitheha¢ésenchymal interactidr243, its expression in epithelial
tissues may promote immune cell infiltration. Using immunohistochemistry (IHC) and
immunofluorescence (IF) assays, a study demonstrated that elevated expres&&Maf iR
normal breast/mammary epithelial tissues is positively correlated with the infiltration of several
immune cells, such as CD4+, and CD8<é€lls, and M1 (inflammatory) macrophad@69. In
addition, analysis of breastuecer (BC) epithelial tissues showed that high FREMdressed

BC tissues harbor abundant CD4+T memory cells (resting and activated), €BBs;TM1
macrophages, resting dendritic cells, gamdnal t a T c -edlld (saive( amdinienory), B
plasma cellsand resting mast cells. Wherelmsv FREM1-expressed BC tissues were trended to
havea higher proportion of M2 (aninflammatory) macrophages, neutrophils, and resting NK
(natural killer) cells[269. It has also ben shown hat the RGD motif of ECM binds with
integrinsand promotes migration of effector T cells into the interstitial inflamed tid2A66.

Thus, the binding of FREM1 with integgmmay function as a critical regulator in infiltrating
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immune cells esped@lly in cervicovaginaltissues. Although the direct role of FREM1 in
infiltrating immune cells in cervical tissuésyet to be examined, the expression of FREML1 in
the cervix of humas [26(], and RM (Omange et al. manuscript submitted) supports the notion
that FREM1 may functions aminducer of immune deinfiltration, including HIV target cells,

facilitating vaginal HIV infection

1.3.4.1.4 FREML1 in innate signaling and vaginal HIV/SIV infection

Because tollike receptor (TLR) and 1 signaling pathways sharenany componentgl89,

and TLRs including TLR4 play a key role in producing pro-inflammatory
cytokines/chemokines and Hipathogenesi§267], we have recently examined the interactions
between FREM1 and TLR4 in monocytes and CD4+T cells. Our study showed that stimulation
with LPS (lipopolysaccharide), a TLR4e@nist, altered FREM1 expression in monocytes and
CD4+ T-cells of human PBMCs. TLR4 agonist stimulation increased the frequency of
FREM1+TLR4+ monocytes whereas reduced that of FREM1+FloRehocytefOmange et al.
manuscript submitted)Ve further observethat blocking FREM1 with arFREM1 monoclonal
antibodies (mAbs) reduced the frequency of FREM1+TLR4+ monocytes in human PBMCs.
Thus, FREM1 potentially functions as a TLR4 signaling@ceptor capable of modulating pro
inflammatory and cestimulatory furctions in monocytes in response to LPS. Usingmacaque
model, our study further showed that FREM1 and TLR4 colocalize in the stratified layer of
cervicovaginalepithelial cells andthe expression of both FREM1 and TLR4asincreased in

the cervicovaginalsubmucosa of RM following intravaginal SIVmac239 infecti@mange et

al. manuscript submittgdTaken together, these results suggested that the association of FREM1
and TLR4induced inflammatory responses may influence vaginal HIV/SI\écimdn and

transmission.
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1.3.4.1.5 FREM1 polymorphism and HIV resistance

In 1985, an observational cohatudywas establisheth the heart of Pumwani slum, Nairobi,
Kenyacalled the Pumwani sex worker cohort (PSWC). It is an open prospective stlayriof

the mmunobiology and epidemiology of sexually transmitted infections (Sais) the patients
enrolled in the cohort have been followed biannually since the cohort establidi26@a7 1].

This cohortis not only involvel in the research, but also provides services related to STI and
HIV prevention and care, such as consultation, provision of free condoms, and treatntieat of o
infections. Between 1985 and 2008, more than 3000 sex workers have been enrolled in the
cohort.A sub-group of women in PSW@&mainedHIV uninfecteddespite the frequent exposure

to highrisk HIV -infected sexual partnef871]. These womedemonstrated significantly high

level expression of various potentially HIV inhibitory moleculesluding RANTES[277],
serpins, elafin, and many other factof872274 at their genital mucosa. Multiple
immunological[275278, genetic[279283, and proteomi[273 274 factors are associated

with this phenotype.

Our group has conducted a genewide analysis of SNP (single nucleotide polymosph)
among women of PSWC to identify the genetic polymorphism associated witi\theesistant
phenotype[26(. The study showed that the minor aledf SNP rs1552896 of FREML1 is
enriched in HIVfresistant women. The rs1552896 was located at the intron 11 (57 bp) close to
the 3' end of the exon 11 tiie FREM1 geneBesides the frequency of the minor allele of
rs1552896 was also found higher in HiMinfected women in comparison to Hikfected
individuals in a mothechild HIV transmission (MCHT) cohortThus, the minor allele of

FREM1 SNP rs1552896 associated with thelV -resistant phenotype.
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Sincethe minor allele "G" (GG/GC genotype, protective) e FREM1 SNPrs1552896 is
associated witlthe HIV -resistant women anithe major allele "C" (CC genotype, witype) of
the SNP rs1552896is associated withHIV susceptibt women[26(, we recently stued
FREM1 expressiom relation tothe activation status of immune cedlsllectedfrom individuals
with different REM1 SNP genotypes. 8found thatthe activation status of FREMaxpressed
T cells was lower in individuals with protective genotype (GG/GC) of FREM1 SM$52896
compared to thevild-type genotype (CC) individuals (Omange et al. Submittddyvever,we
know very little about the specifioles of FREM1 in HIV resistancksusceptibility and how th

intronic FREM1 SNP influences the functiohFREM1

1.3.4.1.6 Current advances in studying FREM1 and its splice varianTILRR

Antibodies are important tools to studiiet function of proteins and have been used as
therapeutics for many diseasg84]. To study the function of FREM1 antkirole in HIV
infection, aur group developed aABREM1 antibodies[24]]. To develop antrtFREM1
monoclonal antibodies, we expressed two recombinant proteins of FREM1, rspD (376 amino
acids, 56.8 kDa), and rspF (255 amino acids, 29.5 kDa). The two recombinant proteins overlap
the C-terminal region of fullength FREM1 isoform 1 and the majority portion of FREM1
isoform 2 (TILRR). Structurally, rspD protein contains a small portiotheCSPG9 domain as

well asthe CSPG10, CSPG1ICSPG12,and Calxb domai ns of FREMW1 , wh e
contains Gtype Lectin domain (CTLD)Kigure 1.5). Our group developed 17 affREM1

mouse monoclonal antibodies (mAbs) and mapped their epi{@4ds. These antFREM1

mADbs targetdifferent major and minor epitopes of multiple domains of FREM1 and its splice
variants. These thouse developed arfiREM1 mAbs and recombinant FREM1 proteins are

used agools to study the role of FREM1 and its variants in inflammation responses and vaginal
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HIV/SIV acquisition. Using thesantrFREM1 mAbs, we have recently demonstrated that

FREM1 modulates prnflammatory responses (Omange et al. Submitted).

\ \

A 1.2.3. 4 5 6,7.8,9.1011,12 I‘:\’I:]Ii:\::tT;anscript

\/ \

TILRR (FREM1
B Transcript variant 2)
C rspD (recombinant
protein)
rspF (recombinant
D protein)

I Signal peptide | RGD Motif . CSPG domain . Calx-p domain

. C-type lectin domain { Predicted GAG attachment site

Figure 1.5: Diagram of FREML1 variants and recombinant proteins. A) Full-length FREM1
transcript variant 1B) TILRR; C) rFREM1 spD protein; an®) rFREM1 spF protein. RGD,
arginineglycine-aspartic acid; CSPG, chondin sulfate proteoglycan; and GAG,
glycosaminoglycan. This figure was adapbexdn Yuan et al[241] with permission.
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1.3.4.2 TOLL -LIKE INTERLEUKIN -1 RECEPTOR REGULATOR (TILRR)
TILRR, a FREM1 variant,is an IL-1R1 coereceptor and has been identified as a unique and

highly conserved membradsundglycosylated proteip285.

1.3.4.2.1 Characteristicsof TILRR

TILRR is ashorterFREM1 transcript onsisting of 715 aa residuf85 286 . It associates with
IL-1/IL-1R1 signaling receptor, binds withe host cell membrane by its structuratt€minal

LecC domain, and increases the cell surface recepxmession and ligand binding activities
[285. As a truncated variant of FREM1, its transcriptional start site is located within an intronic
segment between exons 24 to 25k FREML1 gene called 5' TILRR coding sequence (CDS)
[287]. The 5' TILRR CDS was found in human and mouse FREM1 and therefore used to identify
ortholog of TILRR inother organisms for its evolutionary history and development. Analysis of
5' CDS in tetrapods (amphibians), teleosts (fish), and invertebiatesophila melanogaster,
Caenorhabditis elegansnd Ciona intestinali$ showed that only tetrapod organismsg&ss 5'
TILRR CDS within the FREML1 ortholog. Although teleost organisms possess at least one

FREML1 ortholog, no 5' TILRR CDS was recognized in these organn3ik

In invertebrats, in contrast, neither FREL ortholog nor 5' TILRR CDS weréund. Thus,
FREML1 appeared following the evolution of \etates; however, TILRR was only identifiable

after the divergence of teleosts. These suggest that FREM1/TILRR may evolve from the
common ancestor of tetrapod and teleost organisms and subsequently extinct in FREM1 paralogs
prior to the modern teleosts éution [287]. In addition, FREM1/TILRR may emge due to the

divergence of a common ancestottlie tetrapod lineage87].
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1.3.4.2.2 TILRR expression

TILRR is expressed in a wide variety of human and animal cells. The mRNA expression analysis
of PBMCs, and several epithelial, endothelial, and other immune cell lines demonstrated that
TILRR mRNA was expressl in all cells but the level of expression igriable [285. In
humans, TILRR mRNA is relatively highly expressed in seveaall lines, including
microvascular endothelial cell (HMED), human embryonic kidney cells (HEK293), leukemic
cells (K562, ML-1, HL-60, and MOLT-4), and macrophage cell line (U937); however, lower
expression of TILRR mRNA was reported in cervical epithelell (HeLa), monocytes (THE)

and PBMCs. In animals, on the other hand, high levels of TILRR mRNA were observed in
murine mammary epithelial cells (C127), fibroblast (3T3), and monocyte/macrophage cells
(J774.2), and relatively low expressiaras repated ina murine macrophage cell line (RAW
264.7). Zhanget al [289 further denonstrated that TILRR is a #Da protein and its protein

expression level is consistent witke level ofmRNA expression.

Smith et al. [28§ showed that TILRR mRNA is expressed in murine moncedgiéved
macrophages (RAW 264.7A high level of TILRR mRNA expression waaso found in
PBMCs of myocardial infarctiodiagnosed patien{28g. Additionally, immunohistochemistry
staining ofthe carotid artery revealed a significantly elevated level of TILRR expression in the
atherosclerotic plaqui288. A recent study further demonstrated that TILRR mRNA is highly
expressed in normal human breast/mammary epithelial [28§. Taken together, TILRR
MRNA is expressed in multiple immuraand epithelialcells in humans and animals, and its
expression implicates the importance of TILRR in innate immune responses and inflammatory

diseases.
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1.3.4.2.3 TILRR in innate signal transduction and inflammation

Toll-like/IL-1 receptors regulate the innate inmauand inflammatory responses through
association withthe IL-1R1 receptor complex followed by engagement of MYD88 adaptor
protein to the cytoplasmic TIR (toll/HL receptor) domain, and transcriptional modification of
NF-e B t r ans c r[28@¢291. Ama cérexeptorot I-1R1, TILRR interacts withhe IL-
1R1-TIR complex and augments the signal transduction by enhaligargtbinding activities
and the expression of 4LR1 receptof285 2927. The association of ILRR with IL-1R1 not
only potentiates the receptor expressibnt also enhances the recruitment of cytoplasmic
MYD88 adapter orthe TIR domain resulting inthe expression gbro-inflammatory genesfter
NF-eB signal i ng pRgurd In6a[285 2931 TILRRamediataghe activation of
inflammatory genes in a wide variety of cells umihg macrophages, epithelial celsnd

fibroblasts via TIR regulatory componef85.

Smith et al [28§ demonstrated that inflammatory conditions, such as lung fibrosis, and
myocardial infarction, triggean elevated TILRR expression in blood monocytes/moplages.

It has been also showhat blocking withanant-TILRR antibody or genetic deletion of TILRR

has sigificantly reduced the monocyte/macrophgugpulation in the inflamed ared428§.

Microarray analys of blood samples revealed that knockoutl@@TILRR gene greatly reduced
inflammatory gene expressi¢g8g. Gabhanrf294 elucidatedthatthe binding of IL-1 with its

cognate receptor HLR1 formstheIL-1-IL-1R1 complex, which initiatesmediumlevel of N~

9B acti vat i oassociativimfecorecepior TILRR with 1:1-IL-1R1 complex, like
IL-1-IL-1R21-TILRR, instigates a higher level of N6bB acti vati on, resul tin
inflammatory responses during pathological conditigfgure 1.7). Thus, TILRR mediates

inflammation Targeting TILRR to reduce its function maygnificantly reduce inflammatory

41



responsesimmune cell migrationandinfections or diseaseassociatedvith inflammation.The

reduced TILRR expression may reduce HIV acquisition

IL-1RACP Fibronectin

TILRR

Cell membrane

TRAF6

. NF-kB activation
Inflammatory response

Figure 1.6: TILRR potentiates MYD88 recruitment to IL -1RI to induce NFaB signaling

and inflammatory responses. TILRR binds with IL-1R1 as a coeceptor and potentiates the
recruitment of MYD88 adapter to the cytoplasmic TIR domain. The associatian adapter
molecule withthe TIR domain induces the signal amplification and directs the Ras GTPase
controlled enhacement of NFeB induction and inflammatory genes. This figure was adapted
with permission from Zhanget al [285 under a Creative Commons Attribution Non

Commercial License (CBY-NC 3.0).
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Smith et al 2017

Healthy Disease IL-1 antibody  IL-1RI-KO TILRR-KO TILRR-Ab
IL-1 IL-1 IL-1 IL-1 IL-1 IL-1
IL-1-Ab
- i i ¥ TILRR-Ab
IL-1RI IL-1RI-TILRR IL-1RI IL-1RI IL-1RI TILRR
IL-1 IL-1 IL-1 IL-1
IL-1RI IL-1RI-TILRR IL-1RI IL-1RI
l ¢ v v l l
Medium High Low Low Medium Medium
NF-kB NF-kB NF-kB NF-kB NF-kB NF-kB
activation activation activation activation activation activation
Obisstvod Upregulation of TILRR in Reduced plaques, but remaining  In LDLR”, TILRR”- double knockout mice,
Suteaies various pathologies increases plaques vulnerable to rupture and in ApoE"- mice with TILRR-Ab:
pro-inflammatory responses reduced plaques and improved stability

Figure 1.7: Three levels of IL-1R1 signaling.Activatonof NFe B i n heal t hy ( med:
disease (high level) conditionand in overly aggressive therapy targetingreceptor TILRR

(low level) as demonstrad by Smith etal. [288. Darker gray areasdemonstrated the work
contributed by Smith etl. [288. Ab, antibody; ApoE,apolipoprotein E; IL, interleukin; H1Rl,

interleukin 1 receptor type I; KO, knockout; LDLR, ledensity lipoprotein receptor; NF,

nuclear factor; TILRR, tollike interleukinl receptor regulatoiThis figure was reprinted with
permission from Gabhanf294 under a Creative Commons AttributiddonCommercial
NoDerivatives 4.0 International License (CC-BNC-ND 4.0).
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1.3.4.2.4 TILRR and production of inflammatory mediators

Because TILRR is involved in HL-IL-1R1 signal transduction ever885, it may potentiate

the production of soluble primflammatory cytokines/chemokines through modulation of mMRNA
expression of genes associated witle NF-=e B si gnal ing pathway. Stud
activation of cytoplasmic sequestered -BIBB t ranscri pti on factor t
translocation of N6 B s the key step to initiate mRNAnd protein expression of genes

involved in inflammatory responsgs81, 295. Rhodeset al.[292] demonstrated that binding of

TILRR with IL-1R1 potentiates the release of-dFB f r om it s cytopl asmic i
resultinginNFe B nucl ear t r anantioflearamaiory @scadeasadtions. Blding o n
TILRR knockout mice, Smitlet al [288 demonstrated that mMRNA expression of inflammatory

genes encoding MGP/CCL2, IL-6 and TNF U  wigndficargly reduced in bone marrew

derived macrophages and splenic sampteapared to that of wild type contrd\.recent study

also showed that overexpression of TILRR in BT474, a human breast tumor cell line,
significantly potentiates the expressionmmune and inflammaticassociated genes, including

IL-6, IL-8/CXCLS8, IP10/CXCL10, MCR1/CCL2, and RANTES/CCLY28¢. Using huma

breast tumor tissueXu et al.[286 further demonstrated that elevated expression of TILRR is
positively correlated wittmRNA expression of ILO/CXCL10. However, these stied did not

measure the protein level expression of these genes.

Although we know little aboutthe effect of TILRR on the prmflammatory
cytokines/chemokines production, the existing data suggested that Thdg/lay a crucial
role in the production afoluble mediators from genital epithelial cells, and fag risk factor

for vaginal HIV acquisitiordue to its role in enhancing inflammatiorhi§ can benvestigated
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by using an appropriatein vitro model to mimic the vaginal microenvironment and HIV

acquisition.

1.3.4.2.5 TILRR and migration of immune cells

Activation of IL-1-IL-1RI-TILRR-NF-e B si gnal ing compl ex potenti a
inflammatory genes in epithelial cell285 28§. Production of cytokines/chemokindxsy
epithelial cells initiates the cagte receptemediated signal thaittracs immune cells intotte
tissues. Mnocyte chemotactic protein (MGR) or CCL2 producedfrom epithelial cells
promotesinfiltration of various immune cells (monocytes/macrophage$/niphocytes, and
NK-cells) throughthe CCR2 receptor expression on target cE86. Thus, itis possible that

the TILRR-induced production of inflammatory medes by genital epithelial cells would
promotethe migration of immune cells. Althougburrently there iso report on the role of
TILRR in promotingimmune cell migrationn cervicovaginatissuesa recent studghowedthat
TILRR influenced thanfiltration of monocyts underpathological conditionf288. Recently,a

study showed that higher expression of TILRR in breast/mammary epithelial tissues is
significantly positively correlated with immune cell infiltration, mostly CD4+ and CD8+ T cells,
and to a lesser extent of B cells, macrophages, dendritic cells, and neutf@pgilBecause
TILRR augments the NB Bsignaling pathway viahe IL-1-IL-1R1 receptor complek285

293, TILRR may well play an important role themigration of immune cellthat is relevant to

vaginal HIV acquisitiorthroughattracting immune cells to the site of inflammation.
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1.4 GAPS IN KNOWLEDGE AND STUDY RATIONALE

Among thousands of componentstio¢ host immune systenthe NF-a Branscription factohas
beenidentified as one of the centreggulators of innate and adaptive immune respoagses

involved in regulatingthe expression ofmany pro-inflammatory geneq181, 297. NFa B
coordinates the production of pmaflammatory cytokines/chemokines atitke rapid influx of

immune cells into the injured tisssjeresulting in profound inflammatory responses and
inflammation[295 29§. Activaton of NFe B i s cri ti c al299. b has heenr a | I
shown that the IL-1-NF-eB signaling pathway functions as an enhancer of HIV
acquisition/susceptibility via recruitment and/or activation of HIV target ¢20§]. Because

NFFeB activation is potent i antreld-1Rb [285t28%eanda s s o C i
TILRR-medatedNF-a B acti vation i nstigat[285292 204, itisnf | amm
importantto know the effects of TILRR in modulating inflammatory reactions during microbial
infection, including vaginal HIV acquisition. To date, very little is known whether TILRR
interacts with or regulatesther genes inthe NF-e B i nf | ammat or yy,aad gnal i
influences the production of soluble inflammatory mediatooy genital epithelial cellsand

migration of immune cells, includinglV target cells, intacervicovaginatissues.

Since cervicovaginalepithelial cells express TILRR, the presence ofLRR in femalegenital

epithelial cells may augment the inflammatory responses vise®F acti vati on a
production of inflammatory mediators. It is also important to know whether TILRR circulates in
human bloodplasmaand involves in regulating plasmatckines/chemokines anslysemic
inflammatory responseandplays a role in increasing susceptibilityHdV infection Our group

has previously shown th#ite minor allele oFREM1 SNP rs1552896 is associatethwHIV

resistant phenotyg@6Q, and TILRR mRNA is less likely detected in the women with the minor
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allele of rs1552896Thus, understanding the roté TILRR in mucosal and systemic immune
activation and inflammation is importafthese motivate m® investigate the role of TILRR in
inflammationmediated vaginal HIV acquisitios immure activation fued inflammation and
pro-inflammatory mediatorpromoteinfiltration of immune cells, identifying the root cause may

help to control vaginal HIV infection in the future.

1.5 GLOBAL HYPOTHESIS
| hypothesized thaFREM1 transcript variant 2, TILRR, regulates genes involved in
immune activation, inflammatory responses, and target cell recruitment, and plays a role

in the susceptibility of vaginal HIV acquisition.

1.6 SUB-HYPOTHESES
| further divided the global hypothesis into four dujpotheses that will be tested with relevant
specific objectives.
A. TILRR increasesnRNA expression of genestheNF-a B s i gn all transduct
and inflammatory responses.
B. TILRR induces the production of prinflammatory cytokines/chemokines in
cervicovaginakpithelial cell lines.
C. TILRR promotesthe migration of immune cells througthe modulation of soluble
cytokines/chemokines production from epithelial cells.
D. TILRR protein circulatesin the blood andits level is associated with susceptibility to

HIV acquisition

1.7 OVERALL AND SPECIFIC OBJECTIVES
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A. Determination of the effect of overexpression of TILRR on the expression of genes
involved in inflammatory responses and inflammation.

Specific objectives

a. To overexpress TILRR in human cervical epithelial (HeLa) and vaginal mucosal
epithelial (VK2/E6E7) cellines.
b. To determine the effect of TILRR overexpression on mRNA expression of genes

intheNFe B signal transduction and infl amma

B. Evaluation of the effect of TILRR on the production of proinflammatory
cytokines/chemokines in cerviceaginal epithelial cells.

Specific objectives

Quantification of preinflammatory cytokines/chemokines in supernatants of HelLa and

VK2/EGET7 cells.

C. Assessment of the effect of TILRR orthe migration of immune cells (HIV target
cells).

Specific objectives

a. To test the effect of TILRR on immune cell migration usitige Transwell

approach.

b. To assess the TILRR effect on immune cell migration using microfluididireal

migration assay.

D. Determination of the level of TILRR in archived plasma samples of women enrolled
in the Pumwani sex worker cohort(PSWC) and its association with susceptiltity to

HIV acquisition.

48



Specific objectives

a. To develop a multiplex quantification method using ®REM1 monoclonal
antibodies andh multiplex bead array system for measuring soluble TILRR in
human plasma samples.

b. To confirm the presence of plasiitLRR by affinity purification and Western
blot analysis.

c. To validate the irhouse developed methoddiméd to measure plasma TILRR

d. To andyze the association oplasma TILRR level with the FREM1 SNP
rs1552896 genotypes.

e. To determine the relationship betwete plasma TILRRevel with the levels of
plasma inflammatory dgkines/chemokingsand its association withHIV

susceptibilityin the Pumwani cohort
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2 CHAPTER 2: MATERIALS AND METHODS
A complete list ofgeneralmaterialsfeagents used in this thesisearchis mentioned irchapter

7 (Appendix A).

2.1 METHODS SPECIFIC TO RESULTS SECTION 3.1

2.1.1 Study outline

The studies were conducted using two human epithelial cell lines, HeLa and VK2/E6E7-TILRR
plasmid DNA was used to transfect cells using a {padedtransfection reagent. Transfected
cells were selected by puromycin dihydrochloride, and incubated with Sezarmedium with

or without I-k1 b for di fferent ti me points. TI LRR o0V¢
microscopy, flow cytometry, Western Ifimg, and reatime RT-gPCR analyses. RNA was
harvested and purified. RNA quality and quantity were measured by Agilent BioAnalyzer and
NanoDrop 1000 spectrophotometer, respectively. Complementary DNA (cDNA) synthesized
from purified RNA was utilized to raalyze the mRNA expression of 84 genes usingaNB
signaling pathway PCR array and PCR primer assay. The overall workflow undertaken in

this section of the study is presentedrigure 2.1.
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HeLa and VK2/EG6E7 Cells

l Cultivated in specific media

Co-transfection
(TILRR-plasmid vector [Vector+TILRR], or empty
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Figure 2.1: Schematic diagram of the overall workflow
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2.1.2 Cell lines and culture condition

Our group previously showed that FREM1 mRNA is highly expressed in human cervical cells
[260. To study the effect of FREM1 variant TILRR expression on cervical cells, | used two
model cervical epithelium celldes, HeLa and VK2/E6E7. RNgeq analysis and RGPCR
analysis showed that these two cell lines do not express TILRR mRNA under the cell culture
conditions | used in the study. Thus, | can use them to overexpress TILRR to study the effect on

other inflammadry response&elated genes.

HelLa cells were maintained in Dulbeccobs Modi
with 10% FBS (fetal bovine serum) and 1% AntibieAntimycotic. VK2/EGE7 cells were
maintained in Keratinocyt8FM (1X) growth medium, supplented with human recombinant

EGF (Epidermal Growth factor, 0.1 ng/ml), and BPE (Bovine Pituitary Extracts, 50 ug/ml), 0.4

mM CaC} and 1% PenicillirStreptomycin solution. Adherent cells in culture were detached

from the T175 flask with 0.25% TrypsiaDTA, and the enzyme was deactivated with sufficient

volume of complete DMEM growth medium for HeLa, and DMEM Nutrient mixtue FHam
supplemented with 10% FBS plus 1% Peniciffitteptomycin solution for VK2/E6E7 based on

the recommended protocols (ATCC)l #ie cells were then incubated af with 5% CQ for

2-3 days until 96100% confluent.

2.1.3 Plasmid constructs

Both TILRR-plasmid (GeneCopoeia, Catalog# 213568) and Empty vectgplasmid control
(GeneCopoeia, Catalog# EXEG-68) containing a CMV promoter, an ampicillin marker, and a
puromycin marker, were used for transfecting cellSgure 2.2). PmaxGFP (Lonza,

Walkersville, MD, USA) was used as a standard enhanced GFP (Green fluorescence protein)
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control vector to monitor the transfection efficiency by Fl@ytometry and Confocal

Microscopy.

A

3!
ll. Ori m TILRR Plasmid
construct

B MC2  sV40 PolyA Signal

5 : 3 Empty Plasmid
EEN Ori Bl Construct
{Control)

Figure 2.2: Diagram of plasmid constructs.A) TILRR (2148bp) inserted pEKI68 vector
containing Ori, CMV promoter, puromycinselection marker (mammalian selectiorgnd
ampicillin selection marker (bacterial selection) (top)B) Empty control pEZM68 vector
containing Ori, CMV promoter, puromycinmarker and ampicillin marker(bottom). The
arrowhead ofthe TILRR insertand puromycirfresistantmarkerdenotes the diation of gene
transcr i pt.iPoromycih Snarkemvas us&laog selecplasmidtransfected HelLa and
VK2/EGET7 cells following 24h transfection with EndofectinMax transfection reagent. Ampicilli
markerwas used to select plasmidansformedEscherichiacoli bacteria onselective Luria
Bertani (LB) agar plate and LB broth containing ampicillin duritige productionand
purification of plasmid. Ori, origin of replication; CMV, @tomegalovirus; MC, multiple
cloning;andSV40, simian virus 40This figurewasadapted fronGeneCopoeidnc., Rockville,
MD (https:/lwww.genecopoeia.com/vgontent/uploads/oldpdfs/tech/omicslink/pReceiver
M68.pdf).
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2.1.4 Plasmid DNA purification

TILRR-plasmid DNA or emptyector plasmid DNA was purified using an Endofree rpias

Maxi kit according to the supplier's instructions. Briefly, the bacterial stock was plated on the
selective LuriaBertani (LB) agar plate containing ampicillin and then inoculated into LB broth.
The bacteria were harvested by spinning at 6000xg formis at #C. The pellet was
resuspended in 10 ml Buffer P1 containing RNase A and then mixed with 10 ml Buffer P2
followed by incubation at Room temperature (RT) for 5 min. Ten milliliters of Buffer P3 was
added to the lysate and mixed immediately. Thetéysas poured into the QIAfilter Cartridge,
incubated at RT for 10 min, and filtered into a 50 ml BD Falcon tube. Buffer ER (2.5 ml) was
added to the lysate and incubated on ice for 30 min. The lysate was then poured into the
QIAGEN-tip, washed 2X with 30nl Buffer QC, and the plasmid DNA was eluted with 15 ml
Buffer QN. Eluted DNA was precipitated by adding 10.5 ml RT 100% isopropanol, and
centrifuged i mmedi at el °¢. Thetpell€ Wvas Waslted with enfloexin 3 0
free RT 70% ethanolanéont ri fuged i mmedi at el y°CaFtnallyOthes 00 0
pellet (plasmid DNA) was aidried for 510 min and redissolved into 1 ml endotokiee Buffer

TE. The purified DNA was quantified by NanoDrop 1000, aliquotted thécEppendorf tube,

and immediately stored aB0’C for downstream transfection of cells.

2.1.5 Transfection of cells

Approximately 2.5x10cells per ml were plated into each well of aw&ll culture plate in
complete DMEM growth medium (HelLa) or complete Keratino&feM (1X) (VK2/EGE7) a
day before transfection and incubated &@wWith 5% CQ for 24 h. Once the cells reached 80
90% confluency, the media was replaced with antibibée fresh growth media. &2

transfection was performed using different concentration of reithiédLRR-plasmid
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(vector+TILRR) (0.25 pg, 0.5 ug, 1.0 pg, and 2.0 pg per well) or empty wptasmid (empty
vector control) (0.25 pg, 0.5 pg, 1.0 pg, and 2.0 pg per well) in combination with PmaxGFP
plasmid DNA (0.05 ug, 0.1 pg, 0.2 pug or 0.4 pg per welpectively; 1:5 ratio) with 2 pl of
EndofectinMax transfection reagenfollowing to the protocol recommended by the
manufacturer. After incubation at 8T with 5% CQ for 24h, the effect of TILRR
overexpression othe mRNA expression of 4 genes was aaald The optimized concentration

of TILRR-plasmid (1.0 pg/well) or empty vector (1.0 pg/well) in combination with PmaxGFP
vector (0.2 pg/well; 1:5 ratio) was used to transfect HeLa and VK2/EGE7 cells with 2 pl of
EndofectinMax transfection reagent to azal the effect of overexpression of TILRR on mRNA
expression of N B signal t r a nreladed cgeneso and pnatflammeataryy

cytokines/chemokines.

2.1.6 RNA extraction, purification, and quantification

RNA was extracted from cells under different expental conditions using RLT buffer from
RNeasy Mini Kit. Extracted and purified RNA from 5x1€ells/experimental condition using
RNAeasy Mini Kit according to the manufacturer's instructions. The purified RNA was
guantified using a NanoDrop 1000 Spechlrofpmeter (Thermofisher Scientific, USA), and the
A260:A230ratio of the isolated RNA was >1.7 and th&260:A280 ratiowas between 1.8 and

2.0.

2.1.7 RNA quality analysis
RNA quality was also assessed with 2100 Agifégio-analyzer (Agilent Technologies, B$
using an RNA 6000 Nano LabCHipkit, and verified the quality with sharp bands/peaks for

both the 18S and 28S ri bosomal RNASs. The RIN
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2.1.8 RNA Clean up

When theA260:A230ratio of the purified RNA was <1.7 and tA260:A280ratio was <1.8 in
NanoDrop 1000 Spectrophotometer analysis, the RNA samples were further cleaned to achieve
standard ratio A260:A230ratio >1.7 andA260:A280ratio between 1.8 and 2.0). RNeasy
MinElute cleanup kit was used according to the manufacs recommended protocol. In brief,

the RNA was adjusted to 100 pl volume with RN&®se water, and 350 pl buffer RLT was
added. Next, 250 pl of 9600% ethanol was added and mixed well. The diluted sample was
transferred to an RNeasy MinElute Spinluron and centrifuged at 8000xg for 15sec. The
column was transferred to a new 2 ml collection tube, added 500 pul Buffer RPE, and centrifuged
at 8000xg for 15sec. Following buffer RPE wash, 500 pl of 80% ethanol was added and
centrifuged at 8000xg for 2 miffhe column was again placed in a new 2 ml collection tube and
centrifuged at 14000xg for 5 min with an open lid. Next, the column was placed in a new 1.5 ml
collection tube, and 14 pl of RNagee water was directly added to the center of the column
menbrane and centrifuged at 14000xg for 1 min. The eluted RNA was quantified by NanoDrop

1000 Spectrophotometer. All steps of the RNA cleaning prawessperformed at 125°C.

2.1.9 cDNA synthesis
The cDNA was synthesized usiag RT?first strand kit with 500 g purified RNA per reaction

as recommended by the manufacturer's protocol.

2.1.10 RT? qPCR Primer Assay
Realtime quantification of TILRR overexpression was done using a commercialgRTR
primer assay and RBYBR® Green ROX gPCR Mastermix. RGPCR primer assay was also

performed for some selective immune responsive genes, CCL5, CXCI8,IL and TNFU
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measure the mRNA transcript expression with similar Mastermix as mentioned above. All

primers were purchased from Qiagen.

2.1.11 RT? Profiler PCR array
NFFeB signaling pathway expfpdie igeOR avap Qiaggry ant i f
Catalog# PAHS25Z) and similar Mastermix as mentioned above. The list of genes included in

theNFe B signaling pat hwappendiCRbleeC7.t. ay i s shown in

2.1.12 Amplification conditions for RT -qPCR

One microliter of cDNA was used in a 25pul reaction volume. Amplification of cDMas
performed in 40 cycles, consiggiof an initial 1 cycle at 98 for 10 min followed by 40 cycles,

each cycle run at 9 for 15 sec followed by 80C for 1 min. After 40 cycles, a dissociation
cycle was also performed for all 84 genes and the threshold was manually corrected @a0.4. Da
were exported and finally organized in Microsoft Office Excel sheet and analyzed by GeneGlobe
Data Analysis Centre (Qiagen). Applied BioSystem 7900 HT Fast-tReal PCR 96éwell

standard block (ThemoFisher Scientific, USA) was used for ajRTR analgis.

2.1.13 Confocal microscopy

Transfected cells expressing eGFP and TILRR protein were visualized using a confocal
microscopy imaging system (Zeiss LSM 700, Laser Scanning Microscope). For visualization of
overexpressed TILRR protein in transfected cells, Hi&RR-plasmid (vector+TILRR)
transfected cells (after puromycin selection) and parental contrott(asfected) cells were
plated in Glass bottom-well plate (MatTek Corporation, Cat# P0dG-20-F) for 24h. The

cells were washed once with 1X PBS, tliged with 4% paraformaldehyde (pH 7.4) for 10 min

at 37 C. The fixed cells were washed 3 times with 1X PBS and permeabilized with 0.1%
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TritonX-100 for 10 min at room temperature (RT). After further washes (3 times with 1X PBS),
the cells were blocked wWit3% BSA containing 0.1% TritonrX00 in 1X PBS at RT for 1h.
Following blocking, the cells were incubated at RT for 3h with a mixture of twlmouse
developed mouse monoclonal antibodies (mAbs) targeting epitopes of TIEREBG1 and
F218G5) 2ug/ml, dilued in 1X PBS containing 0.1% BSA and 0.1% Triteh0Q0) [24]]. An
isotype control experiment with a mAb (2ug/ml) (F400G3S) specific foCldamydia
trachomatisantigen was conducted in parallel. After washing (three times with TPBIScking
buffer conaining 0.05% TritonX100+1.5% BSA)the cells were stained with Alexa Fluor 647
labeled goat antinouse IgG secondary antibody (Invitrogen, Catalog21235) (2ug/ml,
diluted in 1X PBS containing 0.1% BSA and 0.1% Triteh®0) for 45 min at room
temperatue. As a negative control, cells were also incubated with only Alexa Fluelabéled
goat antimouse IgG secondary antibody (2ug/ml) without primary mAbs cocktail. Following
washes (3 times with PBE), the cells were incubated for 5 min with counterstamnucleus,
DAPI (300nM) (Invitrogen, Catalog# D1306). After staining, the cells were kept in 1 ml of 1X
PBS and sealed with Parafilm M (Sigma Aldrich, Catalog# P-AES) and examined with a
Confocal microscopy imaging system using three color charfoelPAPI, FITC, and Alexa

Fluor 647.

2.1.14 Flow Cytometry

The overexpression of TILRR protein in transfected HeLa and parental cells was also quantified
by FACS analysis (BD Accuri C6, BD Biosciences). The cells were stained according to the BD
Biosciences (Q#ornia, USA) protocol. Briefly, 5x10HeLa cells from each of the experimental
conditions were prepared and washed with 1X PBS containing 2% FBS (fetal bovine serum),

then incubated with 50 pl Alexa Fluor 647 labelechouse developed mAbs (F218G1 and
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F218G5) (2ug/ml, diluted in 1X PBS containing 3% BSA) for 30 min a€ 4n dark (APEX
Antibody Labeling kit, Invitrogen, Catalog# A10475). After washing (PBS contai2ad-BS),

100 pl BD permeabilizing solution (BD Biosciences, Catalog# 554714) was adfted.10
minutes of permeabilization, the cells were washed twice with 1X Perm/Wash buffer, and then
50 pl of Alexa Fluor 647 labeled mAbs cocktail (F218G1 and F218G5) (2ug/ml, diluted in 1X
Perm/Wash buffer) was further added and incubated for 30 mftCain dark. Finally, the cells

were resuspended in PBS containing 2% FBS after two times washes with 1X Perm/Wash buffer
and analyzed with BD Accuri C6 after. In parallel, the cells were also stained with isotype
control mAb (F400G3S) (2pg/ml) labeled tiviAlexa Fluor 647. FlowJo software (Treestar,
USA) was used for analysis. Cell viability by FACS was measured using Live/Dead Fixable Red
Dead Cel | Stain (Life Technologies, Catal ogt#

protocol.

2.1.15 Western blot analysis

2.1.15.1Gel preparation

NuPAGE BisTris 412% 1.0 mm x 10 well gel cassette was taken from the pouch and rinsed
with deionized water. Gently peeled off the tape from the bottom of the cassette and pulled the
comb with one smooth motion. The sample wells were rinsed with 1X NuRMAEBE Running

buffer, inverted to remove, and repeated the rinsing steps twice. The cassette was then placed in
the Mini-Cell gel tank with cassette face inwards toward the Buffer Core and securely locked
with Gel Tension Wedge. Next, the upper/inner bufteamber was filled with a small volume

of 1X MES Running buffer containing antioxidants to check the tightness of the seal and

gradually filled up with the rest of the volume up to the maximum level. An appropriate volume
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of samples and protein moleculaeight marker was loaded into the wells and the lower/outer

buffer chamber was filled with 600 ml 1X MES Running buffer.

2.1.15.2Western blot Protocol

A previously published method was used with slight modificati®@). Briefly, SDS-PAGE

was conducted using NUPAGE Bisis mini gel electrophoresis. Approximately 1X%1¢ells

were lysed with 50 pl RIPA lysis and extraction buffer, then passed through a QIAshredder
column (Qiagen, Catalog# 79654) by centrifugation at 15,000 g for 2Trhanlysate was then
prepared and loaded into a NuUPAGEL26 BisTris 1.0 mmx10well gel (Thermo Fisher
Scientific). Several monoclonal antibodies were used to detect the TILRR protein including
F218, F208, F217, F244, F220, and F237 previously developmat lab[241]. The monoclonal
antibodies were diluted in antibody buffer (wash buffer containing 0.5% skimmed milk) to give a
concentration of 1 pg/ml for each antibody and then incubated overnight witihrauiees at 4°C

with shaking. Then, the secondary antibody, goat-raotise IgGHRP (Santa Cruz
Biotechnology,Catalog#sc2005) was diluted at 1:5,000 in antibody buffer and incubated with
the membrane for 1 h at RT with shaking. Chemiluminescent detegtsnperformed on a
ChemiDoc XRS instrument using Quantity One 4.6.9 software-&icd). The level of TILRR
protein expression was defined as the ratio of the band intensity of TILRR to that of GAPDH and

finally normalized to parental cells.

2.1.16 Venn diagram and Heat Map generation

Venn diagram was made by usipgvenn bttps://github.com/tctianchi/pyvehrHeat Map was

created using RStudio (https://www.rstudio.com/).

61


https://github.com/tctianchi/pyvenn

2.2 METHODS SPECIFIC TO RESULTS SECTION 3.2

2.2.1 Study outline

This sectionof the study was to evaluate cytokines/chemokinesulture supernatants from
TILRR-overexpressectcervicovaginal epithelial cells (HeLa and VK2/EGE7). An -house
developed 13®lex Bio-Plex assay method was used for the cytakicieemokines analysis. An

overview of the workflow is shown iRigure 2.3.

HeLa and VK2/EGE7 Cells

l(lultivated in specific media

Co-transfection
(TILRR-plasmid vector [Vector+TILRR], or empty
vector [Empty vec ctrl] plus PmaxGFP vector)

Puromycin selection * IL-1
stimulation

Culture supernatants

!

Centrifuged at 10,000xg for
10 min at 4°C

!

Bio-Plex Multiplex
Suspension bead array

Data analysis

Figure 2.3: Schematicdiagram of the workflow for cytokines/chemokines analysiselating

to sub-hypothesis II.
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2.2.2 Panel of Analytes

A panel of 13 cytokines/chemokines was selected based on their importance and functional
involvement in innate immune responses, inflammation, aft@mmatory disease progression,
especially HIV infection and transmission. These inclgienulocytemacrophage colony
stimulating factor (GM-CSF), interferorg a mma (I FNo2) , -libnt-& tU-8e u ki n
(CXCLS8), IL-10, IL-17A,IFN-2 i nd u c i b ))-H, maarophage ichremog@ttralétant protein
(MCP)-1, monocyte inflammatory proteiMIP)-1 U, -IMd ,P regul ated on act.
cell expressed and secreted (RANTES), and tumor necrosis factor-(INF) Al | uncoup
primary antibodies and biotinylatedecndary antibodies were purchased from different

suppliers as listed imable 2.1.
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Table 2.1: List of primary and secondary antibodies used in Bioplex Multiplex cytokines/chemokines bea

assay
Primary antibody
SL | Name Catalog# Vendor
1 | Human CXCLS8/Il-:8 MAb M801 ThermoFisher Scientific
2 Human CCL5/RANTES PAb P230E ThermoFisher Scientific
3 | Rat AnttHuman GMCSFUNLB 1011201 SouthernBiotech
4 |Human | FNo MAD M700A ThermoFisher Scientific
5 | Human IL-1beta/ Il-1F2 Antibody MABG601-500 R&D System
6 | Human IL-6 MADb M620 ThermoFisher Scientific
7 | Rat AnttHuman IL.-10-UNLB 1010601 SouthernBiotech
8 | Human/Primate IE17/IL-17A Antibody MAB317-500 R&D System
9 | Human IR10/ CXCL10/CRG2 Antibody MAB266-500 R&D System
10 | Human MCPR1/CCL2/JE Antibody MABG679-500 R&D System
11 |HumanMIR1 U/ CCL3 Anti body AF-270-NA R&D System
12 |HumanMIP-1 b/ CCL4 Anti body MAB271-100 R&D System
13 |[Human TNFU MAD M303 ThermoFisher Scientific
Secondary antibody (Biotinylated)
SL | Name Catalog# Vendor
1 Human CXCLS8/IL-8 MADb, Biotin-labeled M802B ThermoFisher Scientific
2 Human CCL5/RANTES MADbBiIotin-labeled M230B ThermoFisher Scientific
3 | Rat AnttHuman GMCSFBIOT 1011208 SouthernBiotech
4 |Human | FNoa -lsibelbd Bi ot i n|M701B ThermoFisher Scientific
5 | Human IL-1beta/Il-1F2 Biotinylated Antibody BAF201 R&D System
6 | Human IL-6 MAD, Biotin-labeled M621B ThermoFisher Scientific
7 | Rat AnttHuman IL-10-BIOT 1011608 SouthernBiotech
8 | Human/Primate IE17/IL-17A Biotinylated Antibody | BAF317 R&D System
9 | Human IR10/CXCL10/CRG2 Biotinylated| BAF266 R&D System
Antibody
10 | HumanMCP-1/CCL2/JE Biotinylated Antibody BAF279 R&D System
11 {HumanMIRL U/ CCL3 Bi ot i nyl a|BAF270 R&D System
12 |HumanMIR1 b/ CCL4 Bi ot i nyl a|BAF271 R&D System
13 |[Human TNFU Nabded Bi ot i n|M302B ThermoFisher Scientific
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2.2.3 Coupling of primary antibodies to magnetic beads

The primary antibodies to different cytokines/chemokines were coupled to the selected beads
using an amine coupling kit according to the manufacturer's instructions. Magnetic COOH beads
with different fluorescent spectrun2g, 28, 29, 34, 37, 43, 46, 52, 53, 55, 62, 64, 65) were used
to coupl &, IIFIQALB, MIR-1Lh , -IMJ,P RANTBHS-10|PL | FESF, GM
IL-17A and MCP1 antibodies, respectivelriefly, 100 pl of 1.25x18 monodisperse COOH

beads with a unique region was coupled to the primary antibody in a single coupling reaction.
Four separate coupling reactions were performed for each antibody. Stock beads were vortexed
for 30 sec, and 100 pl of bead was transferred to a coupling reaatier(dupplied). After 1X

wash with washing buffer, beads were resuspended in 80 pl of bead activation buffer and
vortexed for 30 sec. Ten microliters of 50 mg/ml StNfidS and 10 pl of 50 mg/ml EDAC were
added to the beads containing activation bufferiandbated for 20 min at RT on a rotor. The
beads were washed 1X with PBS pH 7ntl added to each diluted antibo(®0ug). Beads
antibody mixture was incubated for 2 h at RT on a rotor. After incubationspmexcific binding

sites were blocked by using 2aDblocking buffer for 30 min at RT on a rotor. Using a magnetic
separator, supernatants were discarded, and then 500 pl of storage buffer was added and
vortexed for 20 sec. Storage buffer was carefully removed, and 150 pl of fresh storage buffer
was agai added as a final bead volume. All four separate reactions of each antibody were
combined in a single tube and the concentration of coupled beads was estimated using a
hemocytometer as previously descrit@®1, 307. Coupled beads were stored &t for
downstream application. The principle of the coupling reaction is schematically presented

Figure 2.4.
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Figure 2.4: Principle of the magnetic bead coupling reactionThe coupling of antibodies to

the beads was achieved by two different steps of Carbodiimide reactions. The reaction occurred
between carboxyl functional groups on the bead surface and the primary amine groups on the
protein. Following activation of beadsvith EDAC (1-ethyl3-[3-dimethylaminopropyl]
carbodiimide hydrochloridednd SNHS (N-hydroxysulfosuccinimide), an active-&ylisourea

ester was formed which then covalently bind with amines of proteins/antibody (This figure was
adapted from Bidrad).
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2.2.4 Optimization of coupled beads

The 13plex cytokines/chemokines panel was optimized to ensure the optimal measurement of
proteins from culture supernatants. Each antibody coupled bead stock ¥n8xifas diluted

into multiple working concentrationsysh as 1:100, 1:200, 1:400, 1:800, 1:1000, 1:2000, 1:4000

and 1:10000 dilutions with assay buffer (B¥ex Prd" reagent kit, BioRad)Bio-Plex Pro

Human Cytokine Standards Group |-gléx (BioRad, Catalog# 171D50001) was used to
optimize the beadd he asay was conducted according to the-Baxl recommended protocol.

Results of the assay were checked for parameters required to maintain the optimal assay
conditi on, including the number of bead count
variation)  ( O15 %) , and b el8). The optimized lyeadrc@ncegtration wag

used to measure cytokines/chemokines from cell culture supernatants.

2.2.5 Collection of conditioned media for cytokines/chemokines assay

The HelLa and VK2/EGE7 cells were transéet with TILRRplasmid or empty vectgplasmid
control as described isection 2.15. Twenty-four hours after transfection, the cells were treated
with puromycin dihydrochloride (Gibco, Catalog¥1113803) for 24 hours to remove non
transfected cells. The cells were then incubated in séeenDMEM (Hela) or Keratinocyte
SFM (1X) (VK2/EGETY). In parallel experiments, the cells were incubated with human
interleukinl b -1 b L 1 n M)-Aldr{cts iCgtatog# 19401) in serufftee HelLa and
VK2/E6GET7 cells mediumThe cell culture medium was collected at 1, 3, 6, 15, and 24 hours for
cytokine/chemokine(s) analysiéll culture supernatants were supplemented with 0.5% BSA,
mixed gently, and centrifuged a®,000xg for 10 min at%. The sample was aliquotted into a

protein low binding tube and stored-86°C until further analysis.

67



2.2.6 Culture supernatants preparation for the assay

Cell culture supernatants from tH0° C freezer were thawed on ice. All sanpieere kept on

ice until the assay plate was ready to use. The samples were vortexed for 15 sec before being
added to the plate. One freetaw cycle was allowed for all culture supernatants to minimize

sample degradation.

2.2.7 Bioplex Cytokine/chemokine(s) Mdtiplexed bead assay

An in-house developed 3dex cytokine/chemokine assay was used for the analysis of the cell
culture supernatants according to the previously described methods with slight modification
[30Q. Briefly, the antibodycoupkd beads were vortexed and combined at 1:600 dilutions in
assay buffer (BidPlex Prd" reagent kit, BioRad, Catalog# 1810 40 70M) . 50 el of
beads from all the 13 individual cytokine/chemokine was added to th@l8ioPrd" Flat

bottom plate (BioRd, Catalog# 171025001) and washed twice with 100 4FBea wash buffer

(BioRad, Catalog# 17#304070M) at RT. 50 pl of culture supernatants was added to the plate

and shaken for 30 sec at 1000 rpm and then incubated for 30 min on a plate shaker (8&p+50 r

at RT. The plate was washed twice and 25 ul of the combined detection antibody (1 pug/ml) was
added per well, incubated again for 30 min on a plate shaker. 50 pl strepRkidionjugate

(1X) (BioRad, Catalog# 17130450Was added per well after thramshes and incubated for 10

mi n at RT. Finally, the plate was washed thr
well, shaken for 10 sec, and then run by-Biex™ 200 System (Luminex XMAP technology)
(Bio-Rad, Canada). Complete growth media (Haba VK2/EGE7 celspecific) were used as

diluents for BiePlex Pro Human Cytokine Standards Group pEk (BioRad, Catalog#
171D50001) and as a background (blank) control. To generate the standard curve, 5f|d of 4

standard dilutions was added im@lls in duplicates and the correlation coefficienf)(Ras
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being calculated in each experiment to see the linearity of the standard curve. Data were
generated by Bi®’lex Manager 6.1 software. The principle of the-Biex magnetic suspension

array systm is depicted ifrigure 2.5.

Phycoerythrin
Magnetic Bead Protein of interest Fluorescen'lReporter
Capture Antibody Biotinylated Streptavidin

detection Antibody

Figure 2.5: Bio-plex multiplex suspension magnetic bead array methodThe primary
antibody coupled with magnetic bead binds to the cognate epitopes on target protein through
"Fab" arms. The secondary biotinylated antibody then binds to the free epitopes of the same
protein via "Fab" arms to form a sandwich complex. StregitaAPE conjugates bind to the "Fc"

arm of the secondary antibody. This complex is then detected by-Rldiadetection system

with two specific lasers (This figure was adapted fromBaxl).
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2.3 METHODS SPECIFIC TO RESULTS SECTION 3.3

2.3.1 Study outline

The study was conducteid evaluate the effect of TILRR on the migration of immune cells.
Culture supernatants were harvested from TIlRIRsfected HelLa cells. The effect of the
culture supernatants on the migration of THRand MOLT4 cells was evaluatedsing
Transwell assay and microfluidic device assay. In the Transwell assay, cells and- chemo
attractants were placed in the upper chamber (insert) and bottom chamber, respectively, whereas
in the microfluidic device, the cells were allowed to migrate towdlhe gradient of chemo
attractants. A brief study outline is showrFigure 2.6.

THP-1 and MOLT-4 cells

Cultivated in specific medium for
at least 2 days before the assay

1 1

Transwell Migration Microfluidic device
assay Asiay
Used 5 x10° cells into upper insert Used 10 x104 cells into cell
& 600 pl chemo-attractants into loading port & 85 ul chemo-
bottom chamber attractants into chemical inlet
Incubated at 37°C with Incubated at 37° C with 5%
5% CO, for 24 h CO, for 24 h

| \

Counted migrated cells from bottom Confocal Mic'mscopy imaging
chamber by Hemocytometer, (Nikon)
Automated cell counter and Flow l

cytometry
Analyzed data by NIS Element

and ImageJ softwares

Figure 2.6: Diagram of workflow conducted for testing subhypothesis lll.
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2.3.2 Cell lines and culture conditions

THP-1 (ATCC) (NIH, Catalog# 9942), a human monocytic cell line, and M@L{NIH,
Catalog# 175), a human T lymphoblastic cell line, were usednfositro migration asay.
MOLT-4 cells were maintained in complete RPMI 1640 growth medium (SAjdrich,
Catalog# R0883) supplemented with 10% fetal bovine serum (FBS) (Giboco, Catalog# 12483), 2
mM GlutaMax| (Gibco, Catalog# 3505061), 10 mM HEPES (Gibco, Catalog# 1565®D), 1

mM sodium pyruvate (Gibco, Catalog# 11360070), and 1%3%ap (Gibco, Catalog# 15140
122). THR1 cells were also maintained in a complete RPMI 1640 growth medium similar to the
MOLT-4 cells with an additional supplement of 0.05 mMM&rcaptoethano(SigmaAldrich,
Catalog# M3148). The medium was replaced eveBydays. HelLa cells (NIH, Catalog# 153)
were maintained as described section 2.12. Because THR (monocytes) and MOLB
(lymphocytes) cells express HY receptor/caeceptors CD4, CCR&nd CXCR4 essential for

R5- and X4 tropic HIV-1 strains to infect the hog303-306], and these cells are widely used as

in vitro model for HIV-1 infection[303, 304, 307-311], I, therefore, utilized these cell lines as a

model forin vitro cell migration assay.

2.3.3 Collection of cervical epithelial cell culture supernatants

Secretion of inflammatory mediators from female genital epithelial cells demonstrated a critical
role in the rapid influx of immune cells at mucosal epithelia, resulim heightened
inflammation and vaginal microbial infection including HIM 180, 209 222, 312 313. Thus,

to mimic the physiological conditions of the cervical epithelial microenvironment, TALRR
transkcted Hela cell culture supernatant was used as ch#mactants in this study to
investigating the effect on the migration of THPmonocytes and MOL# |lymphocytes.

Culture supernatants from HelLa cells were produced as destribection 2.25. Briefly, HeLa
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cells were cdransfected with TILRRor empty vector plasmid and selected with puromycin
treatment after 24 h of transfection. Cells were then incubated with BB& antibiotie
antimycotic free DMEM medium (Sigma Aldrich, Catalog# D5796) fortla@o24h, and the
supernatants were collected in sterile centrifuge tubes. The culture supernatants were centrifuged
at 10,000xg for 10 min a4, aliquoted in protein low binding tubes (Thermofisher Scientific,

Catalog# 90410), and stored-&6°C for downstream experiments.

2.3.4 Bio-Plex analysis of culture supernatants

| analyzed the cytokines/chemokines in HelLa cell culture supernatants using a cusgilax 13

panel as describedn section 2.2.7 These cytokines/chemokines includganulocyte
macrophage cohy-stimulating facto(GM-CSF), interferog a mma (| FN2 ) ,-1bnt er |
IL-6, IL-8/CXCLS8, IL-10, IL-17A, IFN-o i nduci b | el0/OXELAQ enacrophagd P)
chemoattractant protein (MCRJCCL-2, monocyte inflammatory protein (MIP) UMIP-1 b ,

regulaed upon activation, normal T cell expressed and secreted (RANJEIS)/ and tumor

necrosis factealpha (TNFU ) .

2.3.5 Preparation of THP-1, and MOLT -4 -cells for the cell migration assag

The cell lines, following revival from the liquid nitrogen tank, werdtured for at least one
passage before being used for the migration experiment. | used cells that were passaged for <10
times for this study. On the day of the migration experiment, the cells were mixed gently and
transferred to a 50 ml BD Falcon tubentrifuged for 10 min at 130xg, and the supernatants
were discarded. Ten milliliters of RPMI 1640 complete medium without FBS an&tremwas

added to the pelleted cells, mixed gently, and the cell numbers were counted. For the Franswell
based cell migtion assay, a total of 5x3€ells/100pl/assay was used, whereas

1x10fcells/10pl/unit was used for microfluidizased cell migration assay.
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2.3.6 Preparation of positive control chemeattractants

Since HelLa cells were incubated with DMEM medium during the ptaguof culture
supernatants, DMEM medium was used as a medium control and diluent in this study. MCP
1/CCL2 (SigmaAldrich, Catalog# SRP31020UG) and stromal cetlerived factor (SDF)

1 U/ CXCL 1 2Ald(ck, iCatalng# SRP32760UG) were used as positiebemeoattractant
controls for the migration assays. Positive chaticactant controls were diluted to
concentrations (5 ng/ml, 10 ng/ml, 50 ng/ml, 100 ng/ml and 200 ng/ml) with DMEM medium
(SigmaAldrich, Catalog# D5796) without FBS and antibiegictimycotic for the optimization

assay.

2.3.7 Cell migration experimentsin Transwell

Migration of cells was performed using a-@4ll polycarbonated membrane insert with 5 pm
pore size (Corning, Catalog# CLS342Ejgure 2.7). In the bottom chamber of the Transwell
plate, 600 pl of each chenradtractant (DMEM control, diluted positive controls, culture
supernatants of TILRR overexpressed HelLa cells, culture suaetsabf empty plasmid
transfected HelLa cells, or culture supernatants oftramsfected HelLa cells) was added. One
hundred microliters of cells (5x1@ells) in RPMI 1640 migration media were added to the
upper chamber (Transwell insert) and incubate®®h at 37 C with 5% CQ. The number of

input cells was calculated using three different counting methods, such as hemocytometer,
automated cell counter (Invitrogen, Catalog# C10227), and flow cytoniirya¢curi C6,BD
Biosciences, California, USARAfter 24 h of migration, Transwell insert was carefully removed
from the well, and the medium containing the migrated cells in the bottom chamber was gently
mixed and transferred to the 1.5 ml Eppendorf tube and migrated cells in the 50 pl medium were

courted using a hemocytometer and automated cell counter asbeespreviously{301, 302,
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314. For flow cytometry counting, the remaining ~550 pl volume of the medium containing the
migrated cells was gently vorked and analyzed with BD accuri C@BD Biosciences,
California, USA) The data obtained from flow cytometry were analyzed with FlowJo software
(Treestar, USA)The data obtained from each counting method were separately presented

percentage relative migtion (PRM)
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Figure 2.7: lllustration of the Transwell migration assay. (A) TILRR-overexpressed HelLa

cell culture supernatants (light red color) were added to the bottom chamber of the Tranwell
plate. (B) Immune cells (5x1Vinsert) (THR1 or MOLT-4) containing migration media
dispensed in Transwell inse(€) Following 24h of incubation at 8T, the migrated cells in the
bottom chamber were examined under a microsd@peMedia containing migratedetis were
collected from the bottom chamber and estimated for cell nianis#ng a hemocytometer,

automated cell counter, and flow cytometry analysis.
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2.3.8 Preparation of the microfluidic device

A previouslyin-house builtradial microfluidic device was used in this styéygure 2.8) [315.

The device consisted of two layers with different thickees t he f i misigh) fdnsy er ( -
the cell docking structure to trap cells inside the cell loading channels; while the second layer (~
4 0 m #&igh) includes the cell loading ports and channels, and the gradient channels with
chemical inlets and waste outlets. This device coat8iindependent units, each one has its own
two chemical inlets, one waste inlet, and one cell loading port, which allows 8 independent
experiments performed simultaneously. The device was fabricated by using previously described
standard photolithographgnd soft lithography procedurg®15-317). Briefly, the device pattern

was designed by AUTOCAD and printed onto a transparent film at 24,000 resolution (Fineline
Imaging) served as the photomask for later photolithography. The pattern was then replicated by
selected expgure of UV light through the photomask on top of-méh silicon wafer (Silicon,

Inc., ID) with a precoat of SU8 negative photoresist (MicroChem). The wafer with patterns was
used as the mold to reproduce polydimethylsiloxane (PDMS) (Sylgard 184, Dawng;o
Manufacturer SKU# 2065622) replicas, and then the replicas were cut off from the mold after 2
of baking at 80C. The chemical inlets (6 mm diameter), waste outlets (4 mm diameter), and cell
loading ports (2 mm diameter) were punched out of the PD&pBica, and the replica was
bonded onto a glass slide after air plasma treatnidset.design of micropillar supports below

the docking barrier increased the structural stability during the bonding prddessevice
channels were coated with +tail cdlagen type | (2&g/mL; Corning, Catalog# 354236) for 1h,

and then incubated with DMEM medium for another 30 min inside the incubator before the cell

migration experiments.
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Figure 2.8: lllustration of the radial microfluidic device and cell migration analysis.A) A
representative image of the real radial microfluidic device with colored dyes to show the major
networks in each unit. The upper transparent part is a PDMS replica, which is bonded onto the
bottom part of the glass slide; the blue elliptidalshed box and the number§)L show the
chemical inlets of each independent u(®:=C) Magnified view of the selected unit 3 of figure A

in areal device (B) and the schematic diagram. (C)and 12: chemial inlets; C: cell loading

port; O: waste outleD) A representative experimental image to illustrate the data analysis of
cell migration displacement in the magnified view of the selected folasked box in figure B.

(E) Magnified view of the black efptical-dashed box of schematic figure C. In figures D and E,

the blue and blackdashed boxes represent the cell loading and gradient channels, respectively;
the green arrow indicates the gradient direction; the red arrow shows the displacement of an
individual migrated cell(F) Crosssectional views to illustratide detailed designs of the device

as indicated in figure E.
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2.3.9 Cell migration experiments with the microfluidic device

Cells and chemattractants were prepared as described above. Cellsleeeted into the cell
loading ports. Fluorescein isothiocyanate (FIFdextran (10 kDa, SigmaAldrich, Catalog#
FD10S) was added into the cheiatractant solutions to indicate the gradient profile. DMEM
medium and chemattractants were injected into thbetnical inlet 1 and 2, respectively, to
generate the gradienEigure 2.8B-C). In addition, the two chemical inlets of each unit were
covered by silicone oil (Alfa Aesar, Tewksbury, USA, Catalog# Al2Z28to balance the
pressure difference for a better gradienhegation as previously describg8lly. The device

was then placed undernainverted flwrescencemicroscope (Nikon TFU) inside an
environmental controlled chamber (InVivo Scientific) at 37° C. Differential interference contrast
(DIC) images of cell migration were taken for all the units at Oh and 24h, respectively. The
microfluidic device was incubated inside the incubator when not taking images. The DIC images
of cell migration were obtained using NIS Element Viewer (Nikon) and ImageJ software (NIH).
Specifically, cells that migrated away from the docking boundary to theegtadirection inside

the gradient channel within the microscope field were recorded, and the displacement of each
targeted cell was measured in each group at the end of the experiment using FrageJ (

2.8D-F).

2.4 METHODS SPECIFIC TO RESULTS SECTION 3.4

2.4.1 Study outline

TILRR epitopespecific mouse monoclonal antibodies were utilized to develop-hause Bie

Plex (multiplex suspension array) meth Recombinant FREM1 spD (rFREM1 spD) protein
containing TILRRspecific domains was used as a standard. The TILRR protein measured by the

in-house developed BiBlex method was confirmed by-irouse developed affinity purification
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and Western blot analgsi A quick schematic workflow of TILRR protein measurement is
shown inFigure 2.9. The established method was used to measure soluble TILRR (sTILRR)
protein in plasma samples from women of the Pumwani sex worker cohort (PSWC) between
1985 and 2008, and the FREM1 SNP rs18&2§enotype and HIV status at the time of blood

collection were included in analysis.

Human blood plasma

Centrifuged at 10,000
xg for 10 min at 4°C

Plasma sample (5 Plasma sample (1
ul, 1:10 dilution) ml, 1:4 dilution)

v \/

Bio-Plex bead array assay

Affinity purification
(Capture mAbs: F237G1, F237G3 (Cross-linked F237G12 mAb)
and F218G4 + Detection mAb:
F237G12 + Streptavidin-PE) *
IgGs removal + Buffer
exchange + BCA protein assay
Western blot + Coomassie
blue staining
Quantification of plasma Plasma TILRR
TILRR (pg/ml) confirmation

Correlation analysis between plasma TILRR
and multiple variables related to HIV
seroconversion/susceptibility

Figure 2.9: Schematic representation of plasma TILRR quantification and confirmation
and downstream analysis to correlee with HIV seroconversion/susceptibility. mAb,
monoclonal antibody; pg/ml, picograms per milliliter; BCA, Bicinchoninic Acid.
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2.4.2 Ethics statement

This study was guided by the Helsinki Declaration on ethical principles for medical research
involving human subjects. Ethics approval to conduct this study using human plasma samples
was obtained from the University of Manitoba ahd University of Nairdi/Kenyatta National
Hospital Ethics Committee. All enrolled subjects gave written informed consent to participate in

the study.

2.4.3 Study participants

Women of the Pumwani sex worker cohort (PSWC), Nairobi, Kenya enrolled between 1985 and
2008 were the partigants of this study. The design, methods, and fellipaof this cohort have

been described earlig271]. In brief, all enrolled women were screened for-&H¥ p24 using
enzyme immunoassaygI@). Women who identified HIVhegative for antibads on EIA were
further confirmed by immunoblot testing. All participants were routinely screened for HIV
infection by PCR (polymerase chain reaction) assay. In this cohort, a group of women was
categorized adHIV resistant orHESN (HIV-exposed seronega#iy who were continually
engaged in active sex work and remained HIV seronegative and PCR negative for at least three
years posenrolment. The average folleup time of HESN women was 9.6+4.3 years.
Additionally, a group of women was identified H$V seraconverters [HIV SCON] who were

HIV negative at the time of enrolment but laidentified aspositive by EIA, immunoblot
testing and PCRassay | examined 640 plasma samples fr@h6 participantswith different

HIV status to quantify TILRR protein in this studyhe overall demographic informatiomf

study subjectss shownin Appendix Table C7.2.
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2.4.4 Multiplex bead array method for quantification of soluble TILRR in blood plasma

2.4.4.1 Method design

The full-length FREM1 (2179 amino acid) contains multiple functional domains: a putative N
terminal signal sequence, 12 chondroitin sulfate proteoglycan (CSPG) tandem repeatd) a Calx
domain, and a unique type C leclike (LecC) domain towards the-tmminal region[239. It

has two ArgGly-Asp (RGD) motifs and two glycosaminoglycan (GAG) attachment sites.
FREML1 splice variant, TILRR, is ahertened FREM1 (715 amino acid) aodntains protein
sequence from CSPG domains 10 to the LecC do(Ragure 2.10) [241, 254]. With 699 out of

715 amino acid sequences of TILRR are identical to FREM1 except for the 16 amino acids at its
N-terminal, it is very difficult to differentiate TILRRrom FREM1 except that TILRR is a

smaller protein.

Our lab previously developed a panel of mouse monoclonal antibodies (mAbs) to HRER11

Of them, some are specific to major epitopes located on E5RISPG10, CSPGEL1/12, and

Calx-b d o maablenx2). $ince TILRR does not have CSPGY9, | can use a combination of

these monoclonal antibodies to differentiate TILRR from FREM1 with a multiplex bead array
method. | can use mAbs specifio CSP&9, CSPG11/12, and Cabb domai ns t o caé
FREM1 and TILRR and use the mAb to CSRG to detect the captured protein. With a
combination of different fluorescent beadsnjugated with these mAbs, | should be able to
differentiate the detectedrgiein asFREM1 or TILRR. Three mAbsF237G1 F237G3,and
F218G4)recognizing different FREM1 domains were used as capture antibddibte (2.2).

The mAb, F237G1 targeting epitopes on CSPG9 of FREM1, was used to captuenditi

FREML1 protein. The F237G1 mAb was used to differentiateldnlyjth FREM1 from TILRR
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protein.F237G12was used as a detection antibody. The TILRR protein detection methogds usin

four anttFREM1 mAbs in a multiplex suspension array system are shofxigume 2.10.

Table 2.2: List of mouse anttFREM1 mAbs selected for TILRR and full-length FREM1 isoform

measurement in human plasma samples.

Anti-FREM1 Target epitope sequence Domain Class Type | Reference
mAbs

F237G1 HTGAMDSQNQDSFTF CSPG9 I g G1 /| Major [24]]

F237G3 LSPDLLQLTDPDTPA CSPG11 and CSPG1Z | g G1 | Major [241]

F237G12 KPEELLYVITSPPRY CSPG10 | g G1 /| Major [241]

F218G4 YEVCENVGLLPLEII Calx-b | g G1 | Major [241]
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Capture mAbs:
F237G1: mAb to CSPG9

F237G3: mAb to CSPG11 and CSPG12
F218G4: mAb to Calx-f

. \ / \ /
Detection mAb: W TILRR (FREM1
F237G12: mAb to CSPG10 Isofrom 2)

F237G3 mAb

F237G12 mAb F218G4 mAb

F237G1 mAb /
\ / j’ v

1,2,3 4, 5, 6 7,8,9,10 11 12

FREM1 isoform 1

I Signal peptide | RGD Motif . CSPG domain . Calx-B domain

. C-type lectin domain ¥ Predicted GAG attachment site

Figure 2.10: Soluble TILRR detection methods from human plasma samples using four
mouse anttFREM1 monoclonal antibodies with the BiePlex suspension array system.
F237G3, F218G4, and F237G1 mAbs were used as capture antibodies, and F237G12 mAb was
used as a detegh antibody. Legends of the figuege mentioned in the bottom and upper left

side. mAb, monoclonal antibody; RGD, argingigcine-aspartic acid; CSPG, chondroitin
sulfate proteoglycan; and GAG, glycosaminoglycan. This figure was adapted from Kashem et
al.[254.
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2.4.4.2 Coupling of anti-FREM1 mAbs to magnetic beads

In-house developed mouse mono@bmanttFREM1 IgG antibodies F237G1, F237G3, and
F218G4 were coupled to magnetic beads using an amine coupling kiR@8ioCatalog#
171406001 pccording to the manufacturer's instructip®$8 and as described Bection2.2.3

Briefly, 100 pl of 1.25 x 1®monodisperse COOH beads with different fluorescent spec8am (

36, and 64)wereused to couple F218G4, F237G3, and F237G1 mAbs targeting major epitopes
on Calxb , C SRPGahd CSPG9 domains in a single coupling reaction, respectivaly
separate agpling reactions were performed for each antibody with each concentration (20 ug, 40
Mg, or 60 ug). All four separate reactions were combined in a single tube and the concentration
of coupled beads was estimated using a hemocytometer as previously de0ihHe302.

Coupled beads were stored &C4for downstream application.

2.4.4.3 Detection antibodylabeling

Anti-FREM1 1gG F237G12 mAb targeting major epitopes on the CSPG10 domain of TILRR
was used as a detection antibody. This antibody was biotinylated by using an apex antibody
labeling kit (Invitrogen, Catalog# A10495) according to the manufaduirestructiong319.
Briefly, the resin inside the labeling tip was settled down at the bottom and hydrated with 100 pl
wash buffer using a gébading tip. Wash buffer was gently pushed through ttheinto a
microcentrifuge tube with a syringe (supplied). After washing, 10 pl of diluted F237G12 mAb
(20 pg maximum) was slowly pushed through the resin and then added 10 pbBfoteactive

dye mixed with dimethyl sulfoxide (DMSO) and labeling bufféhe reaction mixture was
incubated overnight at’@. The resin bed was carefully washed 2X with 50 ul wash buffer.
Next, 10 pl of neutralization buffer was taken in a clean microcentrifuge tube, and 40 pl of

elution buffer was slowly pushed through thesimeinto the collection tube containing
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neutralization buffer. The eluted antibody (~50 pl) was mixed gently and storédCafo# a
maximum of 2 weeks. For longer storage, the buffer in the labeled antibody was exchanged with
exchange buffer (PBS pH 7ntaining 1 mM EDTA and 154 mM NaCl) usifgnicon™

Ultra-2 Centrifugal filter with 10K NMWL

2.4.4.4 Optimization of coupled beads, detection antibody, and recombinant FREM1 spD

protein
| optimized the assay condition for the required amount of coupleeFREfI1 MAb beads
using inhouse developed recombinant FREM1 spD (rFREM1 spD) prdtggure 1.5). Anti-
FREM1 mAbs coupled bead stock (~5%leads/ml) were diluted together-g&x; equal
concentration) with custom assay buffeBS pH 7.2 containing 2 mM EDTA, 150 mM NacCl,
and 1% IGEPAL CA630) into multiple working concentrations, 1:100, 1:200, 1:400, 1:800,
1:1000, 1:2000, 1:4000 and 1:1@0@ilutions. The rFREM1 spD protein in duplicates was used
as a sample for bead optimization assay. The assay was conducted according teRhe Bio
recommended protocol. Data were checked for someftparameters required to maintain the
optimalassag ondi t i on, including the number of bead
(coefficient of wvariat i on)-130%).TBe%adsylts shawed thate a d r
1:100 bead dilutions (20 pg concentration) were satisfied with the@ftytaramegrs. Next,
detection antibody concentration-21ug/ml) was optimized using an optimal bead dilution of

1:100.The cetection antibody concentration of 1 pg/ml was satisfied with theftytarameters.

Additionally, rFREM1 spD protein was optimized usiag optimal concentration of captured

and detection antibodies. | generated a standard curve by using rFREM1 spD protein for each
captured antibodyAppendix Figure B7.1). A 5-fold dilution of rFREM1 spD protein (lab ID#

F5) was prepared ranges from standard 1 ¢Sdc. 10000ng/ml) to S7 (con@.64 ng/ml). Each

85



point of diluted rFREM1 spD protein in duplicates was added to the assay plate containing
captue beads followed by the addition of detection antibody and strepteRiglimhe optimal
dilution of rFREML1 spD protein (based on the upper limit of quantification [ULOQ] and lower
limit of quantification [LLOQ]) was utilized for all downstream assays teasure TILRR

protein from human plasma samples.

2.4.4.5 Preparation of plasma samples for the assay

Archived human plasma samples collected from HIV seroconverters, and HESN women of
Pumwani Sex Worker Cohort, Kenya, between 1985 and 2008 were used to measitBEhe
protein. Samples were pulled from #8€° C freezer and kept on ice to thaw. The thawed plasma
was centrifuged at 10,000xg for 10 min &CAto pellet the leftover blood cells along with other
solid particles. Supernatants were collected and dilutiegh custom plasma diluents (PBS pH

7.2 containing 2 mM EDTA, 150 mM NaCl, and 1% IGEPAL-G30) in a ratio of 1:10. A total

of 120 pl samples (12 pl of plasma + 108 ul of plasma diluents) were prepared to use in
duplicates from each individual. Dilutedmples were kept on ice and vortexed for 15 sec before

being added to the assay plate.

2.4.4.6 Measurement of TILRR protein from human plasma samples

A modified inrhouse developed cytokine/chemokine measurement protocol was used to measure
TILRR in plasma saples as described isection2.2.7. The assay was conducted usingiran

house developed custompix anttFREM1 mAbs panel. Briefly, arREREM1 mAbs coupled
magnetic beads (50 piyere diluted in custom assay buffer (PBS pH 7.2 containing 2 mM
EDTA, 150 mM NaCl, and 1% IGEPALCA-630) at 1:100 dilutions anddded to the 9&vell

assay plate. Following 2X washes, 50 ul of diluted plasma (1:10) was added to the wells in

duplicates and incubated for 2h at RT on a plate shaker (85050 rpm). After 3X veelDe¢sd,
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custom biotinylated secondary detection antibody (1 pg/ml) was added and incubated again for
30 min at RT on a plate shaker. Fifty microliters of streptavirfinconjugate (1X) were added
following 3X washes, and further incubated for 10 min at RTaahmaker. Finally, 125 pl PBS

(pH 7.2) was dispensed into each well, and run the plate PR 200 System (Luminex
XMAP technology) (BieRad, Canada). For the standard curve, rFREM1 spD protein was diluted
into 5fold dilution (S1 to S7), and 50 |df each dilution was added in duplicates. For blank
(background control), 50 ul of dilution buffer (PBS pH 7.2 containing 2 mM EDTA, 150 mM
NaCl, and 1% IGEPAL CA30) was added in duplicates. Bhbex software version 6.1 was

used to acquire data, whicheve optimized to calculate the ULOQ (pg/ml) and LLOQ (pg/ml)

using logiste 5 PL r egression analysis with fitness prc

2.4.4.7 Measurementof plasma inflammatory cytokines/chemokines

A panel of cytokines/chemokines in plasma samples also analyzedby the irhouse

developed B-Plex method as described section 2.2.7 [254]. The cytokine/chemokines

include granulocytemacrophage colongtimulating factor (GM-CSF), interferorgamma

(1 FNo2) , i n-1Uelk-1 fe u6 ILB/CXCLSLI)-10, IL-17A,IFN-0 i nduci bl e pr
(IP)-10/CXCL10, macrophage chemoattractant protein (MGEYLL-2, monocyte inflammatory

protein (MIP}1 UMIP-1 bregulated upon activation, normal T cell expressed and secreted

(RANTES)CCL5, and tumor necrosis factalpha (TNFU ) .

2.4.5 Affinity purification and Western blot analysis methods for the validation of plasma
TILRR

2.4.5.1 Crosslinking of anti-FREM1 IgG mAb with Protein G agarose beads

The crosdinking procedure was performed with modified protocol as described by New

England BioLabs Inc. After uniform mixing of protein G agarose beads (by inverting the vial
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severatimes), 500 pl was taken into a clean 5 ml affinity purification column (ThermoFisher
Scientific, Catalog# 29922). The buffers were removed from the beads by gravitational force
(end volume obtained 50% bead slurry) and washed twice with 5 ml of O0.Hivhsphosphate

buffer (binding buffer, pH 8.0). Beads were resuspended in 400 pl of binding buffer, and 150 pl
of diluted aniFREM1 F237G12 IgG mAb (100 pg concentrations in binding buffer) was added,
mixed gently, and incubated for 30 min &iGton a reor. Following incubation, the buffers were
removed and washed 3X with 5 ml of binding buffer. Then, 5 ml of 0.2 M triethanolamine
(crosslinking buffer, pH 8.2) was added to the column containing protein G immobilized anti
FREM1 IgG mAb and allowed to drathrough the membrane. Washing of protein G
immobilized mAb column was repeated for one more time with dnokisig buffer and added 5

ml of 25 mM DMP crosdinking reagent (6.5 mg/ml in cro$sking buffer, prepared
immediately prior to use). The re¢am was mixed gently and incubated at RT for 45 min on the
rotor. After incubation, excess buffers were removed, and the beads were washed 1X with 5 ml
of 0.1 M ethanolamine (blocking buffer, pH 8.2). The beads were again resuspended in a 5 ml
blocking bdfer and incubated for 1 h at RT on the rotor. Following a 2X wash with 5 ml PBS
pH 7.2, 5 ml elution buffer (0.1 M glyciAdClI, pH 2.5) was added to elute the unlinked -anti
FREM1 F237G12 IgG mAbs. Finally, 1 ml of PBS pH 7.2 containing 0.1% Tween 20G2#b 0
sodium azide was added to the crlisked IgG mAb, and stored af €. Crosslinked anti
FREML1 1gG mAb was used for affinity purification of TILRR protein from plasma samples.
crosslinking procedures of arkREM1 F237G12 IgG mAb with protein @garose beads are

shown inFigure 2.11.
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Protein G

Protein G agarose bead

Incubated with F237G12 IgG mAb
in binding buffer for 30 min at RT
with rotation

F237G12 IgG mAb

IgG coupled agarose bead

Incubated with DMP in
cross-linking buffer for 45
min at RT with rotation

F237G12 IgG mAb

DMP Cross-linking
Cross-linked F237G12 IgG mAb agarose bead

Figure 2.11: Graphical representation of antrFREM1 F237G12 1gG mAb crosslinking
procedure with Protein G agarose beadsA) Protein G coupled agarose be&],Protein G
bound with Fc region of anrEREM1 F237G12 mAbC) Anti-FREM1 F237G12 mAb cross
linked with protein G agarose bead by DMP. mAb, monoclonal antidg®y;immunoglobulin
G; DMP, Dimethyl pimelimidate dihydrochloride; and RT, room temperature.
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2.4.5.2 Verification of anti-FREM1 IgG mAb cross-inking efficiency

Crosslinking efficiency of aniFREM1 F237G12 IgG mAb with protein G agarose beads was
examined byPierce BCA Protein Assay (ThermoFisher Scientific, Catalog# 23227) using filter
through (collected from each step of cris&ing procedure) according to the manufacturer's
instructions. Briefly, a set of diluted albumin (bovine serum albumin, BSA) s@sdsas
prepared ranges from 25 to 2000 pg/ml concentrations (S1 to S8). The working reagent of BCA
was prepared by adding 50 parts of reagent A with 1 part of reagent B (50:1). Each point of
diluted standard and unknown filter through samples (10 plyplichtes was dispensed into-96

well flat-bottom microtitre plate (ThermoFisher Scientific, Catalog# 26%6ZWo hundred
microliter of BCA working reagent was added, and the plate was covered with plate seal (Bio
Rad, Catalog# MSF1001). The plate was lyentixed for 30 secat RT on a plate shaker
(850450 rpm) andncubated for 30 min at 8T. Following incubation, the plate was cooled
down at RT, and the absorbance was measured at or near 562 nm on SpectraMax M2e plate
reader (Molecular Devices, USA) ngi SoftMax version 6.2.2 software. The protein
concentration in unknown samples (ug/ml) was automatically calculated based on the standard
curve generated by software, wherevlue and coefficient of variation (CV) were maintained

at O 95. 0 ecivelg. <15, resp

2.4.5.3 Affinity purification of TILRR protein from human plasma samples

Storage buffer from crodsked anttFREM1 F237G12 IgG mAb protein G agarose beads in the
column was drained and washed with 5 ml of PBS pH 7.2, and further with 5 ml of 0.1 M
sadium phosphate buffer pH 8.0. Four milliliters of 1:4 dilution plasma samples were added to
approximately 250 pl bead slurry, mixed gently, and incubated overnigfitGitoa the rotor.

Following incubation, the beads were washed five times with 1 ml ngdhuffer to remove
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unbound nosrspecific proteins. After 5X washes, TILRR protein was eluted from the bead slurry
with 250 pl elution buffer (0.2 M glycirélCl pH 2.5) into a tube containing 250 pl
neutralization buffer (1.0 M TrsICl, pH 8.0). Elution wth 0.2 M glycineHCI was performed

two more times, and all elutes were combined in a single tube. After elution, the bead slurry was
neutralized twice with 900 pl bead neutralization buffer. The regenerated IgGlinkesk bead
column was stored with 2 mif PBS pH 7.2 containing 0.02% sodium azide &C4 The

procedure of affinity purification of TILRR protein is presentedrigure 2.12.
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F237G12 IgG mAb

DMP Cross-linking

Protein mixtures in plasma sample

Incubated overnight at 4° C
with rotation

F237G12 1IgG mAb

Protein of interest

Washed and Added elution
buffer

Protein of interest

Figure 2.12: Affinity purification procedure of TILRR protein. A) Anti-FREM1 F237G12
mADb crosslinked protein G agarose bedgl, Mixture of proteins in plasma sampl&3), Protein

of interest (TILRR) bound with Falegion of antFREM1 mAb, D) Neutralized crostinked
anttFREM1 mAb following affinity purification of target proteii;) Target proteins (TILRR).
mAb, monoclonal antibody; IgG, immunoglobulin G; and DMP, Dimethyl pimelimidate
dihydrochloride.
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2.4.5.4 Removing plasma immunoglobulin G (IgG) from eluted protein

Because IgG in plasma can bind to the protein G agarose beads that might not be fully cross
linked to the mouse mADb, the plasma IgGs werelated with the affinitypurified TILRR. The

plasma IgGs need to lblemoved from the eluted TILRR proteins. Thus, following affinity
purification, human plasma IgG was removed from eluted protein using Protein G agarose beads
that were not croslinked to the mouse antibodies as follows: the eluted protein was diluted wit

6 ml of PBS pH 7.2 containing 1 mM EDTA, 154 mM NacCl, and protease inhibitor (10 pl per
ml), and went through a human IgG cleaning process. Briefly, 3 ml protein G agarose bead resin
was pipetted into a clean 5 ml column, and allowed to drain off buffegavitational force.

Bead slurry (~50% of the initial volume) was washed twice with 5 ml of sodium phosphate
buffer (0.1 M, pH 8.0), and then the diluted protein was slowly added to the column. The protein
passed through the agarose beads was colléttadnew collection tube and should contain
protein with reduced plasma IgG. This process was repeated once more to obtain purified protein
without plasma 1gG. The final purified protein was concentrated by a A®ikcon Ultra2
centrifugal filter for dowstream analysis. The plasma IgG bound to the Protein G agarose beads
was eluted with 5 ml of glycirelCI (0.1 M, pH 2.5) and neutralized with 0.5 ml of Tris HCI (1

M, pH 8.0).

2.4.5.5 Protein concentration and buffer exchange

Affinity purified protein wasconcentrated using a 10k Amicon Ukra centrifugal filter unit
(Ultracel 10K) (Millipore, Catalog# UFC201024) according to the manufacturer's recommended
protocol. Briefly, a maximum of 2 ml purified protein was loaded into the centrifugal filter at a
time and spun at 4000xg for 30 min &t The buffer in concentrated protein was exchanged

twice with 1 ml of 1X PBS pH 7.2 containing 1 mM EDTA, 154 mM NaCl, and protease
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inhibitor (10 pl in 1 ml buffer). After centrifugation, the filter was inversea iatcollection tube
and spun at 1000xg for 2 min. The final volume of concentrated protein was adjusted to 300 pl,
and Pierce BCA protein assay was used to measure protein concentration. Affinity purified

protein was analyzed by Western blot with ¢FREML1 IgG mADs.

2.4.5.6 Western blot analysis

Western blot analysis of affintgurified proteins was conducted using a slightly modified
method as described Bection 2.115. Briefly, Odysse{?’ Onecolor protein molecular weight
marker (LFCOR, P/N: 92840000) was used as a protein marker (2 pl/lane). Each protein sample
was run separately in a precast NUPAGE246 BisTris 1.0 mm x 15 well ge{Thermo Fisher
Scientific, Catalog# NP0323BOX) for 45 min with 200 V, and then transferred to a
nitrocellulose membrane by iBlot transfer (cycle p3 for 7 min). After 1X wash with 5 ml double
distilled water (ddHO) and further with 5 ml of PBS$ for 5 min on a shaker at 60 rpm, the
membrane was dried at B for 30 min. The dried membrane was blocked with 5% skim milk
(Difco, BD Biosciences, Catalog# 232100; diluted in PBSor 1 h at RT on a shaker. After the
removal of the blocking buffer, tmembrane was incubated separately with 20 ug/ml (diluted
in PBST containing 0.25% bovine serum albumin, BSA) of &REM1 primary mAb
(F237G3, F218G4, and F237G1) overnight %€4n a shaker (60 rpm). AHEREM1 F237G3

and F218G4 mAbs were used to identify TILRR, whereaskFREM1 F237G1 mAb was used

for full-length FREM1 isoform. After 3X washes with PBSthe membrane was probed with
IRDye® 800CW goat antinouse 1gG secondary antibody {COR, P/N: 92632210) (at 1:2000
dilution in PBST) for 1h at RT on a shaker (60 rpnihe gel was kept covered withuahinum

foil to prevent light exposure from the secondary antibody incubation step and onwards.

Following 3X washes with PB$ and a final 1X wash with PBS pH 7.e membrane was
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carefully laid on the clean scanning surface of the Odyssey CLx imag@QR| USA). Before

placing the membrane, the glass scanning surface was carefully cleaned with 100% methylene
chloride (Fisher Scientific, Catalog# D3] followed by double distilled water and 50%
isopropanol (Fisher Scientific, Catalog# A48y and driedwith lint-free wipes. Image Studio
software version 5.0 (Image Acquisition Odyssey CLx) was utilized to obtain the images with
the following settings: auto intensity (both 700 and 800 channels), 42um scan size with high
scan quality, and 0 (zero) mm foazffset. Postacquisition image analysis for TILRR protein
signal intensity was conducted using Image Studio Lite version 5.2. The intensity of both 700

and 800 channels was further manually adjusted to minimize the background effect.

2.4.5.7 Coomassie blue gel aining

To perform quick visualization dhe expected ~70 kDa band of affinipurified TILRR protein

in transferred gels, Coomassie gel staining was conducted in parallel using BfoSadenassie
stain (BioRad, Catalog# 1610786) according to the comjsarecommended protocf82Q. In

brief, after iBlot transfer onto nitrocelluloseiembrane using iBlot gel transfer device
(Invitrogen, Catalog# 1B1001), the gel was placed in a staining container bearing 2000l ddH
and washed 3X with ddi for 5 min. Twenty milliliters of BioSaf¢ Coomassie stain was
added to the staining containfetlowing complete removal of ddi® and incubated for 1 h at
RT on a plate shaker with 60 rpm. After 1 h incubation, the Coomassie stain was removed and
further rinsed into 200 ml ddi® for 30 min at RTThe gel was then scanned with the Odyssey
CLx imagirg system (LICOR, USA) using the auto intensity of 700 channel, 42um scan size,
high scan qualt and 0.5 mm focal offset.dilitionally, thegel was kept in fresh 200 ml dg@l

until to conduct gel drying.
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2.4.5.8 Gel drying

To preserve data for an indefinite jpet, BioSafé” Coomassiestained gel was dried using
DryEas& Mini-Gel Drying System (Invitrogen, Catalog# N12387) according to manufacturer's
instructions[321, 327. Double distilled water was completely removed from the gel tray and
equilibrated in 35nl of fresh GelDry™ Drying solution for 20 min at RT on a shaker. During

the incubation, DryEa&® gel drying base was set up by placing a drying frame with the corner

pin facing up. Two pieces of cellophane were used for each gel and immersed iginga dr
solution one after another for a maximum of 2 min. A sheet of completely soaked cellophane
was placed on the center of the drying base and laid the stained gel on the center making sure not
to trap any bubbles between the gel and the cellophanenfages were taken with a digital
camera while lying down horizontally on the drying base and then covered with a second sheet
of entirely soaked cellophane. Another drying frame was aligned with holes in the bottom frame
and left standing for 24 h. Once thel was fully dried, the excess cellophane was trimmed off

and the gel was placed between the pages of the notebook under light pressure for 2 days to keep

flat of the gel for future use.

2.5 DATA ANALYSIS

RT? Primer qPCR assay and Rprofiler PCR array dataere analyzed using the GeneGlobe
Data Analysis Centre (Qiagen) (https://www.giagen.com/us/shoplgegmthways/data
analysiscenteroverviewpage/). The mRNA transcript fold changeghe threshold cycle (CT)

were calculated relative to the CT lewélempty vector control. Fold change Ww@sassigned as

a baseline control and threshold cycle (CT) assays were performed in three independent
experimental replicates. All mMRNA transcript data were normalized against the HPRTL1

housekeeping gené&he cytokne/chemokine(s) @ata were analyzed by GraphPad Prigmsion
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8.3.0 (GraphPad Software, Inc. USAnd presented as relative to the concentration of empty
vector control, and show mean+SEM of three independent experimBmsdata obtained with

the transwll assay waslso analyzed by GraphPad Prism software. The cell migration data
obtained with the microfluidic device was processed by the OriginPro sofi@aignLab
Corporation, USA) and ImageJ (NIH, USAlNestern blot and Coomassie blue staining data
were analyzed by Image Studio Lite software version 5.2 (https://www.licor.com/biofimage
studiclite/) (LI-COR, USA). Western blot aalysis for TILRR overexpressionvas also
performed by Quantity One (BiBad).The final statisticatomparisons conducteging student
t-test with 95% CI, alp<0.05 were reported and indicated using asterisks' *p<0.05, **p<0.01

***p<0.001, and ***p<0.0001.
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3 CHAPTER 3: RESULTS
3.1 TILRR REGULATES MRNA EXPRESSION OF GENES ASSOCIATED WITH

THE NF-¥ B SIGNALING PATHWAY AND INFLAMMATION
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3.1.1 TILRR overexpression in transfected cells

To assess the effect of TILRR overexpression on genes iNFkeeB i nf | ammat ory peé
overexpressed TILRR in HelLa (a cervical epithelial -te#) (Figure 3.1A and B) and
VK2/EGE7 (a normal human vaginal mucosgithelial cellline) cels (Figure 3.1E and F).
Confocal microscopy image analysis showed that cells containing plasmids with either TILRR
plus puromycin selection marker (vector+TILRR) or only puromycin marker (empty vector
contrd) were alive after 24h puromycin dihydrochloride selection as shown by the cells attached
to the culture plate with active pseudopods and intact morph¢figyre 3.1A and B; Figure

3.1E and F). Whereas, within the same period of time under puromycin selection the non
transfected cells or the cells tloatly contain PmaxGFP vector weted showing complete loss

of pseudopodia and detachment from the culture platedistractednorphology Figure 3.1C

and D; Figure 3.1G and H). Flow cytometry quantification of GFP expressing cells showed that
the transfection efficiency was between 87.0% and 9@B&mpty vector contreland TILRR

(vector+TILRR}transfected HelLa cells, respectivelyqure 3.11 and J).
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Figure 3.1: Expression of TILRR in transfected cell lines.Confocal microscopymaging of
transfected HelLaA(to D) and VK2/EGE7Y E to H) cells showing eGFP expression following
co-transfection with pEZTILRR-M68 (vector+TILRR) (1.0ug/5x10cells) @A and E) or pEZ
NEG-M68 (empty vector control) (1.0pg/5x1@ells) 8 and F) along with PmaxGFP (0.2
ng/5x10 cells) and nosiransfeced control (C to D and G to H)I-J) Flow cytometry
guantitation of transfected HelLa cells (I, empty vector rditransfected cells; J, TILRR

overexpressed cells).
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Western blot analysis of transfected cells showed that cells transfected with TILRR expressed
significantly higher amount of TILRR protein compared to pared&lla cells and cells
transfected wh empty vector (p<0.05)Fgure 3.2A; full-length original blots presented in
Appendix Figure B7.2). RT> gqPCR Primer analysis showed that cells transfected with TILRR
containing plasmid significantly overexpressed the TILRR mRNA compared ttranwsfected
parental control and empty vectqr<0©.0001) Figure 3.2B). Confocal microscopy imaging
analysis further confirmed the overexpressed TILRR protein in HelLa ¢afisré 3.3A-D)
compared to the respective contrdtggre 3.3E and F; Appendix Figure B7.3E-H and I-L). |

also confirmed the TILRR protein expression in transfected HelLa cells by flow cytometry
analysis using Alexa Fluor 647 labeled monoclonal antibodies (F218G1 and F218G5)
recognizing epitopes in TILRRThe mean fluorescence intensfiyFl) of TILRR transfeted

cells showed significantly higher expression of TILRR compared to the parental control, isotype
control and emptyectortransfected controlFjgure 3.4A-C). These data indicated that TILRR

transfected HeLa and VK2/EGE?7 cells overexpressed TILRR.
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Figure 3.2: Expression of TILRR in transfected cell lines.A) Western blot of TILRR proteins
following 24h posttransfection, as compared to GAPDH contrfall¢length original blots
presented inAppendix Figure B7.2), (B) Confirmation of the TILRR mRNA ranscripts
overexpression in both cells using RJRT-PCR primer assay and data presented as log10 fold
change, which was normalized against HPRT1 housekeeping gene. Sttestntith 95% CI
performed for the statistical analysis using GraphPadm version 7.03, allp<0.05 were

reported and indicated using asterisks' *p<0.05, and ****p<0.0001.
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Figure 3.3: Confocal microscopy analysis of TILRR protein overexpression in transfected
cells. (A) TILRR protein expression in HeLa cells isdected with TILRR plasmid DNA(B)

DAPI staining shown cell nucle(C) Transfected cells showing eGRP) Merged expression of
TILRR protein, eGFP and nucleus (E) Isotype control monoclmal antibody (F400G3S)
staining, and(F) Alexa Fluor 647 labeled goat amtiouse IgG secondary antibody only control.
Color code: red, TILRR protein (Alexa Fluor 647 channel); blue, nuclear DNA (DAPI channel);
and green, eGFP (FITC channel). Image cagtuseng 20x objectives with20um scale.
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Figure 3.4: Flow cytometry analysis of TILRR protein overexpression in transfected cells.
Flow cytometry confirmation of overexpressed TILRR protein in fexried HelLa cellsCells
were prepared bthe recommended protocol as illustratedtlire materials ananethodschapter
(section2.1.19. (A-B) Gating strategy for TILRR protein expressed cells, A) Parentétaio
cells, and B) TILRR overexpressed cell§) (The overexpressed TILRR protein confirmed by
analyzing the mean fluorescence intengMFI) in TILRR-transfected cells compared to the
parental base, isotype, and empty vettansfected control cellsStudentt-test with 95% CI
performed for the statical analysis using GraphPderism version 7.03, allp<0.05 were

reported and indicated using an asterisks' ****p<0.0001.
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3.1.2 TILRR overexpression regulates the mRNA transcript expression of inflammation
responsive genes in dosedependent manner
To examine the effect of different amosmf TILRR on immune and inflammation responsive
genes| co-transfectedboth HeLa and VK2/EGE7 cellsith different concentratiaof TILRR
(vector+TILRR) (0.2582.0 pg/well) o empty vector control (0.28.0 pg/well)plasmid DNA in
combination vith PmaxGFP plasmid DNA (0.0®.4 pg/well) and incubated at 3¢ for 24h as
described in materialsnd methodshapter Four geneCCL5/RANTES, CXCLS8/IL-8, IL-6,
and T Playimportant role in immune activation and laxhmatory responsevere
selectedto evaluate the effect of different amosirdf TILRR on their mRNA expression.
Different amourd of TILRR-plasmid DNA transfection did result in a dedependent increase
in mMRNA expression in HelLa cell§igure 3.5A and Appendix Table C7.3) and VK2/EGE7
cdls (Figure 3.5B and Appendix Table C7.4). HeLacells transfected with 0.28.0 pgwell of
TILRR-plasmid DNA significantly increased mRNA of all 4 genes idoaedependent manner
except TNFU, which was only signiwkliocaave!l y i n
(Figure 3.5A). In the case of VK2/EGE7 cells, the effect of different amsohTTILRR-plasmid
DNA transfection was only observed for tm&kRNA of CXCL8 andL-6 (Figure 3.5B). The data
showed that one microgram of plasmid DIgar wellworked best in upregulating the selected
inflammation responsive genes (@€opoeia recommended protocdlhus, 1.0 pg of plasmid

DNA per wellwas used for all subsequent experiments in this study.
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Figure 3.5: Doseresponse effect of TILRR overexpression onthe regulation of
inflammation responsive genesRT? gPCR Primer assay for mRNA transcripts of the 4
immune and inflammation responsive genes in HeA)aand VK2/EGE7(B) cells. Data were
analyzed usinghe GeneGlobe Data Analysis Centre (Qiagen) fof BFCR Primer assaffold
induction fortheindividual gene in each concentration of TILRRsmid DNA transfected cells
expressed as relative to levels of the respected concentration of\erofustransfected control
and show meantSEM of three independent experimentsla#dl were normalized agairtbie
HPRT1 housekeeping gene. The statistical comparisons conducted using stiesentall
p<0.05 were reported and indicated using asterisks' *p<0.05, **p<@od ***p<0.001.
Legends on the upper right corner representetkigerimental conditions with plasmid DNA
concentrations.
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3.1.3 Overexpression of TILRR significantly influenced the mRNA level of genes ithe
NFeB signal transduction pathway
Next, | investigated the effect of TILRR overexpression on the 84 genes in tfeeBNF s i g n a |
transduction pathwayl. hypothesized that upon interaction witte IL-1R1 receptor, TILRR
would influence the downstream signaling events by regulgt@mRNA transcript of genes in
the NFa B s i g nuation pathweyn Sodest this,invesigated the effect of overexpression
of TILRR on a panel of 84enes grouped in several categories Table 3.1) that are directly
related totheNF-e B si gnal i ng acavatibnaadyinflammatonwuresponses using

the Human NFe B p a t If prafiler PER array.
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Table 3.1: Categories of NFo B

S

i gpathway-relaged genes(PAHS-025Z, Qiagen)

Category

Gene

NFaB Signaling

CXCLS8(IL-8), IL-1A, IL-1B, IL-10, TNF

NFaB Signaling

CD27 (TNFRSF7), CD40 (TNFRSF5), EGFR (ERBB1), F2R (PAR1), FASLG (TNFSFARIL
LTBR, NOD1 (CARD4), TLR1, TLR2TLR3, TLR4, TLR6, TLR9, TNFRSF1A (TNFR1), TNFRSF10
(TRAIL-R), TNFRSF10B (DR5), TNFSF10 (TRAIL), TNFSF14

NFaB Transcript

ATF1, EGR1, ELK1, FOS, JUN, STAT1, NFKB1 (p105/p50), NFKB2 (p100/p52), REL (p65), RELA
RELB

Signaling Downst

BIRC2 (clAP1), FADD, IRAK1, IRAK2, IRF1, MYD88, RIPK1, TBK1, TICAM1 (TRIF), TICAM2
(TRAM), TNFAIP3, TRADD, TRAF2, TRAF3, TRAF6

Immune Responsive genes

CCL2 (MCR1), CCL5 (RANTES), CSF1 (MCSF), CSF2 (GMCSF), CSF3 (&CSF), CXCLS (IL:8),
ICAM1, IFNAL, IFNG, LTA (TNFB), TNF

Cytoplasmic Sequestering /

Rel easing of NFa

BCL3, CHUK (I KKU), 1KBKB (I KKbB), | KBKE (1 KKI
NFKBIE

Apoptosis

AGT, BCL2A1 (BFL1), BCL2L1 (BCLXL), BIRC3 (€AP2)

Ot her NFaB Signa

AKT1, MAP3K1 (MEKK1), RAF1, BCL10, CARD11, CASP1 (ICE), CASP8 (FLICE), CFLAR
(Casper), HMOX1, MALT1, PSIP1, RHOA, TIMP1
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| first assessed the mRNA transcript fold change ofoNBE s i gn a |l -rdlatedigesedinct i on
transfected Hela cells after 3 hours of incubation w#humfree DMEM. The result showed

fold increase (FI) in mRNA expression of a few genes were significantly upregulated (CCLS5, FI:
3.08+0.78, p=0.0026;CXCLS8, FI: 1.48+0.26, p=0.0181 IRAK2, FI: 1.30%0.13,p=0.0256;

IRAF1, FI: 1.26+£0.18,p=0.0316; RIPK1, FI: 1.08+0.03=0.0417, TICAM1, FI: 1.13+0.08,

p=0.0273; TLR4, Fl: 1.14+0.0/=0.0113) by TILRR overexpression at the 3 hour time point

(Figure 3.6A-F).
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Figure 3.6: The mRNA transcripts fold change of NFe B s i gnal transducti on
three hours incubation following transfection. HeLa cells were transiently g¢cansfected with

either pEZTILRR-M68 (Vector+TILRR) (1.0pg/5x10cells) or pEZNEG-M68 (empty vector

control) (1.0pg/5x10cells) along with PmaxGFP (0.2pg/5xX1¢ells) in parallel experiments for

24h at 37C with 5% CQ as described ithe materials angnethodschapter The cells were

incubated inserumfree DMEM for 3h. Harvested RNAs from both cells usedtf@synthesis

of cDNAs that finally run with R¥ profiler gPCR array targeting N6 B si gnal i ng c o m|
such as signaling ligand®\), signaling receptorgB), transcription factorgC), downstream

signaling genegD), immune responsive gengg), and cytoplasmic sequestering of -NFB

geneg(F). Data were analyzed usirije GeneGlobeData Analysis Centre (Qiagen) ftire RT?

profiler PCR array. Fold induction fdhe individual gene in TILRR transfected cells expressed

as relative to levels of emptyectortransfected control and show meantSEM of three
independent experiments. All datere normalized againgte HPRT1 housekeeping gene. The
statistical comparisons conducted using studdast, allp<0.05 were reported and indicated

using asterisks' *p<0.05, and **p<0.01. Legends on the upper right corner reptiesent
experimental caditions.
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The mRNA expressions of more genes were significantly influenced by the overexpression of

TILRR in both cell lines at 24 hours as presented in the hea{figyre 3.7).
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Figure 3.7: Heat map presentation of up and down-regulated genes itheNF-e B pat hway
for the presence of TILRR.Log2 fold changes of gene expression in HeLa and VK2/E&H3
generated by RStudio (https://www.rstudio.com). Gradient red color indicates -tieguated

genes; gradient green represents the degnlated genes. Solid black means baseline, which
represents the fold change 1 or log2= 0 (contfe X-axis showing the triplicate biological
samples for each cell lindhe Y-axis (right side) represents the 84 tested genes categorized into
different groups. Legend on the upper left side shows the scale of log2 fold .change
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Of the 84 genes, 4&and 41genes were significantly upegulated in HeLa and VK2/E6GE?7 cells,
respectively(Figure 3.8A). Seven genes were significantly dovagulated in HeLa (AKT1EI:
0.87+0.09, p=0.0277; F2R, Fl: 0.64+0.20p=0.0046; NFKBIA, FI: 0.54+0.06,=0.0011,
NFKBIB, Fl: 0.80+0.04,p=0.0020; NFKBIE, FI: 0.54+0.09=0.0015; PSIP1, FI: 0.87%0.08,
p=0.0098; TNFRSF1A, FI: 0.81+0.06=0.0055); 3 genes were dowegulated in VK2EGE7
cells (NFKBIB, FI: 0.53£0.01p=0.0057; STAT1, FI: 0.55+£0.1§)=0.0442; and TBK1, FI:
0.67%0.14 p=0.0309)(Figure 3.8B). No significant foldchange observed for 28 and 40 genes in

HelLa and VK2/EGE7 cells, respectiveligure 3.8C).
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Figure 3.8: Venn diagram presentation of total regulated genes inthe NF-e B s i gnal
transduction pathway. A) The significantly upregulated genes in HeLa and VK2/E6E7 cells
(p<0.05),B) The sgnificantly downregulated genes in bothlkcénes (p<0.05),and C) Non-
influenced genes in both HeLa and VK2/E6E87 for the presence of TIpRIROG). Legends on

the upper right corner represent the cell liridee rightcircle represents the HelLa cellke left

circle for VK2/EGE7 cellsandthe cener overlapping circle represents the combined regulated
genes in both cell lines. Venn diagrams were made using pyvenn
(https://github.com/tctianchi/pyvehn
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The expression of NB B s i g gaads,isurclg as ICXCL8 ({8) and I-1 b aswignificantly
up-regulated in HeLa cells (CXCL8, Fl: 6.33+2.4870.0154; and It1 b , FI: 3. 44N:
p=0.0084) and in VK2/E6E7 cells (CXCL8, FI: 2.55+0.92:0.0252; I-l1 b, F1 : 2. 23N
p=0.0379). The magnitude ahcrease of these signaling ligands is higher in HelLa cells.
Significant increases in HL ({FI: 3.05+0.70,p=0. 0126) and TNp=0.01Q0F!I : 5.
expression were only observed in HelLa cells. Overexpression of TILRR appears to have no

effect on mRNA of [1:10 detection in these two cell linésigure 3.9A).

Overexpressing TILRR in Hela cells significantly increased the expression of 6 out of 7
signaling receptors including {LR1 (FI: 1.36+0.24,p=0.0263), TLR2 (FI: 2.82+1.52,
p=0.0278), TLR3 (FI: 1.58+0.17%=0.0004), TLR4 (FI: 1.57+0.1;=0.0055), TNFRSF10A

(FI: 1.42+0.08,p=0.0003) and TNFRSF10B (FI: 1.80+0.24=0.0012) Figure 3.9B). In
particular, I.-1R1 and TNFRSF10B receptor egpsion were significantly ugegulated in both
Hela (IL-1R1, FI: 1.36+0.24,0=0.0263 and TNFRSF10B, FI: 1.80+0.270.0012) and
VK2/EGE7 (IL-1R1, FI: 1.23+0.03p=0.0238 and TNFRSF10B, FI: 1.49+0.@5,0.0032) cells,
respectively. However, TLR6 (FI: 1.57&.03, p=0.0007) expression was only significantly
increased in VK2/EGE7 cells, and TLR6 mRNA was unaltered in TILRR transfected HelLa cells.

Further, there was no significant effect on TLR4 mRNA detection in VK2/EGE7 cells.
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Figure 3.9: TILRR induces expression of signaling ligands and singling receptor genes in
the NFFae B si gnal t r a n sHeluacand \(KA/E6B7acells wereg/ transiently- co
transfected with either pEZILRR-M68 (vector+TILRR) (1.0ug/5%0° cells) or pEZNEG-M68
(empty vector control) (1.0pg/5x1@ells) along with PmaxGFP (0.2ug/5%1€ells) in parallel
experiments for 24h at 3z with 5% CQ as described ithe material and methods chapter
Harvested RNAs from both celigereused forthe synthesis of cDNAs that finally run with BT
profiler gPCR array targeting N&6B s i gnal i n guchcas mignalingeligands\),
signaling receptor@). Data were analyzed usitige GeneGlobe Data Analysis Centre (Qiagen)
for the RT? profiler PCR array. Fold induction foneindividual gene in TILRR transfected cells
expressed as relative to levels of emtgtortransfected control and show meantSEM of three
independent experiments. All data were normalized agaia$iPRT1 house&eping gene. The
statistical comparisons conducted using studdast, allp<0.05 were reported and indicated
using asterisks' *p<0.05, **p<0.0and ***p<0.001. Legends on the upper right corner represent
the cells with experimental conditions.
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TILRR overexpression enhanced the expression of &NB= t r an s c r Figutei3.®0A) f act o
in HeLa cells.Of which, the expression of FOS (FI: 1.41+0.6%¥0.0124), JUN (FI: 1.68+0.25,
p=0.0266), NFaBl (plp5/ . 00N®B)6)(FINFoaB244[H0L.0106 ,p5 2
p=0.0004), REL (p65) (FI: 1.25+0.1$=0.0182), RELA (FI: 1.31+0.15=0.0091), RELB (FI:
2.40£0.48,p=0.0066), and STAT1 (FI: 1.27+0.1%=0.0046) was significantly increased.
However, only the expression of four NFB t ranscri ption factors si
VK2/EGE7 cells, including JUN (FI: 2.28t098 0. 0499) , NFaBl (pl105/ pb5

p=0. 0421), NFa B 282«1.p%pe0M49¢4) 5rel RELB @k 2.32+D.2f= 0.0173).

The expression of MRNA of genes directly connected to the downstreaanBNF s i gnal i ng
significantly increased following TILRR overexpression in both cell liégure 3.10B). These

included IRAK2 (FI: 2.01+£0.27p=0.0024 and FI: 2.08+0.4%=0.0182), IRF1 (FI: 1.64+0.18,
p=0.0043 and FI. 1.32+0.24=0.0002),RIPK1 (FI: 1.34+0.04p=0.0002, and F 1.45+0.27,
p=0.0361),and TICAM1 (FI: 1.51+0.15,p=0.0030, and FI: 1.19+0.0$=0.0247) in HeLa and
VK2/EGE7 cells, respectively. Furthermor@]CAM2 (FI: 1.45+0.05, p=0.0093, and FI:
1.21+0.11p=0.0093), TRAF2 (FI: 1.43+0.15=0.0023, and FI: 1.9689, p=0.0319), TRAF3

(FI: 1.27+0.09,p=0.0080, and FI: 1.39+0.09=0.0061) and TRAF6 (FI: 1.47+0.08=0.0004,

and FI: 1.12+0.06p=0.0247)were also increasad HelLa and VK2/EGE7 cells, respectively.

addition, MYD88 (FI: 1.30+0.12p=0.0425) and TNFAIP3 (FI: 2.81+0.4§=0.0049) wee

enhanced in HelLa celishereas IRAK1 (FI: 2.86+1.6p~=0.0013) in VK2/EGE7 cells only.
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Figure 3.10: TILRR induces expression of transcription factors and downstream signaling
genesintheNF-a B si gnal tr an $leLaand YK8/B6Epcells Wwenedrgnsiently
co-transfected with either pEZILRR-M68 (vector+TILRR) (1.0ug/5x10cells) or pEZNEG-
M68 (empty vector control) (1.0pg/5x1@ells) along with PmaxGFP (0.2pg/5x16ells) in
parallel experiments for 24h at %7 with 5% CQ as described ithe material and methods
chapter Harvested RNAs from both celgereused forthe synthesis of cDNAs that finally run
with RT? profiler gPCR array targeting N§B si gnaling component s
factors (A), downstream signaling gen¢B). Data were analyzed usirthe GeneGlobe Data
Analysis Centre (Qiagen) fahe RT? profiler PCR array. Fold induction feie individual gene

in TILRR transfected cells expressed as relative to levels of ereptgrtransfected control and
show meantSEM of three independent experiments. All data were normalized dbainst
HPRT1 housekeepingene. The statistical comparisons conducted using stueest, all
p<0.05 were reported and indicated using asterisks' *p<0.05, **p<@0Od ***p<0.001.
Legends on the upper right corner represent the cells with experimental conditions.
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The expression of immune responsive genes directly associated with e BNF s i gnal i n
pathway was also examinedl. observedsignificant induction of mRNA transcripts for 7
immuncregulatory genes when TILRR was overexpregsegure 3.11A). The expression of

CSF1 (MCSF) (FI: 1.56+0.20p=0.0065 and FI: 1.35+0.08=0.0031), CSF2 (GMCSF) (FI:
8.46+2.93,p=0.0261 and FI: 1.34+0.23=0.0249), CXCL8 (I-8) (FI: 6.33+2.48,p=0.0154,

and Fl: 2.55+0.92p=0.0252), and ICAM1 (FI: 2.22+0.33%=0.0011 and FI: 1.42+0.14,
p=0.0155) was enhanced in TILRR transfected HeLa and VK2/E6E7 cells, respectively. CSF3

(G-CSF) and CCLERANTES)were only significantly regulated iHeLa cells.

Finally, | examined the effect of TILRR on the expression of genes that are involved in
cytoplasmic sequestration or release ofNB ¢ o0 mp | e Kigue B8.1lB).eThenespregsion

of three out of six genes evaluated was significantlyagulated irthe HeLa cell line, including

CHUK (I KKa), | KBKB (I KKb), and | KBKE (4 KKU) .
regulated in VK2/EGE7 cells. Thus, TILRR haddirect influence on genes involved the
formation of transcripti on )tha subsequentlyNdnsiddie ( p50

to the nucleus and potentiate signal transduction.
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Figure 3.11. TILRR induces expression of immune responsive and cytoplasmic
sequestering genes ithe NF-a B s i g n a ltion pathavay.sHela @and VK2/EGE7 cells
were transiently ctransfected with either pEZILRR-M68 (vector+TILRR) (1.0pg/5x10
cells) or pEZNEG-M68 (empty vector control) (1.0ug/5x1Cells) along with PmaxGFP
(0.2ug/5x18 cells) in parallel experiments f@4h at 37C with 5% CQ as described iithe
material and methods chaptétarvested RNAs from both celNgere used forthe synthesis of
cDNAs that finally run with R¥ profiler gPCR array targeting N6 B si gnal i ng com)
such as immune responsive ge(®s and cytoplasmic sequestering of FB g éBh Pata
were analyzed usinthe GeneGlobe Data Analysis Centre (Qiagen) tfee RT? profiler PCR
array. Fold induction fothe individual gene in TIRR transfected cells expressed as relative to
levels of empty vectortransfected control and show meantSEM of three independent
experiments. All data were normalized agaitet HPRT1 housekeeping gene. The statistical
comparisons conducted using studenest, all p<0.05 were reported and indicated using
asterisks' *p<0.05, **p<0.Qland ***p<0.001. Legends on the upper right corner represent the
cells with experimental conditions.
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3.1.4 TILRR along with IL-1 b i ncreases the mRNA transcrip
inflammatory cytokines/chemokines related genes

| further tested the effect of TILRR overexpression in the presenceebfdlL on sel ect ed

directly involved in immune activation and inflammatory response in HeLa and VK2/E6E7 cells.

TILRR transfected HLa and VK2/E6E7 cells were incubated with or withoutlllb i n par al |

experiments and the expression of mRNA transcript was quantified usihgfOR Primer

assay. The results showed that TILRR overexpression, in the presence or absence of-added IL

1 b jgnifisantly increased the expression of 4 immune and inflammation responsive genes in

HelLa and VK2/EGE7 celldHgure 3.12). In the absence of added-1Lb , TILRR overexp

significantly increased mRNA transcript fold change of CXCL8-§)L (FI: 6.33%£2.48,

p=0.0154), 1-6 (FI: 5.52+1.30p=0. 005) , a B.63+3BHNPEAD10Q)RNl HelLa cells;

and CXCL8 (IL-8) (FI: 2.55+0.92p=0.0252) and IL6 (FI: 2.47+0.40p=0.0031) in VK2/E6E7

cells compared to empty vector control. CC(EBANTES) (FI: 5.24+1.23,p=0.0116) was an

exception, which was only significantlyleanced in HeLa cells for the TILRR overexpression.

In the presence of added-ILb , TILRR overexpression also si
transcripts of these immune and inflammation responsive genes in comparison to the empty
control vector. These inalie CCL5(RANTES) (FI: 27.48+3.25p=0.0006), CXCL8 (1l=8) (FI:
63.58+5.94p<0.0001), I1-6 (FI: 28.03+11.08p=0. 0057) and TNEQUOOEGFI : 8.
in Hela cells; and CCLERANTES) (FI: 3.66+0.54p=0.0016), CXCL8 (IL8) (FI: 3.72+1.23,

p=0.0183), L-6 (2.98+0.40p=0. 001 0) and T NpEQDOS1)Rn VK2/EBE7ZAINO . 5 4 ,
These results support that TILRR acts as-aeceptor of I1R1, which enhances the activation

of NFeaB signaling genes in the inflammatory r
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Figure 3.12 TILRR enhances the expression of immuneesponsive genes in the presence

or absence of added IL1 b HeLa (5x10/well) and VK2/E6E7 (5x10well) cells were
transiently cetransfected with either pEZILRR-M68 (vector+TILRR) (1.0ug/well) or pEZ
NEG-M68 (empty vector control) (1.0pg/well) along with PmaxGFP (0.2ug/well) in parallel
experiments as described in materials and methods. In pasapekriments, the cells were
incubated with the addition of L b  ( 1 rseévlimfree DPMEM (HelLa) or Keratinocyte SFM
(1X) (VK2/EGE7) media for 24 hours at BC. Data were analyzed using GeneGlobe Data
Analysis Centre (Qiagen) for RTqPCR Primer assay.okl increase for individual gene in
TILRR transfected (vector+TILRR) cells, in the presence or absence-dfblL expressed
relative to levels of emptyectortransfected control and show mean+SEM of three independent
experiments. All data were normalzegainstthe HPRT1 housekeeping gene. The statistical
comparisons conducted using studestést, all p<0.05 were reported and indicated using
asterisks' *p<0.05, **p<0.01, **p<0.001, and ***p<0.0001. Legends on the upper right corner
represent the callwith experimental conditions.
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3.1.5 SUMMARY

This studyexamnedwhether the overexpression of TILRR could lead to the increasgRNA
expression of genes associated with the-lNF-aB inflammatory signaling pathwaysingin

vitro model systems (HelLa and VK2/EGE7 cell linespverexpressedILRR in HeLa and
VK2/EGE7 epithelial cell lineand analyzed the mRNA expression of 84 genes in theBNF
signaling pathway using PCR array systenThe results showed that TILRR was sucoasf
overexpressedn transfectedHelLa and VK2/E6E7cells and overexpression of TILRR
significantly increased the mRNA expression of inflammation responsive genes in -a dose
dependent manne®verexpressed ILRR significantly influenced the mRNA levelxpression

of many genesnthe NFe B s i g n a |l ,iinclgdingpsegnaling lagygnds, signaling receptors,
transcription factors, immune responsive genes, and downstream signaling molecules.
Additionally, TILRR alone or in combination with {Lb increased the RNA transcript
expression of many inflammatory cytokines/chemokineslated genes. Thus, TILRR
overexpressionsignificantly increasedthe mRNA transcript expression of immune and

inflammation responsive genesaervicovaginakpithelial cell lines.

Since TILRR increased the expression of many downstream signagemgs inthe NF-oB
pathway, itsoverexpression ircervicovaginalepithelial cellsmay promote the productionf
solublepro-inflammatory cytokines/chemokinés transfected celtulture supenatants Thus, |
examined the culture supernatants of TILBNrexpressed HelLa and VK2/EGE7 cells using an
in-house developednultiplexed bead arraynethod to quantify soluble pro-inflammatory
mediators The resultof the analysis opro-inflammatorymedators are described ithe next

section
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3.2 EFFECT OF TILRR ON THE PRODUCTION OF SOLUBLE

CYTOKINES/CHEMOKINES IN CERVICOVAGINAL EPITHELIAL CELLS

Theresults of thissectionare based on the following article:

Toll-like Interleukin 1 Receptor Regulator Is an Important Modulator of Inflammation

Responsive Genes:rontiers in Immunology, 20190(272): p. 116.

Mohammad Abul Kashem'® Hongzhao Li° Nikki Pauline Toledb® Robert Were
Omangé? Binhua Liang® Lewis Ruxi Lit"® Lin Li*® Xuefen Yang, Xin-Yong Yuar!, Jason
KindrachuK, Francis A Plummér Ma Lud"**

Department of Medical Microbiology and Infectious Diseases, University of Manitoba,
Winnipeg,MB, Canada
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MB, Canada

“*National Microbiology Laboratory, Public Health Agency of Canatimnipeg, MB, Canada

Author s' Contributions
MK, FRP, and ML conceived and designed reseaiMK performed all researctanalyzedthe

datg generated figures/tablesrganized the writing materialand wrote the papeHL helped in
Western blot studyNT helped in cytokines/chemokines studly. and XY helpal in Confocal
microscopy studyFP and ML acquired funding; XYY supported reagents; BL, &@ ML
supervised research; and ML, HL, RO, LRL, Band JK edited the papeMK revised,
formatted, submitted, and responded to the reviewers' comments.

Funding
The study was funded by aperating grant fronthe Canadian Institutes of Health Research

(CIHR), Operating grant PA: CHVI Vaccine Discovery and Social Research. URL:
http://www.cihrirsc.gc.ca/e/193.html.

123



3.2.1 TILRR overexpression significantly increased the production of preinflammatory
cytokine/chemokine proteins in HelLa cell culture supernatants

To examine whether the production of specific cytokine/chemokine was also influentieel by
overexpression of TILRRL quantified the production of3 cytokines/chemokinesm TILRR
transfected HeLa and VK2/EGE7 cell culture supernatants asimghouse developed 3dex
beadarrayassay.The 13plex bead arrapssay was designeéd measuranost of theimportant
cytokines/chemokines that amssociaté with the induction ofinnate immune responses,
inflammation, and inflammatory diseas@and enhancedHlV acquisition This 13-plex bead
array assay was developéd quantify inflammatory mediators in several other projects in our

lab. It performed welandwascosteffective.

The results showed that TILRR overexpressimnthe absence of added-1Lb significantly
increased the production of several -prfammatory cytokingdchemokines in Helecells
compared to the empty vector control during the olesketime points from 1 to 24 (Figure
3.13 and Appendix Table C7.5; fold change [meatSEM] for cytokines/chemokineis shown
in Appendix Table C7.5). After 1h incubation with serum free media;8L({p= 0.0014, IL-8
(CXCLS8) (p< 0.0001), IP10 (p<0.0001), and MCH. (p= 0.0064) were significantly ineased in
culture supernatantéfter 3-, 6- and 15h incubation] observedsignificantly higher production
of IL-6 (p= 0.0004, <0.0001and 0.0011), I8 (CXCL8) (p= 0.0004, 0.0005and <0.0001), IP
10 (p=0.0012,<0.0001,and<0.0001), and MCH. (p= 0.0035 0.0013,and 0.0001) in HeLa cell
culture supernatants, except RANTES (CClf) 0.0024), which was only increased after 15h
incubation. The level of H6 (p< 0.0001), IL-:8 (CXCL8) (= 0.0002), IP10 (p< 0.0001),
RANTES (CCL5) p=0.0001), and MCH. (p< 0.0001) inthe cell culture supernatant of TILRR

transfected HelLa cellemained high at 24.The data showed the consistency between mRNA
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and protein level expression of-B8 (CXCL8) and RANTES (CCL5). However, CSF2 (GM
CSF) , [-1®Nb17A, MIR1 U, an d erel MdFddtectwd in the HelLa cell culture
supernatant (data not showiihus,overexpression of TILRR enhanced the production of many

pro-inflammatory cytokine/chemokine(s) HeLacell culture supernatants.
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Figure 3.13 TILRR overexpression in HelLa cells increased the production of pro
inflammatory cytokines/chemokines.HelLa (5x10cells/well) cells were ctransfected with
either pEZTILRR-M68 (1.0pg/5x18 cells) or pEZNEG-M68 (1.0pg/540° cells) with
PmaxGFP (0.2ug/5xf@ells) vector as explaineid the materials and methods chapt€ells

were incubated witserumfree DMEM mediumfor different time points and supernatants were
collected. Thirteewlifferent inflammatory cytokines weraeasured using an-lmouse developed
multiplex cytokines/chemokinebead assay with Bi®lex 200 (BieRad. The data represent the
relative level of vector+TILRR compared to the empty vector control. The sample measurements
below the detection limit were assigned as zero. The data repriésemiean of three
independent experiments (meantSEM). Statisticalpasimons conducted using studertest

with 95% CI, all p<0.05 were reported and indicated using an asterisks' *p<0.05, **p<0.01,
***p<0.001, and ***p<0.0001.
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3.2.2 TILRR overexpression significantly increased the production of preinflammatory
cytokine/chemdine proteins in normal vaginal mucosal (VK2/E6E7) cell culture
supernatants

| next examined the level of cytokisiehemokinegroduction in culture supernatants of TILRR

overexpressed VK2/EBGE7 cells. Similar to the HelLa cells, in the absencelob IL re was @

gradual increase of cytokine/chemokine(s) production in VK2/EGE7 cell culture supernatants at
different time points compared to the empty vettansfected cell§Figure 3.14 and Appendix

Table C7.6; fold change is shown iAppendix Table C7.6). Unlike the HelLa cellsl observed

that after 1h incubation witlserumfree media, only IRLO (= 0.0109) was significantly

increased in TILRR overexpressed VK2/EGE7 cell supernatants. However, |@figer

incubations time (3 6-, 15, and 24h incubation), the levels of {6 (p= 0.0061, 0.0013, 0.0077,

and 0.0084), It8 (CXCLS8) (= 0.0007, 0.0243, 0.005and0.0319),IP-10 (b= 0.0061,0.0109

<0.0001,and 0.0301), and RANTES (CCL%)+0.0283, 0.085,0.0016,and 0.0007) were all
significantly increased. Whereas, the level of MI® p= (0.0025, and 0.0007) was only

significantly increased after 15h and 24h incubation. CSF2-(GMF ) |, [-1®,NI17A, | L

MCP-1, MIP-1 U, and TNFU we heeVK2IESE7 cell eultwes superdatant maftert

these incubation tinge (data not shown).Thus, overexpression of TILRR enhanced the

production of manypro-inflammatory cytokine/chemokine(sin VK2/E6E7 cell culture

supernatants.
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Figure 3.14: TILRR overexpression in VK2/EGE7 cells increased the production of pro
inflammatory cytokines/chemokines.VK2/E6E7 (5x10cells/well) cells were ctransfected

with either pEZTILRR-M68 (1.0pg/5x18 cells) or pEZNEG-M68 (1.0pg/5x16 cells) with
PmaxGFP (0.2ug/5xfaells) vector as explaineid the materials and methods chap@ells

were incubated witlserumfree Keratinocyte SFM (1X) medium for different time points and
supernatants were collected. Thirteen diffeiafltammatory cytokines were measured using an
in-house developed multiplex cytokines/chemokines bead assay wiRI€i0200 (BieRad.

The data represent the relative level of vector+TILRR compared to the empty vector control. The
sample measurements beldhe detection limit were assigned as zero. The data reprbsent
mean of three independent experiments (meantSEM). Statistical comparisons conducted using
studentt-test with 95% CI, all p<0.05 were reported and indicated using asterisks' *p<0.05,
**p<0.01, **p<0.001, and ****p<0.0001.
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3.2.3 TILRR along with IL -1 b timslation significantly induced the production of
cytokine/chemokine proteins in HelLa cell culture supernatants

To determine whether TILRR overexpression augments the production -@riflpramatay

cytokines/chemokineis the presence of HL bl analyzed the effect of TILRR in the presence of

IL-1b i n cell culture supernatants of Hel a

HelLa cells the level of these cytoksiehemokinesncreased in éime-dependent manner with

and

the presence of TILRR and addedldlb i n compar i s o ntrarsfected domtrole mpt vy

(Figure 3.15andAppendix Table C7.7; fold change is shown iAppendix Table C7.7). After
1h incubation irserumfree media, the level of H6 (p=0.0002), I-8 (CXCL8) (p= 0.0001), IR
10 (p= 0.0002), and MCH. (p= 0.0368) was significantly increased in HelLa cells. After longer
incubation times 3 6-, 15, 24-h incubatim), the level of IL6 (p= 0.0005, 0.0029, 0.000and
<0.0001), I:8 (CXCL8) (p< 0.0001, =0.0042<0.0001 and =0.0008), IR0 (p< 0.0001,

=0.0014,<0.0001,and 0.0001), and MGP (p= 0.0001,0.0088, <0.0001and <0.0001) was

significantly increased due to the combined effect of TILRR and i . The <chemok

RANTES (CCL5) was only significantly increased at 1ph 0.0002) and 24hp& 0.0001) after

incubation with 1-:1 b serumfree media. CSF2 (GMCSF) ,  |-10,Nl7A, MIR-1 U,

MIP-1band TNFU were not detected in the Hela

overexpression and added-1Lb ( d at a Thost thesehdatavdemanstrated that TILRR

overexpression in the presence of addedl lh enhanc e dtiontoh epecipcr o d u

cytokines/chemokines in Hela cell culture media.
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Figure 3.15 TILRR overexpression in HelLa cells increased the production of pro
inflammatory cytokines/chemokines in the presence of addedL-1 b HelLa cells
(5x10°cells/well) were cetransfected with either pEZILRR-M68 (1.0ug/5x16 cells) or pEZ
NEG-M68 (1.0pg/5x16 cells) with PmaxGFP (0.2ug/5x1@ells) vector as explained e
materials and methods chapt€ells were incubated with the addition oflLb ( 1 seim i n
free DMEM medium for different time points and then the cultured media were collected.
Thirteen different inflammatory cytokines were measured. The data represent the relative level
of vectorTILRR, in the presencef IL-1 b , compared to the empty ve
measurements below the detection limit were assigned as zero. The data réjpeasean of

three independent experiments (mean+SEM). Statistical comparisons conducgestucmt-

test with 95% ClI, all p<0.05 were reported and indicated using asterisks' *p<0.05, **p<0.01,
***p<0.001, and ***p<0.0001.
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