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SUMMARY

Background: TILRR (Toll-like Interleukin 1 Receptor Regulator) is a transcript variant of
FREML1 (Fras-related extracellular matrix 1) and the expression of TILRR is observed in a broad
range of human cells including cervicovaginal epithelial cells and PBMCs (Peripheral blood
mononuclear cells). TILRR is reported as a co-receptor of IL-1R1 (Interleukin-1 receptor type 1)
and potentiates NF-kB activation and inflammatory responses. Because TILRR expresses in
cervicovaginal epithelial cells and modulates inflammatory response, it may play a role in
enhancing the risk of vaginal HIV-1 infection. To investigate the potential role of TILRR on
vaginal HIV transmission, | used two cervicovaginal epithelial cell lines and investigated the
influence of TILRR on the expression of genes in the NF-kB inflammatory pathway, including
the downstream signaling molecules, and the production of inflammatory cytokines/chemokines,
as well as the effect on the migration of immune cells. | also investigated whether TILRR exists
in human blood and whether the blood TILRR level is correlated with blood inflammatory

cytokines/chemokines and susceptibility to HIV-1 infection.

Methods: TILRR was overexpressed in HelLa and VK2/E6E7 cells by introducing plasmid
encoding TILRR with Endofectin Max transfection reagent (GeneCopoeia). Overexpression of
TILRR was confirmed by Confocal microscopy, Western blot analysis, gRT-PCR, and flow
cytometry analysis. The mRNA expression of 84 genes associated with the NF-xB signaling
pathway was examined by RT? qPCR primer assay and RT? profiler PCR array. The production
of cytokines/chemokines in cell culture supernatants was examined by an in-house developed
Bio-Plex multiplex magnetic bead array system. The influence of TILRR overexpression on the
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 by an in-house developed Bio-Plex method, affinity purification, and Western blot
analysis. TILRR protein was quantified in human plasma samples collected from women of the
Pumwani cohort with different HIV-1 status (HIV seroconverters [HIV SCON], HIV resistant or
HIV-exposed seronegative [HESN], and newly enrolled HIV negative). Enzyme immunoassays
(EIA), immunoblot testing, and PCR (polymerase chain reaction) assay were used to confirm
HIV status. Women who were HIV-1 negative at the time of enrolment, but later identified as
positive by EIA, immunoblot testing, and PCR were defined as HIV SCON. Besides, women
who were actively engaged in the sex work, but persistently remained HIV-1 seronegative and
PCR negative for three or more years before 2000 were defined as HESN. The data were
analyzed using gene globe data analysis center (Qiagen), GraphPad Prism (version 7.0 and later),
ImageJ (NIH, USA), Image Studio Lite (LI-COR, USA), Quantity One (Bio-Rad), OriginPro

(USA), and SPSS software (IBM).

Results: Overexpression of TILRR in cervicovaginal epithelial cell lines significantly
upregulated the mRNA expression of many inflammation-responsive genes in the NF-xB signal
transduction pathway. TILRR overexpression increased the production of several pro-
inflammatory cytokines/chemokines in cervicovaginal epithelial cell culture supernatants. The
increased cytokine/chemokine production from epithelial cells significantly influenced the
migration of monocytes (THP-1) and lymphocytes (MOLT-4), the CD4+ HIV-1 target cells. |
also found that TILRR protein is circulating in human blood, and the level of plasma TILRR is
significantly correlated with FREM1 SNP rs1552896 genotypes, plasma inflammatory

cytokines/chemokines, and HIV seroconversion.

Conclusion: TILRR overexpression in cervicovaginal cell lines increased the expression of

many genes involved in inflammatory responses in the NF-kB signaling pathway, and increased



the production of pro-inflammatory mediators. The increased production of pro-inflammatory
mediators attracts immune cells. TILRR also exists as a soluble protein in human blood, and high
plasma TILRR level is correlated with high plasma inflammatory cytokines/chemokines and is
associated with FREM1 SNP rs1552896 genotypes and HIV seroconversion. Because systemic
and mucosal inflammation increases susceptibility to HIV-1 infection, TILRR could be a novel

target to reduce inflammation and HIV-1 infection.
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1 CHAPTER 1: INTRODUCTION

1.1 HUMAN IMMUNODEFICIENCY VIRUS

1.1.1 History, global burden and strains classification

Human immunodeficiency virus (HIV) was first identified with an unusual clinical disease
"Pneumocystic carinii pneumonia (PCP)" 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 deficiency syndrome (AIDS)" was later introduced to
describe a new disease fatality primarily in infected MSM and a group of intravenous drug users
in 1982 [4, 5]. Although the disease was reported between 1981 and 1982, the causative agent
was first detected and reported in 1983 [6-9]. Since the beginning of the epidemic, an estimated
75.7 million people have been infected with HIV and 32.7 million people have died from AIDS-
related illnesses [10]. Globally, an estimated 38.0 million people were living with HIV and 0.69

million people died due to AIDS-related illnesses in 2019 [10].

HIV is classified into two major types, HIV-1 and HIV-2 based on genetic characteristics and
differences in the viral antigens [11]. HIV-1 is more common globally and more pathogenic than
HIV-2 that is found mostly in West Africa [12]. The ancestor virus for HIV-1 was first appeared
in approximately 1931 [13], and HIV-2 in around 1940 [14]. HIV-1 has been further classified
into 4 major groups, namely M (major), O (outliers), N (non-M/non-0), and P [15, 16]. HIV-1
groups M and N originated following zoonotic transmission from Chimpanzees [17], whereas
groups O and P arose from Gorillas [18, 19]. HIV-1 group M is widely distributed and mostly
responsible for the worldwide pandemic, and groups O, N, and P are primarily confined to
Central Africa, [19, 20]. Based on the diversity of viral genetics, HIV-1 group M is also

classified into multiple subtypes/strains and recombinants, such as A, B, C, D, F, G, H, J, K, and



CRFs (circulating recombinant forms) [15]. HIV-1 subtype C is known to be primarily
responsible for the majority of all HIV-1 infections in Africa and part of Asia, while subtype B
mainly confined to Europe, Australia, and the Americas [20, 21]. HIV-2 is less pathogenic;
however, multiple sub-groups A-I had also been proposed [22, 23]. Because the aim of my thesis
research is to investigate the role of a novel host factor (TILRR, toll-like interleukin-1 receptor
regulator) in modulating inflammatory responses relevant to the HIV-1 acquisition, I will review
the literature on HIV-1 only, and use the term HIV to denote HIV-1 hereafter unless otherwise
stated. The overall literature review will focus on the topic of my thesis and include: basic
knowledge of HIV, host immunology and HIV acquisition, and inflammatory immune responses

relevant to HIV acquisition focusing on novel host factor TILRR.

1.1.2 Viral structure and genome organization

HIV is a member of the genus Lentivirus under the family Retroviridae [24]. It is an envelope,
spherical-shaped, positive sense, single-stranded RNA (ssRNA) virus with a diameter of 100-120
nm [25]. The mature virion consists of an outer lipid bilayer (called the envelope) derived from
the host cell membrane that encloses the matrix protein (MA, P17) (lies immediately beneath the
envelope) and a cone-shaped viral core. The envelope carries multiple 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 (CA, p24), which encloses two 9.8
kb long linear ssSRNA molecules, gag polyprotein, env protein, enzymes, such as integrase (IN),
protease (PR), and reverse transcriptase (RT). Each ssRNA is tightly bound to nucleocapsid

proteins (NC, p7) to stabilize genomic RNA dimers (Figure 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) and Integrase. The inner wall of the membrane is lined by the matrix protein
(MA, p17). This figure was reprinted with permission from Musumeci et al. [26] under the
license of the Creative Commons Attribution (CC BY 4.0).



The genome of HIV contains several structural, regulatory, and accessory genes. In total, nine
genes have been recognized in the HIV viral genome. These included three structural (gag, pol,
and env), two regulatory (tat and rev), and four accessory (vpr, viral protein R; vpu, viral protein
unique; vif, viral infectivity factor; and nef, negative regulatory factor) genes (Figure 1.2) [27,
28]. Structural genes gag, pol, and env encode core proteins, enzymes (RT, IN, and PR), and
viral envelope protein (gp160, which cleaves into gp120 and gp41), respectively. The regulatory
genes tat and rev function as RNA-binding. Tat protein also acts as a transactivator of
transcription during proviral DNA transcription, and rev helps in shifting HIV gene expression as
well as in exporting viral protein from the nucleus to cytoplasm. HIV accessory genes are
involved in multiple functions, for instance, vpr functions as nucleocytoplasmic transport factor,
vpu triggers the release of virions from the host cells, nef regulates T-cell activation
accompanied by downregulation of MHC (major histocompatibility complex)-1 and CD4 marker
on the surface of the immune cells, and vif enhances the viral replication in target cells [27, 29].
The HIV proviral DNA (provirus) genome is flanked by LTR (long terminal repeat) sequences at
both ends (Figure 1.2). The 5' LTR region encodes the promoter for the transcription of the HIV

genes [11].
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Figure 1.2: Organization of the HIV proviral genome. The genome is ~9.8 kb, which encodes
several viral proteins with 5'- and 3'- LTRs. The location of each gene shows based on strain
HXB2 (K03455). LTR, long terminal repeat; vif, viral infectivity factor; vpr, viral protein R; vpu,
viral protein unique; and nef, negative regulatory factor; ASP, antisense protein; bp, base pair;
pl7: matrix protein; p24: capsid protein; p2: spacer peptide 2; p7: nucleocapsid protein; pl:
spacer peptide 1; p22: protease; p66: reverse transcriptase; p32: integrase. This figure was
adapted with permission from Xiao et al. [28] under the license of the Creative Commons
Attribution (CC BY 4.0).



1.1.3 HIV transmission

Transmission of HIV occurs through direct contact of infected blood or mucosal secretions either
by horizontal or vertical routes. Horizontal transmission can take place by either heterosexual
(penile-vaginal/anal) or homosexual (penile-anal) intercourse between sexual partners [30],
sharing needles among intravenous drug users [31], transfusion of infected blood [32, 33], and
needle stick injury in the hospital setting [34]. On the other hand, vertical transmission occurs
primarily from mother to child during perinatal (in utero or during birth) or postnatal periods,

such as breastfeeding [35-37].

The majority of HIV infections (~80-90%) are acquired by sexual transmission [38-41], and the
risk of HIV acquisition via heterosexual sex (male-to-female) observed 0.08% to 0.30% per
sexual act in high- to low-income countries, respectively [42]. Following penile-vaginal
intercourse, HIV entry to the target cells often involves a complex interaction with innate
immune cells of the 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/CXCR4 receptor-mediated direct fusion [43]. Once the virus enters into the CD4+T cell-
rich sub-epithelial mucosa, it initiates systemic spread via the generation of local founder virus
and establishes viral reservoirs/latency in secondary lymphoid organs [44, 45]. In addition, HIV
can also directly penetrate the cervicovaginal epithelial cells through an alternative approach
called transcytosis and get easy access to the target cell population in the sub-mucosal epithelia

[46, 47] leading to the systemic spread 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 vii) transcription 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 cells [48]. This binding initiates a conformational change in
exposing the chemokine co-receptor binding domain of gp120, resulting in an interaction
between the host cells CCR5 and/or CXCR4 and gp120-CD4 complex. The stable complex
CCRS5 and/or CXCR4-CD4-gp120 enables the N-terminal end of envelope gp41 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 fusion [48].

Once the fusion occurred, the viral core delivers into the cytoplasm and release RNAs by
uncoating the capsid proteins (p24) following cellular activation [49]. Viral RNAs are then
converted into double-stranded DNAs (dsDNA) within a reverse transcription complex (RTC) by
viral reverse transcriptase (RT) through a unique process termed reverse transcription [24]. The
RTC then changes in a pre-integration complex (PIC) that helps to transport the proviral DNA to
the nucleus where integration with the host cell genome occurs by the viral integrase (IN) and
forms a functional provirus [48, 50]. The proviral form may either enter viral latency
(transcriptionally silent) for a long period or undergo a transcriptionally active cycle [50, 51].
Activation of proviral DNA transcription in the nucleus is initiated by the combined effect of
both tat and host transcription factors, including NF-xB, at the promoter site of the viral LTR
[52]. Following the transcription, multiple HIV-specific mRNA transcripts are produced in the
nucleus [48]. Among them, some are cotranscriptionally processed to generate multiply spliced
MRNA transcripts, which are rapidly exported into the cytoplasm and translated to viral proteins.

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



transcripts) retain in the nucleus and transport into the cytoplasm by the presence of viral protein
rev [48, 53]. Viral Env glycoproteins are synthesized as gp160 (a polyprotein precursor), which
is cleaved into gp120 (surface glycoprotein) and gp41 (transmembrane glycoprotein) by cellular

proteases [54].

Afterward, viral assembly takes place at the inner surface of the cellular plasma membrane,
which is facilitated by gag (and gag-pro-pol) polyprotein. The gag-pro-pol polyprotein is formed
when translating ribosomes move to the 3' end of the gag ORF (open reading frame) and then
translate the pol gene [55]. The immature virion is assembled with the incorporation of two
copies of viral genomic RNAs (incompletely spliced transcripts), several viral proteins, and
enzymes, and cellular tRNA molecules. The gp120/gp41 glycoprotein complex is integrated into
the lipid bilayer of nascent virions as heterotrimeric spikes during virus assembly [54]. Budding
of newly assembled immature virion takes place from the cell membrane, and the final
maturation phase is accomplished by the protease (PR) cleavage of gag-pol polyprotein to
generate fully processed structural proteins (capsid [CA], matrix [MA], nucleocapsid [NC], and
p6), and the viral enzymes (integrase, protease, and reverse transcriptase) [55]. This mature

virion is then fully functional to start another cycle by infecting 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 receptors CD4 and CCRS5, resulting in fusion, and uncoating of viral
nucleic acids in the cytoplasm. The release of nucleic acids facilitates reverse transcription and
forms a pre-integration complex (PIC). With the help of PIC, dsDNAs transport into the nucleus
and integrate with the host cell genome by the integrase (aided by host chromatin-binding protein
lens epithelium-derived growth factor [LEDGF]). The proviral transcription is mediated by host
positive transcription elongation factor b (P-TEFb) and RNA polymerase 11 (RNA Pol 1), which
produce viral mMRNAs of different sizes. The mMRNAs leave the nucleus (larger mMRNAS require
energy-dependent export through the host chromosomal region maintenance 1 protein [CRM1])
and serve as a template for protein translation. Afterward, viral assembly takes place in the host
cell membrane followed by budding, release, and protease-mediated maturation to generate an
infectious viral particle. This figure was adapted with permission from Musumeci et al. [26]
under the license of the 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 of the virus through the mucosal epithelium, generation of founder virus in
sub-epithelial mononuclear cells, and the transfer of the founder virus to the local draining lymph
nodes to induce systemic immune activation and infection [56]. When the virus enters the
CD4+T lymphocytes-rich submucosa, it productively infects activated and resting CD4+T cells
and rapidly increases the local founder viral population [57, 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 called the "eclipse phase™ which lasts for about 10 days.
This narrow phase (also called 'window of opportunity’) allows eliminating the infection before

being disseminated systemically [59-61].

After the eclipse, the level of the virus is being increased exponentially to peak at ~3-4 weeks
with characteristic acute retroviral symptoms [60, 62], and continues to persist at a high level for
~12 weeks. During this acute phase, the number of CD4+T cell count declined sharply with the
high risk of viral transmission [63]. This massive depletion of CD4+T cells in infected
individuals is a critical feature for the pathogenesis of HIV [64]. Immediately before the peak
viremia, a systemic cytokine "storm" is induced [65], followed by the host HIV-specific immune
responses, including cell-mediated, and humoral responses [66, 67]. Both HIVV-specific cytotoxic
T-lymphocyte (CTL) and humoral responses markedly control the viral replication, reducing the
viremia to a "set point” level [66, 67], and undergo a chronic asymptomatic phase or viral
latency. The chronic HIV latency can persist for decades with the gradual decay of the CD4+T

cell count [68]. During the chronic phase, if the 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 infected host becomes very
susceptible to opportunistic pathogens, resulting in death due to AIDS-related complications [69,

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 was introduced at the beginning of the treatment, a
combination of at least 3 drugs called HAART (highly active antiretroviral therapy) has
significantly changed the potential to decline HIV-related morbidity and mortality [71, 72]. The
combination therapy partially improved the immune system by reducing viral load below the
detection limit (<100 RNA copies/ml) and increased the CD4+T cell count [73, 74]. In 2010, the
United States and European guidelines recommended using HAART once the level of CD4+T
cells declined to 350/mm?® of blood, at which phase the level of RNA copies reaches 10*-10°
copies/ml [72]. Despite the proper adherence to the treatment, the HAART cannot eradicate the
HIV infection, which further reminds us to discover alternative approaches to manage HIV
infection. Until recently, five different classes of antiretroviral agents are in use against HIV.
These included: a) nucleoside-analog reverse transcriptase inhibitors (NRTIs), b) Non-NRTIs
(NNRTISs), c) integrase inhibitors (INIs), d) protease inhibitors (PIs), and €) entry inhibitors

(coreceptor antagonists and fusion inhibitors) [29].

1.1.6.2 Vaccine
Although HAART successfully improves the life span of HIV-infected patients, to end the

HIV/AIDS pandemic requires a preventive vaccine. More than 250 clinical trials of HIV vaccine
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candidates have been conducted since the first phase | human trial in 1987 [75], and most of
them were stopped in phase | and Il trials [76, 77]. Among them, HIV Vaccine Trials Network
(HVTN) 502, also called the "STEP" trial was the most famous HIV vaccine candidate that
mainly focused on T-cell immunity. The primary purpose of the STEP trial was to determine
whether HIV-specific T-cell immunity generated by the vaccine prevents HIV infection or at
least reduces plasma viral loads in infected patients [78]. A trivalent mixture of recombinant
adenovirus type 5 (rAd5) vectors expressing gag, pol, and nef of HIV clade B, respectively, was
utilized to formulate the candidate vaccine for the STEP trial. Although the vaccine was highly
immunogenic in preclinical and phase | trial, the STEP trial was unexpectedly stopped in 2007
[79] because the vaccine neither prevented infection nor reduced plasma HIV viral loads in
infected individuals [80]. Two years after the unsuccessful STEP trial, another vaccine trial
called the "RV144 Thai trial" has shown modest protection for the first time with 31.2% efficacy
against HIV infection [81]. In this trial, a "prime-boost” combination of AIDSVAX B/E gp120
subunit vaccine and vCP1521 (ALVAC-HIV) canarypox vectored vaccine was used. The
correlates of protection analysis showed that antibodies to V1V2 may contribute to the protection
against HIV infection. The data analysis failed to identify the neutralizing antibody as a potential
correlate of protection, and the non-neutralizing antibodies involving antibody-dependent cell-
mediated cytotoxicity (ADCC) were suggested to play a role in the protection [78]. This trial

thus opened up the new door for more research in HIV vaccine development and clinical trials.

Following the RV144 Thai trial, a number of vaccine efficacy trials had been conducted
including HVTN 702 clinical trial. In HVTN 702 trial, participants received an intramuscular
(IM) injection of vCP2438 (ALVAC-HIV) at 0- and 1-month followed by a combination of

vCP2438 (ALVAC-HIV) and bivalent subtype C gp120/MF59 at 3-, 6- and 12- months [82].
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ALVAC-HIV vaccine contained gp120 of HIV clade C and the vaccine boost was co-formulated
with ALVAC-HIV and MF59 adjuvant [83]. The usage of the MF59 adjuvant in the HVTN 702
trial was the primary difference from the RV144 Thai trial in addition to the incorporation of
gp120 of HIV clade C instead of clade B/E. Unfortunately, after a decade of a glimmer 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 was stopped in January 2020 [84, 85]. Currently,
several major clinical trials are ongoing, including "HVTN 705/HPX2008 (Imbokodo trial)" and
"HVTN 706/HPX3002 (Mosaico trial)" [84]. The regimen of the Imbokodo trial (HVTN
705/HPX2008) is composed of a tetravalent adenovirus vector vaccine (ad26.Mos4.HIV) and
aluminum-phosphate adjuvanted clade C gp140 vaccine. The Imbokodo trial is to evaluate the
efficacy, tolerability, and safety of a prime-boost vaccine regimen in healthy HIV-uninfected
women [86]. Whereas, Mosaico trial (HVTN 706/HPX3002) is to assess the efficacy of a
vaccine regimen utilizing Ad26.Mos4.HIV and aluminum phosphate-adjuvanted clade C gp140

and Mosaic gp140 in healthy MSM (men who have sex with men) and transgender people [87].

The study of our group has recently shown that a vaccine targeting protease cleavage sites
(PCSs) offered 80% protection against repeated intravaginal SIVmac251 challenges in Mauritian
cynomolgus macaques [88]. To generate a mature and infectious viral progeny, HIV protease
needs to conduct 12 proteolytic reactions at 12 cleavage sites on the HIV polyproteins. A subtle
disturbance during this process can interrupt the reactions and produce uninfectious viruses. Our
group developed the PCS vaccine by targeting the highly conserved sequences surrounding the
12 PCSs. The PCS vaccine focuses immune responses on the sequences surrounding the twelve-
viral PCSs. Twelve-peptide immunogens were administered as rVSVpcs (recombinant vesicular

stomatitis virus pcs) and in nanoparticles (NANOpcs). The rVSVpcs and NANOpcs are
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combinedly termed as PCS vaccine [89]. The vaccine regimen consists of a prime with rvVSVpcs
at week 0 followed by 4 boosts including rvVSVpcs plus NANOpcs at weeks 6 and 51, NANOpcs
alone at week 16, and rVSVpcs alone at week 72. The rvVSVpcs and NANOpcs were given
through intramuscular (IM) and intranasal routes, respectively [88]. Twenty-four weeks after the
last boost, repeated low-dose intravaginal SIVmac251 challenges were carried out every two-
week for 13-times. The study showed that the PCS-specific T-cell responses are significantly
correlated with vaccine efficacy [88]. Thus, the PCS vaccine provides a novel approach for an

effective HIV vaccine.

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 the host immune system and targets CD4+ immune cells,
including monocytes and T-lymphocytes, this section will therefore focus on the specific
literature relevant to the basic host immunology and its functions in HIV acquisition and
transmission. In general, the 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 triggering pro-inflammatory
responses to invading pathogens, and is therefore considered as the 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, cytokines/chemokines,
complement fractions, and antimicrobial peptides) elements [92-94]. Innate recognition of
pathogens mostly relies on germ line-encoded evolutionarily conserved pattern recognition

receptors (PRRs) expressed on innate immune cells [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, eosinophils, and mast cells [MCs]), and epithelial
cells [93, 95, 96]. It also includes newly identified innate lymphoid cells [96]. The following few
paragraphs will briefly describe the major innate immune cells, particularly involved in HIV

acquisition and transmission.

1.2.1.1.1 Monocytes/Macrophages

Monocytes/macrophages are members of the mononuclear phagocyte system and are primarily
involved in host innate immune responses. They play crucial roles in initiating inflammation via
the production of inflammatory mediators and modulating adaptive immune responses [97, 98].
Monocytes are derived from common myeloid progenitor cells of bone marrow. Monocytes
undergo spontaneous apoptosis during normal physiological conditions [98-100]; however, they
can escape the apoptosis mechanism by differentiating to macrophages in the presence of
appropriate stimulus [98, 100-103]. Differentiated macrophages function as professional antigen-
presenting cells (APCs) and constitutively express high levels of MHC (major histocompatibility
complex) class-11 molecules, pattern recognition receptors (PRRs), and co-stimulatory molecules
[95]. Activation of monocytes/macrophages is induced by recognizing specific stimuli with
myriad surface and cytoplasmic receptors [101]. The activated macrophages present processed
antigen/peptide to CD4+T-lymphocytes via MHC class-11 molecules and induce the development

of adaptive immune responses.

In HIV infection, monocytes/macrophages are the target cells [104] and potentially serve as a
major contributor in initial infection, dissemination, person-to-person transmission, and long-

term persistence [105, 106]. R5-tropic HIV preferentially infects monocytes/macrophages via
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interaction between viral envelope protein gp120/gp4l and cellular dual surface markers, CD4
and CCR5 [107-109]. HIV envelope proteins gp120 and accessory protein Nef directly stimulate
the activation of monocytes/macrophages, resulting in the production of pro-inflammatory
cytokines/chemokines [110, 111]. Additionally, increased NF-xB transcription factor binding
activity and HIV gene expression are observed during the maturation and differentiation of

monocytes [112], supporting the critical roles of monocyte/macrophage in HIV infection.

1.2.1.1.2 Dendritic cells

Dendritic cells (DCs) derived from bone marrow precursors act as sentinels on the immune
system [113]. They are considered the most efficient APCs because they uniquely initiate,
coordinate, and modulate adaptive immune responses [95, 114]. DCs traffic from bone marrow
to the body tissues where they reside 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 naive T-lymphocytes [113]. DCs present
processed antigens (as a form of antigenic peptides) to naive CD4+ helper T and CD8+ cytotoxic
T cells via MHC class-1l and -1 molecules, respectively [115]. 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 responses [116]. During HIV infection, DCs (primarily skin DCs including epidermal
Langerhan's cells) uptake the virus through a process, the so-called endocytosis, following the
binding of Env gp120 to the C-type-lectin receptors (CLRs), DC-SIGN (Dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin), and Langerin [117, 118]. Whereas,
blood plasmacytoid DCs (pDCs) uptake the virus mostly via binding of Env gpl120 to CD4-

mediated endocytosis despite the expression of CLRs along with CD4 molecules [119].

16



Furthermore, effective HIV fusion with monocyte-derived DCs (MDDCs) is mainly dependent
on the elevated level of surface-expressed CD4 molecules [120]. Thus, these data indicated the

plasticity, preference, and importance 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 surface and cytoplasmic PRRs to recognize
either PAMPs (pathogen-associated molecular patterns) or DAMPs (damage-associated
molecular patterns), resulting in immediate immune activation and inflammatory responses
[121]. PRRs include toll-like receptors (TLRs), nucleotide-binding oligomerization domains
(NODs)-like receptors (NLRs), retinoic acid-inducible gene-1 (RIG-I)-like receptors (RLRs), and
C-type lectin receptors (CLRs) which recognize different viral RNA and proteins, bacterial
lipopolysaccharides (LPS), lipoproteins and peptidoglycan [121, 122]. The binding of PAMPs
with PRRs activates the downstream signaling events, resulting in the induction of interferons
(IFNs) as well as pro-inflammatory mediators' production [123]. Among various PRRs, the TLR
family members are the well-studied group. Until recently, ten and thirteen different TLRs have
so far been discovered in humans (TLR1-10) and mice (TLR1-13), respectively [124, 125] where
TLR10 is non-functional in mice [126]. TLRs 1, 2, 4, 5, 6, 10, 11, and 12 are exclusively
expressed on the cell surface, whereas TLRs 3, 7, 8, 9, and 13 localized intracellularly in the
cytosolic compartment inside the phagocytic vesicles [125, 127, 128]. In exception, TLR2 and
TLR4 also express intracellularly in monocytes, DCs, epithelial as well as endothelial cells [129-

131].

Using in vitro model, exposure of several TLR ligands showed that human TLR2-5 and TLR7-9
initiate memory and effector CD4+T and CD8+T lymphocyte activation [132]. In HIV-infected

patients, TLR4 mediates the bacterial LPS (lipopolysaccharide)-induced cellular NF-xB
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activation and HIV transcription via IL-1 signaling molecules, including MYD88 (Myeloid
differentiation primary response 88), IRAK4 (IL-1R-associated kinase 4), TRAF6 (TNFR-
associated factor-6), and NIK (NF-kB-inducing kinase). Activation of NF-kB then potently
regulates HIV-LTR transactivation and replication [133]. The binding of LPS not only enhances
HIV replication, but also directly modulates the secretion of cytokines/chemokines (IL-18, IL-6,
and TNFa) from peripheral infected macrophages and DCs [134], and induces aberrant systemic
immune activation and inflammation [135-137]. Thus, these data demonstrated that PRRs of

immune cells function as critical regulators in HIV acquisition.

1.2.2 Adaptive immune responses
The principal components of the adaptive immune system include T- and B- cells. The adaptive

immune response is selective, proliferative, and generates memory responses [138].

1.2.2.1 CDA4+T cells

CD4+T (also known as helper T cells or Th) cells are the principal regulator of the adaptive arm
of the immune system. The T-cell surface receptor (TCR) of CD4+T cells recognizes PAMPs
presented by the MHC class-11 molecule of APCs [139]. Following recognition of PAMPSs,
CD4+T cells become activated, undergo clonal expansion, and develop either memory or
effector T-cell subsets depending on whether they are in draining lymph nodes or migrating
towards other non-lymphoid organs, respectively [140]. Naive CD4+T cells proliferate and
differentiate into Th (T helper) type 1 (Thl) and Th2 CD4+T cells in the presence of APCs-
secreted IFNy/IL-12 and IL-4/IL-2, respectively. Both Thl and Th2 cells further contribute to T-
cell proliferation and differentiation [141]. Activated CD4+T cells also provide essential signals

for the survival and the generation of long-lived memory CD8+ cytotoxic T cells [142-144].
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HIV preferentially infects CD4+T-lymphocytes [145]. The progressive loss of CD4+T-cells is
considered a hallmark of HIV infection due to the imbalance in CD4+T-cell homeostasis, and
gradual impairment of immunity [64]. Following successful entry, the single founder virus
rapidly establishes an initial productive infection in CD4+T lymphocytes of regional lymph
nodes, which serve as major viral reservoirs, from where HIV disseminates to the systemic
circulation and other lymphoid tissue compartments, resulting in high levels of viremia [146,
147]. Over the course of infection, HIV infects a large proportion of CD4+ T-cells and the

reduction of CD4+ T-cells leads to immunodeficiency and opportunistic infection [61].

1.2.2.2 CD8+ T cells

CD8+T (also known as cytotoxic T-lymphocytes or CTL) lymphocytes also require a signal for
activation. The TCR of CD8+T cells binds to pathogenic peptides presented by MHC class | of
APCs [139]. The binding of TCR with the MHC-peptide complex along with co-stimulation of
neighboring CD4+T cells activates the CD8+T cells, which clonally differentiate into effector
and memory CD8+T cells [144, 148]. Activation and early production of cytokines, such as IL-2,
IL-12, type | IFNs, and IFNy, instigate the proliferation, survival, effector differentiation, and
abundance of CTLs during acute viral infection [149-152]. The CTLs kill the infected cells

through the expression of granzymes and perforin.

In the case of acute HIV infection, the reduction of viral replication (viremia) is initially
associated with the increased HIV-specific CD8+CTL responses resulted in slower disease
progression [153-155]. Using a macaque model, the depletion of CD8+T cells has been shown to
dramatically increase the plasma SIV viremia [156, 157]. Furthermore, activated mature CD8+T
cells are susceptible to HIV infection due to the de novo expression of surface CD4 antigen

[158]. Because the CD4 molecule functions as a binding receptor during HIV infection, its
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expression on CD8+T cells thus increases HIV 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 develop from bone marrow-derived common lymphoid progenitors (CLPs) in which
sequential functional gene rearrangements occur in immunoglobulin (Ig) loci, resulting in the
expression of identical surface Ig receptors recognizing specific antigenic epitopes [159]. After a
series of initial development, immature B cells leave the bone marrow as short-lived, transitional
type 1 B cell (T1 B) for peripheral development in the 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 signal from T cells, they further
differentiate into long-lived plasma cells and memory B cells, which function to secrete
antibodies and are responsible for recall responses, respectively [159, 160]. In HIV-infected
individuals, several functional dysregulations have been documented in the B-cell population,
including increased apoptosis and exhaustion, loss of morphologic integrity, and decreased
quality of response to HIV [161]. Dysregulated B-lymphocytes in HIV-infected viremic subjects
is evident by the disruption of peripheral B-cell subsets, which are accompanied by decreased
BTLA (B- and T- lymphocyte attenuator), and an elevated level of PD-1 (programmed death-1)

expression [162], and higher production of IgG or hypergammaglobulinemia [163].

During early HIV infection, the initial host antibody response is directed towards non-
neutralizing epitopes on HIV envelope (Env), and the specific responses of broadly neutralizing
activity to early infectious virus isolates are often delayed, and usually developed after several
months (~6 months) or even years (2-4 years) after transmission event [164]. This initial

antibody response against primary HIV viral isolates is inefficient to control viremia because the
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selective pressure of the antibodies rapidly generates viral escape mutants [165, 166], and in
some cases, the primary viral isolates are resistant to the antibody neutralization [167].
Furthermore, a very small proportion of HIV-infected individuals develop highly mutated,
broadly neutralizing antibodies (bnAbs) capable to neutralize a broad range of HIV isolates [168-
170]. Despite a wide range of broadly neutralizing activity of antibodies against HIV isolates,
researchers are still struggling to develop an antibody-based vaccine in addition to the T cell-
based vaccine strategies against HIV acquisition. Currently, two antibody-mediated prevention
(AMP) vaccine trials are ongoing, such as HYVTN703/HPTNO081 and HVTN704/HPTNO085 [171,
172]. Both HVTN703 and HVTN704 vaccine trials are assessing the safety, efficacy, and
tolerability of VRCO1 antibody (a potent bnAb, which designed against the CD4 binding site of
HIV envelope glycoprotein) in heterosexual women [171], and men and transgender persons,

who have sex with men (MSM) [172], respectively.

1.2.3 Genital mucosal immune cells and HIV acquisition

Multiple immune cells are responsible to generate antimicrobial immunity in the healthy female
genital mucosa. These include mononuclear subsets, such as monocytes/macrophages, dendritic
cells (DCs), Langerhan's cells, T-cells, and B- cells [173]. However, the proportions of these
immune cells are variable in the female genital epithelium. T-lymphocytes are frequently found
in the genital epithelium, where the levels of CD8+T lymphocytes are higher than CD4+T
lymphocytes, and most of the T-lymphocytes (both CD4+ and CD8+T cells) are effector
memory phenotype [174-178]. Flow cytometry analysis of normal genital tissues demonstrated
that the upper genital tract (fallopian tubes, uterus, and endocervix) harbors higher levels of T-
lymphocytes than the lower genital tract (ectocervix and vagina) [177]. A study also

demonstrated that ectocervix contains elevated levels of T-lymphocytes (CD4+ and CD8+ T
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cells) and B cells than endocervix [178]. Furthermore, ectocervix contains an increased number
of CD14+ tissue hematopoietic cells, including macrophages (CD14+CD11c-) and dendritic cells

(CD14+CD11c+), where macrophages are more frequent than dendritic cells [178].

During early vaginal HIV infection, the specific genital mucosal immune cells, such as
macrophages, and dendritic cells, function as a vehicle carrying the virus to the CD4+T cell-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 the CD4+T target cells in sub-
epithelial mucosa [179]. Therefore, the genital mucosal immune cells act as crucial modulators

in vaginal HIV infection and transmission.

1.3 HOST INFLAMMATORY RESPONSES 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 required to clear harmful pathogens and
in promoting the healing process [180-182]. However, dysregulated inflammatory responses can
cause aberrant tissue damage, which favors the pathogens, such as HIV, to access the target cells
for productive infection. As the IL-1-NF-xB signal transduction pathway plays a critical role in
host inflammatory responses, | will highlight the IL-1-NF-«B signaling pathways, and their
downstream signaling effects on inflammatory mediators' production, including 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 host immune system is equipped with various signaling networks to elicit host defense
against microbial infection, including HIV. Interleukin (IL)-1 pathway is a master regulator of
inflammatory cytokines/chemokines production through its downstream activation of NF-xB
transcription factor. In the context of HIV, the IL-1 pathway functions as a driving force of

inflammation-mediated HIV acquisition.

1.3.1.1 Interleukin-1 (IL-1) pathway

IL-1 family cytokines are widely known signaling molecules of host immune systems. It
constitutes eleven members, including IL-1a, IL-1p, IL-1Ra (IL-1 receptor antagonist), 1L-18,
IL-33, and IL-1F5 to IL-1F10 encoded by 11 distinct human and mouse genes, which are central
regulators of immunity and inflammation against a broad range of stimuli [183-186]. The
prototypical, multifunctional agonists of IL-1 family members (IL-1a and IL-1B) typically bind
with a cognate receptor called IL-1R1 (IL-1 receptor type I) and concurrently recruit a co-
receptor IL-1RAcP (IL-1 receptor accessory protein, also known as IL-1R3) to form a
heterotrimeric complex [187, 188]. Formation of extracellular ternary complex IL-1-1L-1R1-IL-
1RACP juxtaposes intracellular portions of cytoplasmic TIR (Toll/interleukin-1 receptor)
domains connected to the cognate receptors and instigates downstream cytoplasmic signaling
transduction [183, 186, 187]. These conformational changes allow the recruitment of adaptor
molecules, most commonly MYD88, IRAK4, TRAF6, and other signaling intermediates.
Following the assembly of all required molecules, subsequent biological reactions involve NF-

kB (nuclear factor-kB) signaling pathway to induce inflammatory responses [189].

Studies showed that IL-1a and IL-1p induced HIV gene expression [190-193]. IL-1a and IL-1P

induced the secretion of TNF-a [194], and IL-1p further promotes the TNF-a-induced HIV gene
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expression [190]. The balance between the production of endogenous IL-1f (called viral
inducers) and the inhibitor IL-1Ra modulates the HIV production and inflammatory process
associated with HIV infection [195, 196]. For instance, an elevated level of IL-1a and IL-1
strongly induced the HIV gene expression in monocytes while IL-1Ra opposed the viral
expression [190, 192]. Thus, the IL-1 signaling pathway plays an important role in generating
inflammatory responses, and inflammation leading to HIV susceptibility, acquisition, and

transmission.

1.3.1.2 NF-kB signaling pathway

NF-kB signaling orchestrates multiple aspects of innate and adaptive immunologic responses,
including immune cell activation, survival, and differentiation together with the induction of
inflammatory responses [181]. Activation of NF-kB signaling is mediated by two distinct
pathways: canonical (also called classical) and non-canonical (alternative). The canonical
pathway of NF-kB responds to multiple stimuli, including ligands of cytokine receptors (IL-1R1,
and TNFR [tumor necrosis factor-o receptor] superfamily members), PRRs, TCR, and BCR (B-
cell receptor) [181, 182]. This pathway of NF-«B activation is based on the inducible
degradation of IxBa inhibitor with a multi-subunit 1B kinase (IKK) complex [197, 198]. The
IKK complex comprises two catalytic subunits (IKKa and IKKB) and a regulatory subunit
(IKKy; also called NF-xB essential modulator [NEMO]) [198] and activated by pro-
inflammatory cytokines, microbial components, and growth factors [199]. Following activation,
IKK complex phosphorylates 1kBa inhibitor at two N-terminal serines, resulting in
polyubiquitination and rapid degradation of 1kBa in 26S proteasome [198]. Degradation of IxBa
inhibitor triggers rapid and transient nuclear translocation of NF-xB family proteins, mostly

p50/RelA and p50/c-Rel dimers, and bind to enhancers or promoters of target genes, leading to
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NF-xB pathway activation. In this pathway, IKKB but not IKKa is essential for inducible

phosphorylation and degradation of IxBa inhibitor [181, 198].

The non-canonical NF-xB pathway, on the other hand, responds to a number of specific stimuli,
such as ligands of TNFR superfamily member subsets, including BAFF (B-cell activating factor
belonging to TNF family), and CD40L [200, 201]. The non-canonical pathway of NF-«B
activation is strictly dependent on IKKa and independent of IKKp and IKKy (NEMO) [198].
This pathway is primarily involved in NF-kB2 precursor protein (p100) processing and does not
involve degrading IkBa inhibitors [200]. The processing of NF-kB2 (p100) protein starts with its
phosphorylation by IKKa together with the activation of NF-kB-inducing kinase (NIK), resulting
in polyubiquitination and proteasomal degradation of inhibitory C-terminal IxB-like structure of
NF-kB2 (p100). Degradation of inhibitory C-terminal region generates NF-kxB2 p52 (mature
form) and triggers nuclear translocation of NF-kB complex p52/RelB dimers, leading to

activation of NF-«xB signaling pathway [198].

Functionally, the canonical pathway of NF-kB activation associates with nearly all aspects of
host immune responses while the non-canonical pathway acts as supplementary signaling axis,
which cooperates with the canonical pathway in regulating specific functions of the adaptive
immune system, including immune cell maturation and differentiation, and lymphoid
organogenesis [181, 202]. In short, the binding of a ligand to a cognate receptor results in
intracellular signaling cascades involving nuclear transportation of NF-«B molecules, and
induction of innate inflammatory responses by producing inflammatory cytokines/chemokines,
leading to inflammation [122, 182, 203]. NF-xB-induced dysregulated immune activation and
inflammatory responses are the hallmarks of inflammation-mediated inflammatory disease

pathogenesis [204, 205].
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The replication and transmission of HIV can be augmented by activating host transcription
factors including NF-kB. Because the HIV genome contains NF-kB binding sites in the 5'-
untranslated leader region of HIV LTR, the binding of cellular NF-kB molecules can induce
potent transcriptional activation of HIV gene expression [206, 207]. Indeed, activation or latency
of HIV in infected cells is tightly controlled by HIV-LTR transcriptional activity regulated by
host cellular NF-«xB transcription molecules [208]. It is evident that the transmission of HIV can
be promoted by IL-1-induced NF-«kB activation, pro-inflammatory responses, and HIV target cell
recruitment [209]. NF-xB activation in concert with the production of inflammatory mediators
can directly enhance HIV replication, in addition to its effect on promoting target cell
recruitment [209]. In fact, IL-1 itself or in combination with 1L-6 and TNF-o induces HIV gene
expression in latently infected monocytes and T-cells via activation of NF-kB singling pathway
[190-192]. TNF-a also mediates HIV expression by elevating the level of free NF-kxB which, in
turn, binds to and transactivates HIV-LTR [191, 210]. In addition, the NF-«xB transcription factor
not only functions as a replication inducer of HIV gene expression but also acts as a regulator of
HIV latency. The availability of activated NF-kB below a certain threshold can be the principal
factor governing the establishment of HIV latency [211]. Thus, NF-xB functions as a double-

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

1.3.2 Inflammatory cytokines/chemokines and HIV acquisition

Inflammatory cytokines/chemokines (also called mediators) produced by the IL-1-NF-xB
signaling transduction pathway function as critical regulators in inflammation-mediated HIV
acquisition. Under physiological conditions, female genital cytokines/chemokines regulate
mucosal integrity, chemotaxis of immune cells, and generate specific immune and inflammatory

reactions to neutralize or kill pathogenic microbes [212]. Although the physiological level of
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mucosal inflammatory mediators primarily controls the microbial transgression, an abnormally
high level of mediators due to the microbial insult can directly compromise the tight junction
permeability of epithelial and endothelial cells [213-216]. A persistently high level of female
genital inflammatory cytokines/chemokines (MIP-1a/CCL3, MIP-B/CCL4, and 1P-10/CXCL10)
is associated with mucosal vulnerability to HIV infection, HIV seroconversion, and increased
risk of HIV acquisition [217, 218]. The elevated level of these inflammatory mediators promotes
HIV acquisition by recruiting and activating HIV target cells and distorting the mucosal
epithelial barrier [217]. In HIV-uninfected Kenyan women, genital mucosal expression of GM-
CSF, IL-1B, IL-8/CXCLS, IL-17, and MIP-3a (macrophage inflammatory protein-3a) has been
shown to alter the expression of mucosal barrier proteins, proteases, and the recruitment of
immune cells, which, in turn, become HIV target cells to establish productive infection [219].
Increased genital mucosal inflammatory mediators (IL-la, IL-1B, IL-6, IL-8/CXCLS, IP-
10/CXCL10, MCP-1/CCL2, MIP-10/CCL3, and MIP-1B/CCLA4) in cervicovaginal lavage (CVL)
have been shown to cause an increased risk of HIV seroconversion and acquisition [218, 220,
221]. Studies also demonstrated that elevated level of genital mucosal RANTES/CCLS5 in HIV-
uninfected FSWs (female sex workers) is positively correlated with the level of cervical immune
cells (CD4+T, CD8+T cells, and immature DCs), and pro-inflammatory mediators (IL-1, I1L-6,
IL-8/CXCL8, and TNF-a), suggesting the higher risk of HIV susceptibility [222, 223].
Furthermore, high levels of genital cytokines/chemokines and activated CD4+T cells are

associated with an increased risk of HIV acquisition in adolescent girls and young women [224].

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

plasma cytokines/chemokines (IL-1p, IL-2, IL-6, IL-7, IL-12p70, IL-10, IP-10/CXCL10, and
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TNF-0) have been shown to be strongly associated with increased HIV infection,
seroconversion, and acquisition 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. Indeed, the
persistent inflammatory profile of genital mucosa contributes to the higher risk 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 CD4+T-cell population
[229, 230]. Thus, HIV acquisition is favored by inflammatory genital mucosa where

inflammation fuels the recruitment and activation of HIV target cells [180].

Additionally, chronic systemic immune activation is considered as a driving force of sustained
inflammation, CD4+T-cell depletion, and pathogenesis of AIDS. Although HIV replication is
directly correlated with immune activation, accumulated evidence showed that high levels of
HIV replication alone are neither enough nor necessary to initiate a pathological level of immune
activation [231]. The abnormal systemic immune activation and inflammation are the major

determinant of advanced HIV disease progression [232, 233].

HIV resistant women (HIV-exposed seronegative, HESN) demonstrated the immune quiescence

phenotype in the genital mucosa [234], which is characterized by reduced expression of genes in
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CD4+T cells, and reduced frequency of T cell subsets expressing CD69 activation marker
together with limited production of soluble cytokines/chemokines [235-237]. HESN individuals
have also shown low levels of CD4+T cell activation and reduced PBMC susceptibility to HIV
infection [238]. Thus, these observations from HESN individuals indicated that the presence of

both genital and systemic inflammation is a strong correlate of susceptibility to HIV infection.

1.3.4 Novel host factors in regulating inflammation and HIV acquisition

Because immune activation/inflammation during HIV infection is multifactorial, including
biological, behavioral, and host genetics, in this section | will highlight the literature on two host
factors, FREM1 (Fras-related extracellular matrix 1) and its splice variant, TILRR (Toll-like
interleukin-1 receptor regulator- the focus of this thesis), in relevance to the inflammation and

HIV acquisition.

1.3.4.1 FRAS-RELATED EXTRACELLULAR MATRIX 1 (FREM1)

FREML1 is an extracellular matrix protein that forms a ternary complex with other integral
membrane proteins of epithelial cells, including FRAS1 (Fraser syndrome 1) and FREM2. It
serves as an essential component during 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 interact with extracellular
matrix molecules. It has an N-terminal signal sequence, positioned at 1-23 of its amino acid (aa)
sequence, and an N-terminal variable region-containing (NV) domain (from aa 24-274) with an
Arg-Gly-Asp (RGD) motif (from aa 199-201). 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 275-1730) [239, 240]. At the C-terminal region, it contains a calcium-
binding loop of approximately 89 aa long (Calx-p domain, from 1731-1820 aa), and an RGD
motif sequence (from 1907-1909 aa). At the end of the C-terminus, it has a unique type C lectin-
like (LecC) domain, which is ~131 aa long (from aa 2052-2179) [239]. Additionally, it bears two
glycosaminoglycan (GAG) attachment sites located between CSPG10 and CSPG11 domains,
and Calx-p and C-terminal RGD motif, which were shown to bind to the IL-1R1 receptor of IL-

1-NF-«B signaling pathway (Figure 1.4) [241, 242].

The amino acid sequence of the N-terminal signal peptide is highly variable between human and
mouse FREML1 protein and therefore termed as N-terminal variable region-containing domain
(NVD) [239]. FREM1 RGD motif sequence is a well-studied cell-adhesive motif and functions
as an integrin-binding region. It is recognized by a wide group of integrins, such as av subunits
(avB1 and avpB3) and the B1 subunits (a5p1 and a8B1), which transduce signals to the cells [239].
Twelve CSPG repeats, also known as cadherin repeat-like repetitive elements [240, 243] initially
identified in NG2 (neural/glial antigen 2) core protein [244], are the hallmark of Fras/FREM
family proteins because they are common to all members of the family [243]. Studies have
demonstrated that NG2 core protein (CSPG motifs) frequently interact with an array of
extracellular matrix (ECM) proteins, including collagen type Il, V, and VI [245-247], platelet-
derived growth factor (PDGF-AA, a longer isoform of PDGF) [248], and basic fibroblast growth
factor (bFGF2) [248]. Thus, it is suggested that FREM1 binds with ECM proteins of basement
membranes (BMs) through its repetitive CSPG domains [249] to conduct its biological functions,
including cell adhesion, cell proliferation, and migration. The Calx-f domain of FREMI1 is a
calcium-binding loop of Na’-Ca’ exchange B. The Calx-p domain is characterized by a

cytoplasm-localized, calcium chelating, and calcium-binding region of transmembrane proteins,
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such as integrin f4 [250]. Additionally, the unique feature 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 CTLD [251].

According to AceView [252, 253], FREML1 has approximately 15 splice variants. Of them, a full-
length isoform 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 described [249]. The FREML1 isoform 2 (TILRR)
has a structurally different N-terminal region and only has 3 CSPG domains with a Calx-f
domain and a C- terminal LecC domain [241, 254]. Similar to isoform 1, it contains an RGD
motif and two GAG attachment sites that are associated with cell adhesion and IL-1f signal

transduction, respectively (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 FREML1 and its splice variant. Full-length FREML1 transcript variant 1
(top) and FREML1 truncated variant 2 (also called TILRR) (bottom); CSPG, chondroitin sulfate
proteoglycan; RGD, arginine-glycine-aspartic acid; GAG, glycosaminoglycan. This figure was
reprinted with permission from Kashem et al. [254] under the license of Creative Commons
Attribution (CC BY).
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1.3.4.1.2 FREML expression, localization, and interactions

FREML1 protein is expressed in a wide variety of human and animal cells and tissues. It functions
as an important extracellular molecule either in developing embryos or in the pathogenesis of
multiple abnormalities. FREML1 is primarily secreted by the mesenchymal cells underlying the
basement membrane of visceral pleura and in epithelial and mesothelial cells [255, 256]. The
protein is localized in the dermal layer where it forms a stable complex with other Fras/FREM-
related proteins called ternary complex [257]. Although both dermal and epidermal cells express
FREM1 [251, 256], its expression is most prominent in dermal cells of the eyelids, head, and
limbs of mice [243]. It is also expressed in the diaphragm [255], intestine, lung, kidney, and skin
[256], craniofacial structures, such as ears, forehead, midface, nose, teeth, and hair follicles in

mice [243, 258, 259].

A previous study from our group showed that mRNA of FREML1 is expressed in various human
tissues, including cervix, colon, esophagus, heart, kidney, lung, ovary, placenta, prostate,
skeletal, small intestine, testes, thymus, thyroid, and trachea [260]. The expression of FREM1
was observed at a high level in cervical tissues, the small intestine, and kidneys. Immuno-
histochemistry staining of human ectocervical biopsy specimens from two different groups of
women (HIV-negative new enrollees and HIV resistant) of the Pumwani sex worker cohort
(PSWC) demonstrated that FREM1 protein is expressed in the epithelial and sub-mucosal layer

underneath the basement membrane (BM), particularly the upper lamina propria [260].

Recently, we also found that FREML1 is expressed in the stratified epithelium of human
ectocervix, sub-epithelial tissues, and columnar epithelium of endocervix (Omange et al.
Submitted). FREML1 is also identified in the ectocervix of Rhesus monkeys (RM). Surprisingly,

FREM1 was not only expressed in the epithelial tissues, but also in PBMCs, including
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monocytes, B-, NK-, and T- cells of humans, and RM. The frequency of FREM1 expression was
highest in monocytes followed by B-, NK- and T-cells. Classical monocytes (CD14'CD16")
showed a relatively higher frequency of FREML1 expression compared to non-classical
monocytes (CD14“™"CD16") in humans. The pattern of FREM1 expression frequency in
PBMCs of RM was also shown to be similar to that in humans (Omange et al. Submitted). Thus,
FREML is expressed in a variety of immune cells, which may have particular importance in the

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 and is widely
expressed in the regions of epithelial-mesenchymal interaction [243], its expression in epithelial
tissues may promote immune cell infiltration. Using immunohistochemistry (IHC) and
immunofluorescence (IF) assays, a study demonstrated that elevated expression of FREML1 in
normal breast/mammary epithelial tissues is positively correlated with the infiltration of several
immune cells, such as CD4+, and CD8+T -cells, and M1 (inflammatory) macrophages [265]. In
addition, analysis of breast cancer (BC) epithelial tissues showed that high FREM1-expressed
BC tissues harbor abundant CD4+T memory cells (resting and activated), CD8+T-cells, M1
macrophages, resting dendritic cells, gamma-delta T cells (yoT), B-cells (naive and memory),
plasma cells, and resting mast cells. Whereas, low FREM1-expressed BC tissues were trended to
have a higher proportion of M2 (anti-inflammatory) macrophages, neutrophils, and resting NK
(natural Killer) cells [265]. It has also been shown that the RGD motif of ECM binds with
integrins and promotes migration of effector T cells into the interstitial inflamed tissues [266].

Thus, the binding of FREM1 with integrins may function as a critical regulator in infiltrating
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immune cells, especially in cervicovaginal tissues. Although the direct role of FREML1 in
infiltrating immune cells in cervical tissues is yet to be examined, the expression of FREML1 in
the cervix of humans [260], and RM (Omange et al. manuscript submitted) supports the notion
that FREM1 may functions as an inducer of immune cell infiltration, including HIV target cells,

facilitating vaginal HIV infection.

1.3.4.1.4 FREML in innate signaling and vaginal HIV/SIV infection

Because toll-like receptor (TLR) and IL-1 signaling pathways shared many components [189],
and TLRs, including TLR4, play a key role in producing pro-inflammatory
cytokines/chemokines and HIV pathogenesis [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 TLR4 agonist, 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+TLR4- monocytes (Omange et al.
manuscript submitted). We further observed that blocking FREM1 with anti-FREM1 monoclonal
antibodies (mAbs) reduced the frequency of FREM1+TLR4+ monocytes in human PBMCs.
Thus, FREML1 potentially functions as a TLR4 signaling co-receptor capable of modulating pro-
inflammatory and co-stimulatory functions in monocytes in response to LPS. Using the macaque
model, our study further showed that FREM1 and TLR4 colocalize in the stratified layer of
cervicovaginal epithelial cells, and the expression of both FREM1 and TLR4 was increased in
the cervicovaginal sub-mucosa of RM following intravaginal SIVmac239 infection (Omange et
al. manuscript submitted). Taken together, these results suggested that the association of FREM1
and TLR4-induced inflammatory responses may influence vaginal HIV/SIV infection and

transmission.
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1.3.4.1.5 FREM1 polymorphism and HIV resistance

In 1985, an observational cohort study was established in the heart of Pumwani slum, Nairobi,
Kenya called the Pumwani sex worker cohort (PSWC). It is an open prospective cohort study of
the immunobiology and epidemiology of sexually transmitted infections (STIs), and the patients
enrolled in the cohort have been followed biannually since the cohort establishment [268-271].
This cohort is not only involved in the research, but also provides services related to STI and
HIV prevention and care, such as consultation, provision of free condoms, and treatment of other
infections. Between 1985 and 2008, more than 3000 sex workers have been enrolled in the
cohort. A sub-group of women in PSWC remained HIV uninfected despite the frequent exposure
to high-risk HIV-infected sexual partners [271]. These women demonstrated a significantly high-
level expression of various potentially HIV inhibitory molecules, including RANTES [272],
serpins, elafin, and many other factors [272-274] at their genital mucosa. Multiple
immunological [275-278], genetic [279-283], and proteomics [273, 274] factors are associated

with this phenotype.

Our group has conducted a genome-wide analysis of SNP (single nucleotide polymorphism)
among women of PSWC to identify the genetic polymorphism associated with the HIV-resistant
phenotype [260]. The study showed that the minor allele of SNP rs1552896 of FREML is
enriched in HIV-resistant women. The rs1552896 was located at the intron 11 (57 bp) close to
the 3' end of the exon 11 of the FREM1 gene. Besides, the frequency of the minor allele of
rs1552896 was also found higher in HIV-uninfected women in comparison to HIV-infected
individuals in a mother-child HIV transmission (MCHT) cohort. Thus, the minor allele of

FREM1 SNP rs1552896 is associated with the HIV-resistant phenotype.
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Since the minor allele "G" (GG/GC genotype, protective) of the FREM1 SNP rs1552896 is
associated with the HIV-resistant women and the major allele "C" (CC genotype, wild-type) of
the SNP rs1552896 is associated with HIV susceptible women [260], we recently studied
FREML1 expression in relation to the activation status of immune cells collected from individuals
with different FREM1 SNP genotypes. We found that the activation status of FREM1-expressed
T cells was lower in individuals with protective genotype (GG/GC) of FREM1 SNP rs1552896
compared to the wild-type genotype (CC) individuals (Omange et al. Submitted). However, we
know very little about the specific roles of FREM1 in HIV resistance/susceptibility and how this

intronic FREM1 SNP influences the function of FREM1.

1.3.4.1.6 Current advances in studying FREM1 and its splice variant TILRR

Antibodies are important tools to study the function of proteins and have been used as
therapeutics for many diseases [284]. To study the function of FREML1 and its role in HIV
infection, our group developed anti-FREM1 antibodies [241]. To develop anti-FREM1
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 full-length FREML1 isoform 1 and the majority portion of FREM1
isoform 2 (TILRR). Structurally, rspD protein contains a small portion of the CSPG9 domain as
well as the CSPG10, CSPG11, CSPG12, and Calx-p domains of FREMI1, whereas rspF only
contains C-type Lectin domain (CTLD) (Figure 1.5). Our group developed 17 anti-FREM1
mouse monoclonal antibodies (mAbs) and mapped their epitopes [241]. These anti-FREM1
mADbs target different major and minor epitopes of multiple domains of FREM1 and its splice
variants. These in-house developed anti-FREM1 mAbs and recombinant FREML1 proteins are

used as tools to study the role of FREM1 and its variants in inflammation responses and vaginal
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HIV/SIV acquisition. Using these anti-FREM1 mAbs, we have recently demonstrated that

FREM1 modulates pro-inflammatory responses (Omange et al. Submitted).

\ \
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TILRR (FREM1
B Transcript variant 2)
C rspD (recombinant
protein)
rspF (recombinant
D protein)
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. C-type lectin domain { Predicted GAG attachment site

Figure 1.5: Diagram of FREML1 variants and recombinant proteins. A) Full-length FREM1
transcript variant 1; B) TILRR; C) rFREML1 spD protein; and D) rFREM1 spF protein. RGD,
arginine-glycine-aspartic acid; CSPG, chondroitin sulfate proteoglycan; and GAG,
glycosaminoglycan. This figure was adapted from Yuan et al. [241] with permission.
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1.3.4.2 TOLL-LIKE INTERLEUKIN-1 RECEPTOR REGULATOR (TILRR)
TILRR, a FREML1 variant, is an IL-1R1 co-receptor and has been identified as a unique and

highly conserved membrane-bound glycosylated protein [285].

1.3.4.2.1 Characteristics of TILRR

TILRR is a shorter FREML transcript consisting of 715 aa residues [285, 286]. It associates with
IL-1/IL-1R1 signaling receptor, binds with the host cell membrane by its structural C-terminal
LecC domain, and increases the cell surface receptors expression and ligand binding activities
[285]. As a truncated variant of FREML, its transcriptional start site is located within an intronic
segment between exons 24 to 25 of the FREM1 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 in other organisms for its evolutionary history and development. Analysis of
5' CDS in tetrapods (amphibians), teleosts (fish), and invertebrates (Drosophila melanogaster,
Caenorhabditis elegans, and Ciona intestinalis) showed that only tetrapod organisms possess 5'
TILRR CDS within the FREM1 ortholog. Although teleost organisms possess at least one

FREML1 ortholog, no 5' TILRR CDS was recognized in these organisms [287].

In invertebrates, in contrast, neither FREM1 ortholog nor 5" TILRR CDS were found. Thus,
FREML1 appeared following the evolution of vertebrates; 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 evolution [287]. In addition, FREM1/TILRR may emerge due to the

divergence of a common ancestor in the tetrapod lineage [287].
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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 expressed in all cells, but the level of expression is variable [285]. In
humans, TILRR mRNA is relatively highly expressed in several cell lines, including
microvascular endothelial cell (HMEC-1), 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 epithelial cell (HeLa), monocytes (THP-1)
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 expression was reported in a murine macrophage cell line (RAW
264.7). Zhang et al. [285] further demonstrated that TILRR is a 70 kDa protein and its protein

expression level is consistent with the level of MRNA expression.

Smith et al. [288] showed that TILRR mRNA is expressed in murine monocyte-derived
macrophages (RAW 264.7). A high level of TILRR mRNA expression was also found in
PBMCs of myocardial infarction-diagnosed patients [288]. Additionally, immunohistochemistry
staining of the carotid artery revealed a significantly elevated level of TILRR expression in the
atherosclerotic plaque [288]. A recent study further demonstrated that TILRR mRNA is highly
expressed in normal human breast/mammary epithelial cells [286]. Taken together, TILRR
MRNA is expressed in multiple immune and epithelial cells 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 immune and inflammatory responses through
association with the IL-1R1 receptor complex followed by engagement of MYD88 adaptor
protein to the cytoplasmic TIR (toll/IL-1 receptor) domain, and transcriptional modification of
NF-«xB transcription factor [289-291]. As a co-receptor of IL-1R1, TILRR interacts with the IL-
1R1-TIR complex and augments the signal transduction by enhancing ligand-binding activities
and the expression of IL-1R1 receptor [285, 292]. The association of TILRR with IL-1R1 not
only potentiates the receptor expression, but also enhances the recruitment of cytoplasmic
MYDB88 adapter on the TIR domain resulting in the expression of pro-inflammatory genes after
NF-kB signaling pathway activation (Figure 1.6) [285, 293]. TILRR mediates the activation of
inflammatory genes in a wide variety of cells including macrophages, epithelial cells, and

fibroblasts via TIR regulatory components [285].

Smith et al. [288] demonstrated that inflammatory conditions, such as lung fibrosis, and
myocardial infarction, trigger an elevated TILRR expression in blood monocytes/macrophages.
It has been also shown that blocking with an anti-TILRR antibody or genetic deletion of TILRR
has significantly reduced the monocyte/macrophage population in the inflamed areas [288].
Microarray analysis of blood samples revealed that knockout of the TILRR gene greatly reduced
inflammatory gene expression [288]. Gabhann [294] elucidated that the binding of IL-1 with its
cognate receptor IL-1R1 forms the IL-1-IL-1R1 complex, which initiates a medium level of NF-
kB activation. Whereas the association of co-receptor TILRR with IL-1-1L-1R1 complex, like
IL-1-1L-1R1-TILRR, instigates a higher level of NF-kB activation, resulting in increased pro-
inflammatory responses during pathological conditions (Figure 1.7). Thus, TILRR mediates

inflammation. Targeting TILRR to reduce its function may significantly reduce inflammatory
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responses, immune cell migration, and infections or diseases associated with inflammation. The

reduced TILRR expression may reduce HIV acquisition.

Fibronectin

IL-1RACcP

TILRR

Cell membrane

TRAF6

. NF-kB activation
Inflammatory response

Figure 1.6: TILRR potentiates MYD88 recruitment to IL-1RI to induce NF-kB signaling
and inflammatory responses. TILRR binds with IL-1R1 as a co-receptor and potentiates the
recruitment of MYDB88 adapter to the cytoplasmic TIR domain. The association of an adapter
molecule with the TIR domain induces the signal amplification and directs the Ras GTPase-
controlled enhancement of NF-xB induction and inflammatory genes. This figure was adapted
with permission from Zhang et al. [285] under a Creative Commons Attribution Non-
Commercial License (CC-BY-NC 3.0).

42



Smith et al 2017

Healthy Disease IL-1 antibody  IL-1RI-KO TILRR-KO TILRR-Ab
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Suteaies various pathologies increases plaques vulnerable to rupture and in ApoE"- mice with TILRR-Ab:
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Figure 1.7: Three levels of IL-1R1 signaling. Activation of NF-kB in healthy (medium level),
disease (high level) conditions, and in overly aggressive therapy targeting co-receptor TILRR
(low level) as demonstrated by Smith et al. [288]. Darker gray areas demonstrated the work
contributed by Smith et al. [288]. Ab, antibody; ApoE, apolipoprotein E; IL, interleukin; IL-1RI,
interleukin 1 receptor type I; KO, knockout; LDLR, low-density lipoprotein receptor; NF,
nuclear factor; TILRR, toll-like interleukin-1 receptor regulator. This figure was reprinted with
permission from Gabhann [294] under a Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License (CC BY-NC-ND 4.0).

43



1.3.4.2.4 TILRR and production of inflammatory mediators

Because TILRR is involved in IL-1-1L-1R1 signal transduction events [285], it may potentiate
the production of soluble pro-inflammatory cytokines/chemokines through modulation of mMRNA
expression of genes associated with the NF-«B signaling pathway. Studies have shown that
activation of cytoplasmic sequestered NF-«kB transcription factor together with nuclear
translocation of NF-xB is the key step to initiate mRNA and protein expression of genes
involved in inflammatory responses [181, 295]. Rhodes et al. [292] demonstrated that binding of
TILRR with IL-1R1 potentiates the release of NF-kB from its cytoplasmic inhibitory molecules,
resulting in NF-xB nuclear translocation, activation, and inflammatory cascade reactions. Using
TILRR knockout mice, Smith et al. [288] demonstrated that mRNA expression of inflammatory
genes encoding MCP-1/CCL2, IL-6 and TNFa was significantly reduced in bone marrow-
derived macrophages and splenic samples compared to that of wild type control. A recent study
also showed that overexpression of TILRR in BT474, a human breast tumor cell line,
significantly potentiates the expression of immune and inflammation-associated genes, including
IL-6, IL-8/CXCLS8, IP-10/CXCL10, MCP-1/CCL2, and RANTES/CCL5 [286]. Using human
breast tumor tissues, Xu et al. [286] further demonstrated that elevated expression of TILRR is
positively correlated with mRNA expression of IP-10/CXCL10. However, these studies did not

measure the protein level expression of these genes.

Although we know little about the effect of TILRR on the pro-inflammatory
cytokines/chemokines production, the existing data suggested that TILRR may play a crucial
role in the production of soluble mediators from genital epithelial cells, and may be a risk factor

for vaginal HIV acquisition due to its role in enhancing inflammation. This can be investigated
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by using an appropriate in vitro model to mimic the vaginal microenvironment and HIV

acquisition.

1.3.4.2.5 TILRR and migration of immune cells

Activation of IL-1-1L-1R1-TILRR-NF-kB signaling complex potentiates mRNA expression of
inflammatory genes in epithelial cells [285, 288]. Production of cytokines/chemokines by
epithelial cells initiates the cognate receptor-mediated signal that attracts immune cells into the
tissues. Monocyte chemotactic protein (MCP)-1 or CCL2 produced from epithelial cells
promotes infiltration of various immune cells (monocytes/macrophages, T-lymphocytes, and
NK-cells) through the CCR2 receptor expression on target cells [296]. Thus, it is possible that
the TILRR-induced production of inflammatory mediators by genital epithelial cells would
promote the migration of immune cells. Although currently there is no report on the role of
TILRR in promoting immune cell migration in cervicovaginal tissues, a recent study showed that
TILRR influenced the infiltration of monocytes under pathological conditions [288]. 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 neutrophils [286]. Because
TILRR augments the NF-xB signaling pathway via the IL-1-IL-1R1 receptor complex [285,
293], TILRR may well play an important role in the migration of immune cells that is relevant to

vaginal HIV acquisition through attracting immune cells to the site of inflammation.
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14 GAPS IN KNOWLEDGE AND STUDY RATIONALE

Among thousands of components of the host immune system, the NF-xB transcription factor has
been identified as one of the central regulators of innate and adaptive immune responses and
involved in regulating the expression of many pro-inflammatory genes [181, 297]. NF-xB
coordinates the production of pro-inflammatory cytokines/chemokines and the rapid influx of
immune cells into the injured tissues, resulting in profound inflammatory responses and
inflammation [295, 298]. Activation of NF-«xB is critical for viral infection [299]. It has been
shown that the IL-1-NF-xB signaling pathway functions as an enhancer of HIV
acquisition/susceptibility via recruitment and/or activation of HIV target cells [209]. Because
NF-kB activation is potentiated by the association of TILRR with IL-1R1 [285, 294] and
TILRR-mediated NF-kB activation instigates the inflammatory responses [285, 292, 294], it is
important to 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 regulates other genes in the NF-kB inflammatory signaling pathway, and
influences the production of soluble inflammatory mediators by genital epithelial cells, and

migration of immune cells, including HIV target cells, into cervicovaginal tissues.

Since cervicovaginal epithelial cells express TILRR, the presence of TILRR in female genital
epithelial cells may augment the inflammatory responses via NF-kB activation and the
production of inflammatory mediators. It is also important to know whether TILRR circulates in
human blood plasma and involves in regulating plasma cytokines/chemokines and systemic
inflammatory responses, and plays a role in increasing susceptibility to HIV infection. Our group
has previously shown that the minor allele of FREM1 SNP rs1552896 is associated with HIV

resistant phenotype [260], and TILRR mRNA is less likely detected in the women with the minor
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allele of rs1552896. Thus, understanding the role of TILRR in mucosal and systemic immune
activation and inflammation is important. These motivate me to investigate the role of TILRR in
inflammation-mediated vaginal HIV acquisition. As immune activation fuels inflammation and
pro-inflammatory mediators promote infiltration of immune cells, identifying the root cause may

help to control vaginal HIV infection in the future.

15 GLOBAL HYPOTHESIS
| hypothesized that FREML1 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 sub-hypotheses that will be tested with relevant
specific objectives.
A. TILRR increases mRNA expression of genes in the NF-kB signal transduction pathway
and inflammatory responses.
B. TILRR induces the production of pro-inflammatory cytokines/chemokines in
cervicovaginal epithelial cell lines.
C. TILRR promotes the migration of immune cells through the modulation of soluble
cytokines/chemokines production from epithelial cells.
D. TILRR protein circulates in the blood and its 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/EGE7) cell lines.
b. To determine the effect of TILRR overexpression on mRNA expression of genes

in the NF-kB signal transduction and inflammatory response pathways.

B. Evaluation of the effect of TILRR on the production of pro-inflammatory
cytokines/chemokines in cervicovaginal epithelial cells.

Specific objectives

Quantification of pro-inflammatory cytokines/chemokines in supernatants of HelLa and

VK2/EGET cells.

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

Specific objectives

a. To test the effect of TILRR on immune cell migration using the Transwell
approach.
b. To assess the TILRR effect on immune cell migration using microfluidic real-time

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 susceptibility to

HIV acquisition.
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Specific objectives

a.

To develop a multiplex quantification method using anti-FREM1 monoclonal
antibodies and a multiplex bead array system for measuring soluble TILRR in

human plasma samples.

. To confirm the presence of plasma TILRR by affinity purification and Western

blot analysis.

. To validate the in-house developed methods utilized to measure plasma TILRR.

. To analyze the association of plasma TILRR level with the FREM1 SNP

rs1552896 genotypes.

. To determine the relationship between the plasma TILRR level with the levels of

plasma inflammatory cytokines/chemokines, and its association with HIV

susceptibility in the Pumwani cohort.
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2 CHAPTER 2: MATERIALS AND METHODS
A complete list of general materials/reagents used in this thesis research is mentioned in chapter

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 lipid-based transfection reagent. Transfected
cells were selected by puromycin dihydrochloride, and incubated with serum-free medium with
or without IL-1p for different time points. TILRR overexpression was confirmed by confocal
microscopy, flow cytometry, Western blotting, and real-time 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 analyze the mRNA expression of 84 genes using NF-xB
signaling pathway PCR array and RT-qPCR primer assay. The overall workflow undertaken in

this section of the study is presented in Figure 2.1.
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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 cell lines, HeLa and VK2/EGE7. RNA-seq analysis and RT-gPCR
analysis showed that these two cell lines do not express TILRR mRNA under the cell culture
conditions | used in the study. Thus, I can use them to overexpress TILRR to study the effect on

other inflammatory response-related genes.

HeLa cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% FBS (fetal bovine serum) and 1% Antibiotic-Antimycotic. VK2/EGE7 cells were
maintained in Keratinocyte-SFM (1X) growth medium, supplemented with human recombinant
EGF (Epidermal Growth factor, 0.1 ng/ml), and BPE (Bovine Pituitary Extracts, 50 pug/ml), 0.4
mM CaCl, and 1% Penicillin-Streptomycin solution. Adherent cells in culture were detached
from the T175 flask with 0.25% Trypsin-EDTA, and the enzyme was deactivated with sufficient
volume of complete DMEM growth medium for HeLa, and DMEM Nutrient mixture F-12 Ham
supplemented with 10% FBS plus 1% Penicillin-Streptomycin solution for VK2/E6E7 based on
the recommended protocols (ATCC). All the cells were then incubated at 37° C with 5% CO, for

2-3 days until 90-100% confluent.

2.1.3 Plasmid constructs

Both TILRR-plasmid (GeneCopoeia, Catalog# EX-12135-68) and Empty vector-plasmid control
(GeneCopoeia, Catalog# EX-NEG-68) containing a CMV promoter, an ampicillin marker, and a
puromycin marker, were used for transfecting cells (Figure 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 Flow Cytometry and Confocal

Microscopy.

A

3!
ll. Ori m TILRR Plasmid
construct

B MC2  sV40 PolyA Signal

5 : * 3 Empty Plasmid
HEE Ori HHE Construct
(Control)

Figure 2.2: Diagram of plasmid constructs. A) TILRR (2148bp) inserted pEZ-M68 vector
containing Ori, CMV promoter, puromycin selection marker (mammalian selection), and
ampicillin selection marker (bacterial selection) (top); B) Empty control pEZ-M68 vector
containing Ori, CMV promoter, puromycin marker, and ampicillin marker (bottom). The
arrowhead of the TILRR insert and puromycin-resistant marker denotes the direction of gene
transcription (5’ to 3’). Puromycin marker was used to select plasmid-transfected HelLa and
VK2/EGE7 cells following 24h transfection with EndofectinMax transfection reagent. Ampicillin
marker was used to select plasmid-transformed Escherichia coli bacteria on selective Luria-
Bertani (LB) agar plate and LB broth containing ampicillin during the production and
purification of plasmids. Ori, origin of replication; CMV, Cytomegalovirus; MC, multiple
cloning; and SV40, simian virus 40. This figure was adapted from GeneCopoeia, Inc., Rockville,
MD (https://www.genecopoeia.com/wp-content/uploads/oldpdfs/tech/omicslink/pReceiver-
M68.pdf).
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2.1.4 Plasmid DNA purification

TILRR-plasmid DNA or empty-vector plasmid DNA was purified using an Endofree plasmid
Maxi kit according to the supplier's instructions. Briefly, the bacterial stock was plated on the
selective Luria-Bertani (LB) agar plate containing ampicillin and then inoculated into LB broth.
The bacteria were harvested by spinning at 6000xg for 15 min at 4°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. The lysate was 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
QIAGENT-tip, washed 2X with 30 ml 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 immediately at >15000x g for 30 min at 4°C. The pellet was washed with endotoxin-
free RT 70% ethanol and centrifuged immediately at >15000 x g for 10 min at 4°C. Finally, the
pellet (plasmid DNA) was air-dried for 5-10 min and redissolved into 1 ml endotoxin-free Buffer
TE. The purified DNA was quantified by NanoDrop 1000, aliquotted into the Eppendorf tube,

and immediately stored at -80°C for downstream transfection of cells.

2.1.5 Transfection of cells

Approximately 2.5x10° cells per ml were plated into each well of a 12-well culture plate in
complete DMEM growth medium (HeLa) or complete Keratinocyte-SFM (1X) (VK2/E6E7) a
day before transfection and incubated at 37° C with 5% CO, for 24 h. Once the cells reached 80-
90% confluency, the media was replaced with antibiotic-free fresh growth media. Co-

transfection was performed using different concentration of either TILRR-plasmid
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(vector+TILRR) (0.25 pg, 0.5 pg, 1.0 pg, and 2.0 pg per well) or empty vector-plasmid (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 pg, 0.1 pg, 0.2 pg or 0.4 pg per well respectively; 1:5 ratio) with 2 pl of
EndofectinMax transfection reagent following to the protocol recommended by the
manufacturer. After incubation at 37° C with 5% CO, for 24h, the effect of TILRR
overexpression on the mMRNA expression of 4 genes was analyzed. 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/E6E7 cells with 2 ul of
EndofectinMax transfection reagent to analyze the effect of overexpression of TILRR on mRNA
expression of NF-kB signal transduction pathway-related genes and pro-inflammatory

cytokines/chemokines.

2.1.6 RNA extraction, purification, and quantification

RNA was extracted from cells under different experimental conditions using RLT buffer from
RNeasy Mini Kit. Extracted and purified RNA from 5x10° cells/experimental condition using
RNAeasy Mini Kit according to the manufacturer's instructions. The purified RNA was
quantified using a NanoDrop 1000 Spectrophotometer (Thermofisher Scientific, USA), and the
A260:A230 ratio of the isolated RNA was >1.7 and their A260:A280 ratio was between 1.8 and

2.0.

2.1.7 RNA quality analysis
RNA quality was also assessed with 2100 Agilent® Bio-analyzer (Agilent Technologies, USA)
using an RNA 6000 Nano LabChip® kit, and verified the quality with sharp bands/peaks for

both the 18S and 28S ribosomal RNAs. The RIN was maintained at >7.0 for each sample.
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2.1.8 RNA Clean up

When the A260:A230 ratio of the purified RNA was <1.7 and the A260:A280 ratio was <1.8 in
NanoDrop 1000 Spectrophotometer analysis, the RNA samples were further cleaned to achieve
standard ratio (A260:A230 ratio >1.7 and A260:A280 ratio between 1.8 and 2.0). RNeasy
MinElute cleanup kit was used according to the manufacturer's recommended protocol. In brief,
the RNA was adjusted to 100 pl volume with RNase-free water, and 350 pl buffer RLT was
added. Next, 250 pl of 96-100% ethanol was added and mixed well. The diluted sample was
transferred to an RNeasy MinElute Spin column and centrifuged at 8000xg for 15sec. The
column was transferred to a new 2 ml collection tube, added 500 ul 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 min. The 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 RNase-free water was directly added to the center of the column
membrane and centrifuged at 14000xg for 1 min. The eluted RNA was quantified by NanoDrop

1000 Spectrophotometer. All steps of the RNA cleaning process were performed at 15-25° C.

2.1.9 cDNA synthesis
The cDNA was synthesized using an RT? first strand kit with 500 ng purified RNA per reaction

as recommended by the manufacturer's protocol.

2.1.10 RT? qPCR Primer Assay
Real-time quantification of TILRR overexpression was done using a commercial RT? gPCR
primer assay and RT? SYBR® Green ROX gPCR Mastermix. RT? gPCR primer assay was also

performed for some selective immune responsive genes, CCL5, CXCLS8, IL-6, and TNFa to
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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
NF-kB signaling pathway expression was quantified using RT? profiler gPCR array (Qiagen,
Catalog# PAHS-025Z) and similar Mastermix as mentioned above. The list of genes included in

the NF-«xB signaling pathway PCR array is shown in Appendix Table C7.1.

2.1.12 Amplification conditions for RT-qgPCR

One microliter of cDNA was used in a 25ul reaction volume. Amplification of cDNA was
performed in 40 cycles, consisting of an initial 1 cycle at 95° C for 10 min followed by 40 cycles,
each cycle run at 95° C for 15 sec followed by 60° C for 1 min. After 40 cycles, a dissociation
cycle was also performed for all 84 genes and the threshold was manually corrected at 0.4. Data
were exported and finally organized in Microsoft Office Excel sheet and analyzed by GeneGlobe
Data Analysis Centre (Qiagen). Applied BioSystem 7900 HT Fast Real-time PCR 96-well

standard block (ThemoFisher Scientific, USA) was used for all RT-qPCR analysis.

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, the TILRR-plasmid (vector+TILRR)
transfected cells (after puromycin selection) and parental control (non-transfected) cells were
plated in Glass bottom 6-well plate (MatTek Corporation, Cat# P06G-1.5-20-F) for 24h. The
cells were washed once with 1X PBS, then fixed 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 with 3% BSA containing 0.1% TritonX-100 in 1X PBS at RT for 1h.
Following blocking, the cells were incubated at RT for 3h with a mixture of two in-house
developed mouse monoclonal antibodies (mAbs) targeting epitopes of TILRR (F218G1 and
F218G5) (2pg/ml, diluted in 1X PBS containing 0.1% BSA and 0.1% TritonX-100) [241]. An
isotype control experiment with a mAb (2ug/ml) (F400G3S) specific for a Chlamydia
trachomatis antigen was conducted in parallel. After washing (three times with PBS-T blocking
buffer containing 0.05% TritonX-100+1.5% BSA), the cells were stained with Alexa Fluor 647-
labeled goat anti-mouse IgG secondary antibody (Invitrogen, Catalog# A-21235) (2ug/ml,
diluted in 1X PBS containing 0.1% BSA and 0.1% TritonX-100) for 45 min at room
temperature. As a negative control, cells were also incubated with only Alexa Fluor 647-labeled
goat anti-mouse IgG secondary antibody (2ug/ml) without primary mAbs cocktail. Following
washes (3 times with PBS-T), the cells were incubated for 5 min with counterstain for nucleus,
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# P7793-1EA) and examined with a
Confocal microscopy imaging system using three color channels for DAPI, 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 (California, USA) protocol. Briefly, 5x10° HeLa 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 labeled in-house developed mAbs (F218G1 and
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F218G5) (2ug/ml, diluted in 1X PBS containing 3% BSA) for 30 min at 4° C in dark (APEX
Antibody Labeling kit, Invitrogen, Catalog# A10475). After washing (PBS containing 2% FBS),
100 pl BD permeabilizing solution (BD Biosciences, Catalog# 554714) was added. After 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 min at 4° C in 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) (2ug/ml) labeled with Alexa Fluor 647. FlowJo software (Treestar,
USA) was used for analysis. Cell viability by FACS was measured using Live/Dead Fixable Red
Dead Cell Stain (Life Technologies, Catalog# 1.34971) following the company’s recommended

protocol.

2.1.15 Western blot analysis

2.1.15.1 Gel preparation

NuPAGE Bis-Tris 4-12% 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 NuPAGE MES 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 buffer chamber 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 molecular weight marker was loaded into the wells and the lower/outer

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

2.1.15.2 Western blot Protocol

A previously published method was used with slight modifications [300]. Briefly, SDS-PAGE
was conducted using NUPAGE Bis-Tris mini gel electrophoresis. Approximately 1x10° cells
were lysed with 50 pl RIPA lysis and extraction buffer, then passed through a QIlAshredder
column (Qiagen, Catalog# 79654) by centrifugation at 15,000 g for 2 min. The lysate was then
prepared and loaded into a NUPAGE 4-12% Bis-Tris 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 developed in our 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 with membranes at 4°C
with shaking. Then, the secondary antibody, goat anti-mouse IgG-HRP (Santa Cruz
Biotechnology, Catalog# sc-2005) was diluted at 1:5,000 in antibody buffer and incubated with
the membrane for 1 h at RT with shaking. Chemiluminescent detection was performed on a
ChemiDoc XRS instrument using Quantity One 4.6.9 software (Bio-Rad). 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 using pyvenn (https://github.com/tctianchi/pyvenn). Heat Map was

created using RStudio (https://www.rstudio.com/).
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2.2 METHODS SPECIFIC TO RESULTS SECTION 3.2

2.2.1 Study outline

This section of the study was to evaluate cytokines/chemokines in culture supernatants from
TILRR-overexpressed cervicovaginal epithelial cells (HeLa and VK2/E6E7). An in-house
developed 13-plex Bio-Plex assay method was used for the cytokines/chemokines analysis. An

overview of the workflow is shown in Figure 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: Schematic diagram of the workflow for cytokines/chemokines analysis relating

to sub-hypothesis I1.
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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, and inflammatory disease progression,
especially HIV infection and transmission. These include granulocyte-macrophage colony-
stimulating factor (GM-CSF), interferon-gamma (IFNy), interleukin (IL)-1p, IL-6, IL-8
(CXCLS8), IL-10, IL-17A, IFN-y inducible protein (IP)-10, macrophage chemoattractant protein
(MCP)-1, monocyte inflammatory protein (MIP)-1a, MIP-1p, regulated on activation, normal T
cell expressed and secreted (RANTES), and tumor necrosis factor (TNF)-a. All uncoupled
primary antibodies and biotinylated secondary antibodies were purchased from different

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

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 Anti-Human GM-CSF-UNLB 10111-01 SouthernBiotech
4 | Human IFNy MAb 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 Anti-Human IL-10-UNLB 10100-01 SouthernBiotech
8 | Human/Primate IL-17/I1L-17A Antibody MAB317-500 R&D System
9 | Human IP-10/ CXCL10/CRG-2 Antibody MAB266-500 R&D System
10 | Human MCP-1/CCL2/JE Antibody MABG679-500 R&D System
11 | Human MIP-10/CCL3Antibody AF-270-NA R&D System
12 | Human MIP-1B/CCL4 Antibody MAB271-100 R&D System
13 | Human TNFa MAb 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 MAD, Biotin-labeled M230B ThermoFisher Scientific
3 | Rat Anti-Human GM-CSF-BIOT 10112-08 SouthernBiotech
4 | Human IFNy MAb, Biotin-labeled M701B ThermoFisher Scientific
5 | Human IL-1beta/IL-1F2 Biotinylated Antibody BAF201 R&D System
6 | Human IL-6 MAb, Biotin-labeled M621B ThermoFisher Scientific
7 | Rat Anti-Human IL-10-BIOT 10110-08 SouthernBiotech
8 | Human/Primate IL-17/IL-17A Biotinylated Antibody | BAF317 R&D System
9 | Human IP-10/CXCL10/CRG-2 Biotinylated | BAF266 R&D System
Antibody
10 | Human MCP-1/CCL2/JE Biotinylated Antibody BAF279 R&D System
11 | Human MIP-10/CCL3 Biotinylated Antibody BAF270 R&D System
12 | Human MIP-1B/CCL4 Biotinylated Antibody BAF271 R&D System
13 | Human TNFo MADb, Biotin-labeled 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 spectrum (26, 28, 29, 34, 37, 43, 46, 52, 53, 55, 62, 64, 65) were used
to couple TNFa, IL-6, IL-10, IL-8, MIP-18, MIP-1a, RANTES, IL-1p, IP-10, IFNy, GM-CSF,
IL-17A and MCP-1 antibodies, respectively. Briefly, 100 pl of 1.25x10° 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 reaction tube (supplied). After 1X
wash with washing buffer, beads were resuspended in 80 ul of bead activation buffer and
vortexed for 30 sec. Ten microliters of 50 mg/ml Sulfo-NHS and 10 pl of 50 mg/ml EDAC were
added to the beads containing activation buffer and incubated for 20 min at RT on a rotor. The
beads were washed 1X with PBS pH 7.4 and added to each diluted antibody (20ug). Beads-
antibody mixture was incubated for 2 h at RT on a rotor. After incubation, non-specific binding
sites were blocked by using 250 pl blocking 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 ul of fresh storage buffer
was again 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 described [301, 302]. Coupled beads were stored at 4° C for
downstream application. The principle of the coupling reaction is schematically presented in

Figure 2.4.
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Figure 2.4: Principle of the magnetic bead coupling reaction. The 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 beads with EDAC (1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride) and S-NHS (N-hydroxysulfosuccinimide), an active O-acylisourea
ester was formed which then covalently bind with amines of proteins/antibody (This figure was
adapted from Bio-Rad).
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2.2.4 Optimization of coupled beads

The 13-plex cytokines/chemokines panel was optimized to ensure the optimal measurement of
proteins from culture supernatants. Each antibody coupled bead stock (~5x10%/ml) was diluted
into multiple working concentrations, such as 1:100, 1:200, 1:400, 1:800, 1:1000, 1:2000, 1:4000
and 1:10000 dilutions with assay buffer (Bio-Plex Pro™ reagent kit, BioRad). Bio-Plex Pro
Human Cytokine Standards Group | 27-plex (BioRad, Catalog# 171D50001) was used to
optimize the beads. The assay was conducted according to the Bio-Rad recommended protocol.
Results of the assay were checked for parameters required to maintain the optimal assay
condition, including the number of bead count (=50 for each bead region), %CV (coefficient of
variation) (<15%), and bead recovery range (70-130%). The optimized bead concentration was

used to measure cytokines/chemokines from cell culture supernatants.

2.2.5 Collection of conditioned media for cytokines/chemokines assay

The HelLa and VK2/E6GE7 cells were transfected with TILRR-plasmid or empty vector-plasmid
control as described in section 2.1.5. Twenty-four hours after transfection, the cells were treated
with puromycin dihydrochloride (Gibco, Catalog# A11138-03) for 24 hours to remove non-
transfected cells. The cells were then incubated in serum-free DMEM (HelLa) or Keratinocyte
SFM (1X) (VK2/EGE7). In parallel experiments, the cells were incubated with human
interleukin-13 (IL-1B; 1nM) (Sigma-Aldrich, Catalog# 19401) in serum-free HelLa and
VK2/EGE7 cells medium. The cell culture medium was collected at 1, 3, 6, 15, and 24 hours for
cytokine/chemokine(s) analysis. All culture supernatants were supplemented with 0.5% BSA,
mixed gently, and centrifuged at 10,000xg for 10 min at 4°C. The sample was aliquotted into a

protein low binding tube and stored at -80°C until further analysis.
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2.2.6 Culture supernatants preparation for the assay

Cell culture supernatants from the -80° C freezer were thawed on ice. All samples were 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 freeze-thaw cycle was allowed for all culture supernatants to minimize

sample degradation.

2.2.7 Bioplex Cytokine/chemokine(s) Multiplexed bead assay

An in-house developed 13-plex cytokine/chemokine assay was used for the analysis of the cell
culture supernatants according to the previously described methods with slight modification
[300]. Briefly, the antibody-coupled beads were vortexed and combined at 1:600 dilutions in
assay buffer (Bio-Plex Pro™ reagent kit, BioRad, Catalog# 171-304070M). 50 pl of combined
beads from all the 13 individual cytokine/chemokine was added to the Bio-Plex Pro™ Flat
bottom plate (BioRad, Catalog# 171025001) and washed twice with 100 pl Bio-Plex wash buffer
(BioRad, Catalog# 171-304070M) at RT. 50 ul 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 (850+50 rpm)
at RT. The plate was washed twice and 25 pl of the combined detection antibody (1 pg/ml) was
added per well, incubated again for 30 min on a plate shaker. 50 pl streptavidin-PE conjugate
(1X) (BioRad, Catalog# 171304501) was added per well after three washes and incubated for 10
min at RT. Finally, the plate was washed three times, added 150 pl of assay buffer into each
well, shaken for 10 sec, and then run by Bio-Plex™ 200 System (Luminex xMAP technology)
(Bio-Rad, Canada). Complete growth media (HeLa and VK2/E6E7 cell-specific) were used as
diluents for Bio-Plex Pro Human Cytokine Standards Group | 27-plex (BioRad, Catalog#
171D50001) and as a background (blank) control. To generate the standard curve, 50 ul of 4-fold

standard dilutions was added in 6-wells in duplicates and the correlation coefficient (R?) was
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being calculated in each experiment to see the linearity of the standard curve. Data were
generated by Bio-Plex Manager 6.1 software. The principle of the Bio-plex magnetic suspension

array system is depicted in Figure 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 method. The 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. Streptavidin-PE conjugates bind to the "Fc"
arm of the secondary antibody. This complex is then detected by a Bio-Plex detection system
with two specific lasers (This figure was adapted from Bio-Rad).
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2.3 METHODS SPECIFIC TO RESULTS SECTION 3.3

2.3.1 Study outline

The study was conducted to evaluate the effect of TILRR on the migration of immune cells.

Culture supernatants were harvested from TILRR-transfected HelLa cells. The effect of the

culture supernatants on the migration of THP-1 and MOLT-4 cells was evaluated using

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 towards the gradient of chemo-

attractants. A brief study outline is shown in Figure 2.6.

THP-1 and MOLT-4 cells

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

1

Transwell Migration

assay

Used 5 x10° cells into upper insert
& 600 pl chemo-attractants into

bottom chamber

\

Incubated at 37°C with
5% CO, for 24 h

{

Counted migrated cells from bottom
chamber by Hemocytometer,
Automated cell counter and Flow

cytometry

l

Microfluidic device
Assay

}

Used 10 x104 cells into cell
loading port & 85 ul chemo-
attractants into chemical inlet

|

Incubated at 37° C with 5%
CO, for 24 h

|

Confocal Microscopy imaging
(Nikon)

|

Analyzed data by NIS Element
and ImageJ softwares

Figure 2.6: Diagram of workflow conducted for testing sub-hypothesis I11.
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2.3.2 Cell lines and culture conditions

THP-1 (ATCC) (NIH, Catalog# 9942), a human monocytic cell line, and MOLT-4 (NIH,
Catalog# 175), a human T lymphoblastic cell line, were used for in vitro migration assay.
MOLT-4 cells were maintained in complete RPMI 1640 growth medium (Sigma-Aldrich,
Catalog# R0883) supplemented with 10% fetal bovine serum (FBS) (Giboco, Catalog# 12483), 2
mM GlutaMax-I (Gibco, Catalog# 35050-061), 10 mM HEPES (Gibco, Catalog# 15630-080), 1
mM sodium pyruvate (Gibco, Catalog# 11360070), and 1% Pen-Strep (Gibco, Catalog# 15140-
122). THP-1 cells were also maintained in a complete RPMI 1640 growth medium similar to the
MOLT-4 cells with an additional supplement of 0.05 mM 2-Mercaptoethanol (Sigma-Aldrich,
Catalog# M3148). The medium was replaced every 2-3 days. HeLa cells (NIH, Catalog# 153)
were maintained as described in section 2.1.2. Because THP-1 (monocytes) and MOLT-4
(lymphocytes) cells express HIV-1 receptor/co-receptors CD4, CCR5, and CXCR4 essential for
R5- and X4- tropic HIV-1 strains to infect the host [303-306], and these cells are widely used as
in vitro model for HIV-1 infection [303, 304, 307-311], |, therefore, utilized these cell lines as a

model for in 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, resulting in heightened
inflammation and vaginal microbial infection including HIV-1 [180, 209, 222, 312, 313]. Thus,
to mimic the physiological conditions of the cervical epithelial microenvironment, TILRR-
transfected HelLa cell culture supernatant was used as chemo-attractants in this study to
investigating the effect on the migration of THP-1 monocytes and MOLT-4 lymphocytes.

Culture supernatants from HeLa cells were produced as described in section 2.2.5. Briefly, HelLa
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cells were co-transfected with TILRR- or empty vector- plasmid and selected with puromycin
treatment after 24 h of transfection. Cells were then incubated with FBS- and antibiotic-
antimycotic free DMEM medium (Sigma Aldrich, Catalog# D5796) for another 24h, and the
supernatants were collected in sterile centrifuge tubes. The culture supernatants were centrifuged
at 10,000xg for 10 min at 4° C, aliquoted in protein low binding tubes (Thermofisher Scientific,

Catalog# 90410), and stored at -80°C for downstream experiments.

2.3.4 Bio-Plex analysis of culture supernatants

| analyzed the cytokines/chemokines in HeLa cell culture supernatants using a custom 13-plex
panel as described in section 2.2.7. These cytokines/chemokines include granulocyte-
macrophage colony-stimulating factor (GM-CSF), interferon-gamma (IFNy), interleukin (IL)-1p,
IL-6, IL-8/CXCLS8, IL-10, IL-17A, IFN-y inducible protein (IP)-10/CXCL10, macrophage
chemoattractant protein (MCP)-1/CCL-2, monocyte inflammatory protein (MIP)-1a, MIP-1p,
regulated upon activation, normal T cell expressed and secreted (RANTES)/CCL5, and tumor

necrosis factor-alpha (TNF-a).

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

The cell lines, following revival from the liquid nitrogen tank, were cultured 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 tube, centrifuged for 10 min at 130xg, and the supernatants
were discarded. Ten milliliters of RPMI 1640 complete medium without FBS and Pen-Strep was
added to the pelleted cells, mixed gently, and the cell numbers were counted. For the Transwell-
based cell migration assay, a total of 5x10°cells/100pl/assay was used, whereas

1x10%cells/10pl/unit was used for microfluidic-based cell migration assay.
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2.3.6 Preparation of positive control chemo-attractants

Since HelLa cells were incubated with DMEM medium during the production of culture
supernatants, DMEM medium was used as a medium control and diluent in this study. MCP-
1/CCL2 (Sigma-Aldrich, Catalog# SRP3109-20UG) and stromal cell-derived factor (SDF)-
1a/CXCL12 (Sigma-Aldrich, Catalog# SRP3276-10UG) were used as positive chemo-attractant
controls for the migration assays. Positive chemo-attractant controls were diluted to
concentrations (5 ng/ml, 10 ng/ml, 50 ng/ml, 100 ng/ml and 200 ng/ml) with DMEM medium
(Sigma-Aldrich, Catalog# D5796) without FBS and antibiotic-antimycotic for the optimization

assay.

2.3.7 Cell migration experiments in Transwell

Migration of cells was performed using a 24-well polycarbonated membrane insert with 5 pum
pore size (Corning, Catalog# CLS3421) (Figure 2.7). In the bottom chamber of the Transwell
plate, 600 pl of each chemo-attractant (DMEM control, diluted positive controls, culture
supernatants of TILRR overexpressed HelLa cells, culture supernatants of empty plasmid-
transfected HelLa cells, or culture supernatants of non-transfected HelLa cells) was added. One
hundred microliters of cells (5x10° cells) in RPMI 1640 migration media were added to the
upper chamber (Transwell insert) and incubated for 24 h at 37° C with 5% CO,. The number of
input cells was calculated using three different counting methods, such as hemocytometer,
automated cell counter (Invitrogen, Catalog# C10227), and flow cytometry (BD accuri C6, BD
Biosciences, California, USA). After 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

counted using a hemocytometer and automated cell counter as described previously [301, 302,
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314]. For flow cytometry counting, the remaining ~550 pul volume of the medium containing the
migrated cells was gently vortexed and analyzed with BD accuri C6 (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 as

percentage relative migration (PRM).

74



<4 Pipetman

A
.‘\ (/K)
Transwell =—p \\

Plate

Chemo-attractants in
& the bottom chamber

Cells with migration
medium in the insert

"

Transwell
insert

Transwell
membrane =~

Incubated for 24 h at
370C with 5% CO,

IR
Migrated cells in
the bottom well

Figure 2.7: Hlustration 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 (5x10%insert) (THP-1 or MOLT-4) containing migration media
dispensed in Transwell insert. (C) Following 24h of incubation at 37° C, the migrated cells in the
bottom chamber were examined under a microscope. (D) Media containing migrated cells were
collected from the bottom chamber and estimated for cell numbers using a hemocytometer,
automated cell counter, and flow cytometry analysis.
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2.3.8 Preparation of the microfluidic device

A previously in-house built radial microfluidic device was used in this study (Figure 2.8) [315].
The device consisted of two layers with different thicknesses, the first layer (~7 um high) forms
the cell docking structure to trap cells inside the cell loading channels; while the second layer (~
40 pum high) includes the cell loading ports and channels, and the gradient channels with
chemical inlets and waste outlets. This device contains 8 independent 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 photolithography and soft lithography procedures [315-317]. 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 exposure of UV light through the photomask on top of a 3-inch silicon wafer (Silicon,
Inc., ID) with a pre-coat of SU-8 negative photoresist (MicroChem). The wafer with patterns was
used as the mold to reproduce polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning,
Manufacturer SKU# 2065622) replicas, and then the replicas were cut off from the mold after 2h
of baking at 80°C. The chemical inlets (6 mm diameter), waste outlets (4 mm diameter), and cell
loading ports (2 mm diameter) were punched out of the PDMS replica, and the replica was
bonded onto a glass slide after air plasma treatment. The design of micropillar supports below
the docking barrier increased the structural stability during the bonding process. The device
channels were coated with rat-tail collagen type I (20 ug/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: Illustration 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 elliptical-dashed box and the number (1-8) show the
chemical inlets of each independent unit. (B-C) Magnified view of the selected unit 3 of figure A
in a real device (B) and the schematic diagram (C). 11 and 12: chemical inlets; C: cell loading
port; O: waste outlet. (D) A representative experimental image to illustrate the data analysis of
cell migration displacement in the magnified view of the selected black-dashed box in figure B.
(E) Magnified view of the black elliptical-dashed box of schematic figure C. In figures D and E,
the blue- and black-dashed 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) Cross-sectional views to illustrate the 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 chemo-attractants were prepared as described above. Cells were loaded into the cell
loading ports. Fluorescein isothiocyanate (FITC)-dextran (10 kDa, Sigma-Aldrich, Catalog#
FD10S) was added into the chemo-attractant solutions to indicate the gradient profile. DMEM
medium and chemo-attractants were injected into the chemical inlet 1 and 2, respectively, to
generate the gradient (Figure 2.8B-C). In addition, the two chemical inlets of each unit were
covered by silicone oil (Alfa Aesar, Tewksbury, USA, Catalog# A12728-22) to balance the
pressure difference for a better gradient generation as previously described [315]. The device
was then placed under an inverted fluorescence microscope (Nikon Ti-U) 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 the gradient direction 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 ImageJ (Figure

2.8D-F).

24 METHODS SPECIFIC TO RESULTS SECTION 3.4

2.4.1 Study outline

TILRR epitope-specific mouse monoclonal antibodies were utilized to develop an in-house Bio-
Plex (multiplex suspension array) method. Recombinant FREM1 spD (rFREML1 spD) protein
containing TILRR-specific domains was used as a standard. The TILRR protein measured by the

in-house developed Bio-Plex method was confirmed by in-house developed affinity purification
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and Western blot analysis. A quick schematic workflow of TILRR protein measurement is
shown in Figure 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 rs1552896 genotype 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)
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

M

Western blot + Coomassie
blue staining

\4

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 correlate 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 and the University of Nairobi/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 participants of this study. The design, methods, and follow-up of this cohort have
been described earlier [271]. In brief, all enrolled women were screened for anti-HIV p24 using
enzyme immunoassays (EIA). Women who identified HIV negative for antibodies 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 as HIV resistant or HESN (HIV-exposed seronegative) who were continually
engaged in active sex work and remained HIV seronegative and PCR negative for at least three
years post-enrolment. The average follow-up time of HESN women was 9.6+4.3 years.
Additionally, a group of women was identified as HIV seroconverters [HIV SCON] who were
HIV negative at the time of enrolment but later identified as positive by EIA, immunoblot
testing, and PCR assay. | examined 640 plasma samples from 316 participants with different
HIV status to quantify TILRR protein in this study. The overall demographic information of

study subjects is shown in 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 repeats, a Calx-p
domain, and a unique type C lectin-like (LecC) domain towards the C-terminal region [239]. It
has two Arg-Gly-Asp (RGD) motifs and two glycosaminoglycan (GAG) attachment sites.
FREM1 splice variant, TILRR, is a shortened FREM1 (715 amino acid) and contains protein
sequence from CSPG domains 10 to the LecC domain (Figure 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 TILRR from FREML1 except that TILRR is a

smaller protein.

Our lab previously developed a panel of mouse monoclonal antibodies (mAbs) to FREM1 [241].
Of them, some are specific to major epitopes located on CSPG-9, CSPG-10, CSPG-11/12, and
Calx- domains (Table 2.2). Since TILRR does not have CSPG9, | can use a combination of
these monoclonal antibodies to differentiate TILRR from FREM1 with a multiplex bead array
method. | can use mAbs specific to CSPG-9, CSPG-11/12, and Calx-f domains to capture
FREM1 and TILRR and use the mAb to CSPG-10 to detect the captured protein. With a
combination of different fluorescent beads conjugated with these mAbs, | should be able to
differentiate the detected protein as FREM1 or TILRR. Three mAbs (F237G1, F237G3, and
F218G4) recognizing different FREM1 domains were used as capture antibodies (Table 2.2).
The mAb, F237G1 targeting epitopes on CSPG9 of FREM1, was used to capture full-length

FREM1 protein. The F237G1 mAb was used to differentiate full-length FREM1 from TILRR
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protein. F237G12 was used as a detection antibody. The TILRR protein detection methods using

four anti-FREM1 mADbs in a multiplex suspension array system are shown in Figure 2.10.

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

measurement in human plasma samples.

Anti-FREM1 Target epitope sequence Domain Class Type | Reference
mADbs
F237G1 HTGAMDSQNQDSFTF CSPG9 IgGl/x Major [241]
F237G3 LSPDLLQLTDPDTPA CSPG11 and CSPG12 IgGl/x Major [241]
F237G12 KPEELLYVITSPPRY CSPG10 IeGl/x Major [241]
F218G4 YEVCENVGLLPLEII Calx- IgG1/A Major [241]

82




Capture mAbs:
F237G1: mAb to CSPG9

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

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

F237G3 mAb

F237G12 mAb F218G4 mAb

F237G1 mAb /
\ / l’ 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 anti-FREM1 monoclonal antibodies with the Bio-Plex suspension array system.
F237G3, F218G4, and F237G1 mAbs were used as capture antibodies, and F237G12 mAb was
used as a detection antibody. Legends of the figure are mentioned in the bottom and upper left
side. mAb, monoclonal antibody; RGD, arginine-glycine-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 monoclonal anti-FREM1 IgG antibodies F237G1, F237G3, and
F218G4 were coupled to magnetic beads using an amine coupling kit (Bio-Rad, Catalog#
171406001) according to the manufacturer's instructions [318] and as described in section 2.2.3.
Briefly, 100 pl of 1.25 x 10° monodisperse COOH beads with different fluorescent spectrum (34,
36, and 64) were used to couple F218G4, F237G3, and F237G1 mAbs targeting major epitopes
on Calx-p, CSPG11-12, and CSPG9 domains in a single coupling reaction, respectively. Four
separate coupling reactions were performed for each antibody with each concentration (20 pug, 40
Mg, or 60 pg). All four separate reactions were combined in a single tube and the concentration
of coupled beads was estimated using a hemocytometer as previously described [301, 302].

Coupled beads were stored at 4° C for downstream application.

2.4.4.3 Detection antibody labeling

Anti-FREML1 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 manufacturer's instructions [319].
Briefly, the resin inside the labeling tip was settled down at the bottom and hydrated with 100 pul
wash buffer using a gel-loading tip. Wash buffer was gently pushed through the tip into 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 pl Biotin-XX reactive
dye mixed with dimethyl sulfoxide (DMSO) and labeling buffer. The reaction mixture was
incubated overnight at 4°C. The resin bed was carefully washed 2X with 50 pl wash buffer.
Next, 10 ul of neutralization buffer was taken in a clean microcentrifuge tube, and 40 pl of

elution buffer was slowly pushed through the resin into the collection tube containing
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neutralization buffer. The eluted antibody (~50 pl) was mixed gently and stored at 4° C for a
maximum of 2 weeks. For longer storage, the buffer in the labeled antibody was exchanged with
exchange buffer (PBS pH 7.2 containing 1 mM EDTA and 154 mM NaCl) using Amicon®

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 coupled anti-FREM1 mAb beads
using in-house developed recombinant FREM1 spD (rFREM1 spD) protein (Figure 1.5). Anti-
FREM1 mAbs coupled bead stock (~5x10° beads/ml) were diluted together (3-plex; equal
concentration) with custom assay buffer (PBS pH 7.2 containing 2 mM EDTA, 150 mM NaCl,
and 1% IGEPAL CA-630) into multiple working concentrations, 1:100, 1:200, 1:400, 1:800,
1:1000, 1:2000, 1:4000 and 1:10000 dilutions. The rFREM1 spD protein in duplicates was used
as a sample for bead optimization assay. The assay was conducted according to the Bio-Rad
recommended protocol. Data were checked for some cut-off parameters required to maintain the
optimal assay condition, including the number of bead count (>100 for each bead region), % CV
(coefficient of variation) (<15%), and bead recovery range (70-130%). The results showed that
1:100 bead dilutions (20 pg concentration) were satisfied with the cut-off parameters. Next,
detection antibody concentration (1-2 pg/ml) was optimized using an optimal bead dilution of

1:100. The detection antibody concentration of 1 pg/ml was satisfied with the cut-off parameters.

Additionally, rFREM1 spD protein was optimized using an optimal concentration of captured
and detection antibodies. | generated a standard curve by using rFREML1 spD protein for each
captured antibody (Appendix Figure B7.1). A 5-fold dilution of rFREM1 spD protein (lab ID#
F5) was prepared ranges from standard 1 (S1; conc. 10000ng/ml) to S7 (conc. 0.64 ng/ml). Each
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point of diluted rFREM1 spD protein in duplicates was added to the assay plate containing
capture beads followed by the addition of detection antibody and streptavidin-PE. The optimal
dilution of rFREM1 spD protein (based on the upper limit of quantification [ULOQ] and lower
limit of quantification [LLOQ]) was utilized for all downstream assays to measure TILRR

protein from human plasma samples.

2.4.45 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 measure the TILRR
protein. Samples were pulled from the -80° C freezer and kept on ice to thaw. The thawed plasma
was centrifuged at 10,000xg for 10 min at 4° C to pellet the leftover blood cells along with other
solid particles. Supernatants were collected and diluted with custom plasma diluents (PBS pH
7.2 containing 2 mM EDTA, 150 mM NaCl, and 1% IGEPAL CA-630) in a ratio of 1:10. A total
of 120 ul samples (12 pl of plasma + 108 pl of plasma diluents) were prepared to use in
duplicates from each individual. Diluted samples 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 in-house developed cytokine/chemokine measurement protocol was used to measure
TILRR in plasma samples as described in section 2.2.7. The assay was conducted using an in-
house developed custom 3-plex anti-FREM1 mAbs panel. Briefly, anti-FREM1 mAbs coupled
magnetic beads (50 ul) were diluted in custom assay buffer (PBS pH 7.2 containing 2 mM
EDTA, 150 mM NaCl, and 1% IGEPAL CA-630) at 1:100 dilutions and added to the 96-well
assay plate. Following 2X washes, 50 pl of diluted plasma (1:10) was added to the wells in

duplicates and incubated for 2h at RT on a plate shaker (850£50 rpm). After 3X washes, a 30 pl
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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 streptavidin-PE conjugate (1X) were added
following 3X washes, and further incubated for 10 min at RT on a shaker. Finally, 125 pl PBS
(pH 7.2) was dispensed into each well, and run the plate in Bio-Plex™ 200 System (Luminex
XMAP technology) (Bio-Rad, Canada). For the standard curve, rFREM1 spD protein was diluted
into 5-fold dilution (S1 to S7), and 50 pl of 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 CA-630) was added in duplicates. Bio-Plex software version 6.1 was
used to acquire data, which were optimized to calculate the ULOQ (pg/ml) and LLOQ (pg/ml)

using logistic-5PL regression analysis with fitness probability > 0.95.

2.4.4.7 Measurement of plasma inflammatory cytokines/chemokines

A panel of cytokines/chemokines in plasma samples was also analyzed by the in-house
developed Bio-Plex method as described in section 2.2.7 [254]. The cytokines/chemokines
include granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon-gamma
(IFNy), interleukin (IL)-la, IL-1pB, IL-6, IL-8/CXCLS, IL-10, IL-17A, IFN-y inducible protein
(IP)-10/CXCL10, macrophage chemoattractant protein (MCP)-1/CCL-2, monocyte inflammatory
protein (MIP)-1a, MIP-1pB, regulated upon activation, normal T cell expressed and secreted

(RANTES)/CCLS5, and tumor necrosis factor-alpha (TNF-a).

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

2.45.1 Cross-linking of anti-FREM1 1gG mAb with Protein G agarose beads

The cross-linking procedure was performed with modified protocol as described by New

England BiolLabs Inc. After uniform mixing of protein G agarose beads (by inverting the vial
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several times), 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 0.1 M sodium phosphate
buffer (binding buffer, pH 8.0). Beads were resuspended in 400 pl of binding buffer, and 150 pl
of diluted anti-FREM1 F237G12 1gG mAb (100 pg concentrations in binding buffer) was added,
mixed gently, and incubated for 30 min at 4° C on a rotor. Following incubation, the buffers were
removed and washed 3X with 5 ml of binding buffer. Then, 5 ml of 0.2 M triethanolamine
(cross-linking buffer, pH 8.2) was added to the column containing protein G immobilized anti-
FREM1 1gG mAb and allowed to drain through the membrane. Washing of protein G
immobilized mAb column was repeated for one more time with cross-linking buffer and added 5
ml of 25 mM DMP cross-linking reagent (6.5 mg/ml in cross-linking buffer, prepared
immediately prior to use). The reaction 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 buffer 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 glycine-HCI, 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 20 and 0.02%
sodium azide was added to the cross-linked 1gG mAb, and stored at 4° C. Cross-linked anti-
FREM1 IgG mAb was used for affinity purification of TILRR protein from plasma samples. The
cross-linking procedures of anti-FREM1 F237G12 IgG mAb with protein G agarose beads are

shown in Figure 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
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DMP Cross-linking
Cross-linked F237G12 IgG mAb agarose bead

Figure 2.11: Graphical representation of anti-FREM1 F237G12 1gG mAb cross-linking
procedure with Protein G agarose beads. A) Protein G coupled agarose bead, B) Protein G
bound with Fc region of anti-FREM1 F237G12 mAb, C) Anti-FREM1 F237G12 mAb cross-
linked with protein G agarose bead by DMP. mAb, monoclonal antibody; 1gG, immunoglobulin
G; DMP, Dimethyl pimelimidate dihydrochloride; and RT, room temperature.
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2.4.5.2 Verification of anti-FREM1 1gG mADb cross-linking efficiency

Cross-linking efficiency of anti-FREM1 F237G12 IgG mAb with protein G agarose beads was
examined by Pierce BCA Protein Assay (ThermoFisher Scientific, Catalog# 23227) using filter
through (collected from each step of cross-linking procedure) according to the manufacturer's
instructions. Briefly, a set of diluted albumin (bovine serum albumin, BSA) standards was
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 pul) in duplicates was dispensed into 96-
well flat-bottom microtitre plate (ThermoFisher Scientific, Catalog# 269620). Two hundred
microliter of BCA working reagent was added, and the plate was covered with plate seal (Bio-
Rad, Catalog# MSF1001). The plate was gently mixed for 30 sec at RT on a plate shaker
(850450 rpm) and incubated for 30 min at 37° C. 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) using 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, where R? value and coefficient of variation (CV) were maintained

at > 95.0 and <15, respectively.

2.4.5.3 Affinity purification of TILRR protein from human plasma samples

Storage buffer from cross-linked anti-FREM1 F237G12 1gG 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
sodium 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 overnight at 4° C on the rotor.

Following incubation, the beads were washed five times with 1 ml washing buffer to remove
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unbound non-specific proteins. After 5X washes, TILRR protein was eluted from the bead slurry
with 250 pl elution buffer (0.2 M glycine-HCI pH 2.5) into a tube containing 250 pl
neutralization buffer (1.0 M Tris-HCI, pH 8.0). Elution with 0.2 M glycine-HCI 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 1gG cross-linked bead
column was stored with 2 ml of PBS pH 7.2 containing 0.02% sodium azide at 4° C. The

procedure of affinity purification of TILRR protein is presented in Figure 2.12.
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Figure 2.12: Affinity purification procedure of TILRR protein. A) Anti-FREM1 F237G12
mADb cross-linked protein G agarose bead, B) Mixture of proteins in plasma samples, C) Protein
of interest (TILRR) bound with Fab region of anti-FREM1 mAb, D) Neutralized cross-linked
anti-FREM1 mAb following affinity purification of target protein, E) Target proteins (TILRR).
mADb, monoclonal antibody; 1gG, immunoglobulin G; and DMP, Dimethyl pimelimidate
dihydrochloride.
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2.4.5.4 Removing plasma immunoglobulin G (IgG) from eluted protein

Because 1gG in plasma can bind to the protein G agarose beads that might not be fully cross-
linked to the mouse mADb, the plasma IgGs were co-eluted with the affinity-purified TILRR. The
plasma 1gGs need to be removed 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 cross-linked to the mouse antibodies as follows: the eluted protein was diluted with
6 ml of PBS pH 7.2 containing 1 mM EDTA, 154 mM NaCl, and protease inhibitor (10 ul 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 buffers by gravitational 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 collected in a new 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 10K Amicon Ultra-2
centrifugal filter for downstream analysis. The plasma IgG bound to the Protein G agarose beads
was eluted with 5 ml of glycine-HCI (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 was concentrated using a 10k Amicon Ultra- 2 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 at 6° C. 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 inversed into a collection 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 anti-FREM1 IgG mAbs.

2.4.5.6 Western blot analysis

Western blot analysis of affinity-purified proteins was conducted using a slightly modified
method as described in section 2.1.15. Briefly, Odyssey®™ One-color protein molecular weight
marker (LI-COR, P/N: 928-40000) was used as a protein marker (2 pl/lane). Each protein sample
was run separately in a precast NUPAGE 4-12% Bis-Tris 1.0 mm x 15 well gel (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 (ddH,0O) and further with 5 ml of PBS-T for 5 min on a shaker at 60 rpm, the
membrane was dried at 37° C for 30 min. The dried membrane was blocked with 5% skim milk
(Difco, BD Biosciences, Catalog# 232100; diluted in PBS-T) for 1 h at RT on a shaker. After the
removal of the blocking buffer, the membrane was incubated separately with 20 pg/ml (diluted
in PBS-T containing 0.25% bovine serum albumin, BSA) of anti-FREM1 primary mAb
(F237G3, F218G4, and F237G1) overnight at 4° C on a shaker (60 rpm). Anti-FREM1 F237G3
and F218G4 mAbs were used to identify TILRR, whereas anti-FREM1 F237G1 mAb was used
for full-length FREML1 isoform. After 3X washes with PBS-T, the membrane was probed with
IRDye® 800CW goat anti-mouse IgG secondary antibody (LI-COR, P/N: 926-32210) (at 1:2000
dilution in PBS-T) for 1h at RT on a shaker (60 rpm). The gel was kept covered with aluminum
foil to prevent light exposure from the secondary antibody incubation step and onwards.

Following 3X washes with PBS-T and a final 1X wash with PBS pH 7.2, the membrane was
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carefully laid on the clean scanning surface of the Odyssey CLx imager (LI-COR, USA). Before
placing the membrane, the glass scanning surface was carefully cleaned with 100% methylene
chloride (Fisher Scientific, Catalog# D151-1) followed by double distilled water and 50%
isopropanol (Fisher Scientific, Catalog# A464-4), and dried with 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 O (zero) mm focal offset. Post-acquisition 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 staining

To perform quick visualization of the expected ~70 kDa band of affinity-purified TILRR protein
in transferred gels, Coomassie gel staining was conducted in parallel using BioSafe™ Coomassie
stain (Bio-Rad, Catalog# 1610786) according to the company's recommended protocol [320]. In
brief, after iBlot transfer onto nitrocellulose membrane using iBlot gel transfer device
(Invitrogen, Catalog# 1B1001), the gel was placed in a staining container bearing 200 ml ddH,0
and washed 3X with ddH,O for 5 min. Twenty milliliters of BioSafe™ Coomassie stain was
added to the staining container following complete removal of ddH,O 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 ddH,O for 30 min at RT. The gel was then scanned with the Odyssey
CLx imaging system (LI-COR, USA) using the auto intensity of 700 channel, 42um scan size,
high scan quality, and 0.5 mm focal offset. Additionally, the gel was kept in fresh 200 ml ddH,0

until to conduct gel drying.
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2.4.5.8 Gel drying

To preserve data for an indefinite period, BioSafe™ Coomassie-stained gel was dried using
DryEase®™ Mini-Gel Drying System (Invitrogen, Catalog# N12387) according to manufacturer's
instructions [321, 322]. Double distilled water was completely removed from the gel tray and
equilibrated in 35 ml of fresh Gel-Dry™ Drying solution for 20 min at RT on a shaker. During
the incubation, DryEase® 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 into a drying
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 cellophane. Gel images 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 the gel 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.

25 DATA ANALYSIS

RT? Primer qPCR assay and RT? profiler PCR array data were analyzed using the GeneGlobe
Data Analysis Centre (Qiagen) (https://www.giagen.com/us/shop/genes-and-pathways/data-
analysis-center-overview-page/). The mRNA transcript fold changes in the threshold cycle (CT)
were calculated relative to the CT level of empty vector control. Fold change 1.0 was assigned as
a baseline control and threshold cycle (CT) assays were performed in three independent
experimental replicates. All mRNA transcript data were normalized against the HPRT1

housekeeping gene. The cytokine/chemokine(s) data were analyzed by GraphPad Prism version
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8.3.0 (GraphPad Software, Inc. USA) and presented as relative to the concentration of empty
vector control, and show mean+SEM of three independent experiments. The data obtained with
the transwell assay was also analyzed by GraphPad Prism software. The cell migration data
obtained with the microfluidic device was processed by the OriginPro software (OriginLab
Corporation, USA) and ImageJ (NIH, USA). Western blot and Coomassie blue staining data
were analyzed by Image Studio Lite software version 5.2 (https://www.licor.com/bio/image-
studio-lite/) (LI-COR, USA). Western blot analysis for TILRR overexpression was also
performed by Quantity One (Bio-Rad). The final statistical comparisons conducted using student
t-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 CHAPTER 3: RESULTS
3.1 TILRR REGULATES MRNA EXPRESSION OF GENES ASSOCIATED WITH

THE NF-KB SIGNALING PATHWAY AND INFLAMMATION
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Toll-like Interleukin 1 Receptor Regulator Is an Important Modulator of Inflammation

Responsive Genes. Frontiers in Immunology, 2019. 10(272): p. 1-16.

Mohammad _Abul Kashem'®, Hongzhao Li'®, Nikki Pauline Toledo'® Robert Were
Omange™?, Binhua Liang®®, Lewis Ruxi Liu™?, Lin Li** Xuefen Yang®, Xin-Yong Yuan®*, Jason
Kindrachuk®, Francis A Plummer, Ma Luo™%*

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

Department of Biochemistry & Medical Genetics, University of Manitoba, Winnipeg, MB,
Canada

%JC Wilt Infectious Diseases Research Centre, National Microbiology Laboratory, Winnipeg,
MB, Canada

*National Microbiology Laboratory, Public Health Agency of Canada, Winnipeg, MB, Canada.

Authors’ Contributions

MK, FP, and ML conceived and designed research; MK performed all research, analyzed the
data, generated figures/tables, organized the writing materials, and wrote the paper; HL helped in
Western blot study; NT helped in Bio-Plex assay, LL and XY helped in Confocal microscopy
study; FP and ML acquired funding; XYY supported reagents; BL, FP, and ML supervised
research; and ML, HL, RO, LRL, BL, and JK edited the paper. MK revised, formatted,
submitted, and responded to the reviewers' comments.

Funding

The study was funded by an operating grant from the Canadian Institutes of Health Research
(CIHR), Operating grant- PA: CHVI Vaccine Discovery and Social Research. URL:
http://www.cihr-irsc.gc.ca/e/193.html.

98



3.1.1 TILRR overexpression in transfected cells

To assess the effect of TILRR overexpression on genes in the NF-kB inflammatory pathway, |
overexpressed TILRR in HelLa (a cervical epithelial cell-line) (Figure 3.1A and B) and
VK2/EGE7 (a normal human vaginal mucosal epithelial cell-line) cells (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
control) were alive after 24h puromycin dihydrochloride selection as shown by the cells attached
to the culture plate with active pseudopods and intact morphology (Figure 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 that only contain PmaxGFP vector were died, showing complete loss
of pseudopodia and detachment from the culture plate with distracted morphology (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 90.9% of empty vector control- and TILRR

(vector+TILRR)-transfected HelL a cells, respectively (Figure 3.11 and J).
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Figure 3.1: Expression of TILRR in transfected cell lines. Confocal microscopy imaging of
transfected HeLa (A to D) and VK2/EGE7 (E to H) cells showing eGFP expression following
co-transfection with pEZ-TILRR-M68 (vector+TILRR) (1.0pg/5x10° cells) (A and E) or pEZ-
NEG-M68 (empty vector control) (1.0pug/5x10° cells) (B and F) along with PmaxGFP (0.2
1g/5x10° cells) and non-transfected control (C to D and G to H). (I-J) Flow cytometry
quantitation of transfected HelLa cells (I, empty vector control-transfected cells; J, TILRR-

overexpressed cells).
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Western blot analysis of transfected cells showed that cells transfected with TILRR expressed a
significantly higher amount of TILRR protein compared to parental-HeLa cells and cells
transfected with empty vector (p<0.05) (Figure 3.2A; full-length original blots presented in
Appendix Figure B7.2). RT? gPCR Primer analysis showed that cells transfected with TILRR
containing plasmid significantly overexpressed the TILRR mRNA compared to non-transfected
parental control and empty vector (p<0.0001) (Figure 3.2B). Confocal microscopy imaging
analysis further confirmed the overexpressed TILRR protein in HelLa cells (Figure 3.3A-D)
compared to the respective controls (Figure 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 TILRR. The mean fluorescence intensity (MFI) of TILRR transfected
cells showed significantly higher expression of TILRR compared to the parental control, isotype
control, and empty vector-transfected control (Figure 3.4A-C). These data indicated that TILRR

transfected HeLa and VK2/EGE7 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 post-transfection, as compared to GAPDH control (full-length original blots
presented in Appendix Figure B7.2), (B) Confirmation of the TILRR mRNA transcripts
overexpression in both cells using RT? qRT-PCR primer assay and data presented as log10 fold
change, which was normalized against HPRT1 housekeeping gene. Student t-test with 95% CI
performed for the statistical analysis using GraphPad Prism version 7.03, all p<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 transfected with TILRR plasmid DNA, (B)
DAPI staining shown cell nuclei, (C) Transfected cells showing eGFP, (D) Merged expression of
TILRR protein, eGFP, and nucleus, (E) Isotype control monoclonal antibody (F400G3S)
staining, and (F) Alexa Fluor 647 labeled goat anti-mouse 1gG secondary antibody only control.
Color code: red, TILRR protein (Alexa Fluor 647 channel); blue, nuclear DNA (DAPI channel);
and green, eGFP (FITC channel). Image captured using 20x objectives with a 20pum 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 transfected HeLa cells. Cells
were prepared by the recommended protocol as illustrated in the materials and methods chapter
(section 2.1.14). (A-B) Gating strategy for TILRR protein expressed cells, A) Parental control
cells, and B) TILRR overexpressed cells, (C) The overexpressed TILRR protein confirmed by
analyzing the mean fluorescence intensity (MFI) in TILRR-transfected cells compared to the
parental base, isotype, and empty vector-transfected control cells. Student t-test with 95% CI
performed for the statistical analysis using GraphPad Prism version 7.03, all p<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 a dose-dependent manner
To examine the effect of different amounts of TILRR on immune and inflammation responsive
genes, | co-transfected both HeLa and VK2/EGE7 cells with different concentrations of TILRR
(vector+TILRR) (0.25-2.0 pg/well) or empty vector control (0.25-2.0 pg/well) plasmid DNA in
combination with PmaxGFP plasmid DNA (0.05- 0.4 pg/well) and incubated at 37° C for 24h as
described in materials and methods chapter. Four genes (CCL5/RANTES, CXCLS8/IL-8, IL-6,
and TNFa) that play important role in immune activation and inflammatory response were
selected to evaluate the effect of different amounts of TILRR on their mRNA expression.
Different amounts of TILRR-plasmid DNA transfection did result in a dose-dependent increase
in mMRNA expression in HelLa cells (Figure 3.5A and Appendix Table C7.3) and VK2/EGE7
cells (Figure 3.5B and Appendix Table C7.4). HeLa cells transfected with 0.25-2.0 pg/well of
TILRR-plasmid DNA significantly increased mRNA of all 4 genes in a dose-dependent manner
except TNFa, which was only significantly increased with the dose of 0.5 pg/well or above
(Figure 3.5A). In the case of VK2/EGE7 cells, the effect of different amounts of TILRR-plasmid
DNA transfection was only observed for the mRNA of CXCL8 and IL-6 (Figure 3.5B). The data
showed that one microgram of plasmid DNA per well worked best in upregulating the selected
inflammation responsive genes (GeneCopoeia recommended protocol). Thus, 1.0 pg of plasmid

DNA per well was used for all subsequent experiments in this study.
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Figure 3.5: Dose-response effect of TILRR overexpression on the regulation of
inflammation responsive genes. RT?> gqPCR Primer assay for mRNA transcripts of the 4
immune and inflammation responsive genes in HelLa (A) and VK2/E6E7 (B) cells. Data were
analyzed using the GeneGlobe Data Analysis Centre (Qiagen) for RT? gPCR Primer assay. Fold
induction for the individual gene in each concentration of TILRR-plasmid DNA transfected cells
expressed as relative to levels of the respected concentration of empty vector-transfected control
and show mean+SEM of three independent experiments. All data were normalized against the
HPRT1 housekeeping gene. The statistical comparisons conducted using student t-test, all
p<0.05 were reported and indicated using asterisks' *p<0.05, **p<0.01, and ***p<0.001.
Legends on the upper right corner represent the experimental conditions with plasmid DNA
concentrations.
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3.1.3 Overexpression of TILRR significantly influenced the mRNA level of genes in the
NF-xB signal transduction pathway
Next, | investigated the effect of TILRR overexpression on the 84 genes in the NF-«kB signal
transduction pathway. | hypothesized that upon interaction with the IL-1R1 receptor, TILRR
would influence the downstream signaling events by regulating the mRNA transcript of genes in
the NF-«xB signal transduction pathway. To test this, | investigated the effect of overexpression
of TILRR on a panel of 84-genes (grouped in several categories in Table 3.1) that are directly
related to the NF-kB signaling pathway, immune activation, and inflammatory responses using

the Human NF-kB pathway RT? profiler PCR array.
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Table 3.1: Categories of NF-kB signaling pathway-related genes. (PAHS-025Z, Qiagen)

Category

Gene

NFkB Signaling Ligands

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

NFkB Signaling receptors

CD27 (TNFRSF7), CD40 (TNFRSF5), EGFR (ERBBL), F2R (PARL), FASLG (TNFSF6), IL-1R1,
LTBR, NOD1 (CARD4), TLR1, TLR2, TLR3, TLR4, TLR6, TLR9, TNFRSF1A (TNFR1), TNFRSF10A
(TRAIL-R), TNFRSF10B (DR5), TNFSF10 (TRAIL), TNFSF14

NFkB Transcription Factors

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

Signaling Downstream of NFkxB

BIRC2 (clAP1), FADD, IRAK1, IRAK2, IRF1, MYD88, RIPK1, TBK1, TICAML1 (TRIF), TICAM2
(TRAM), TNFAIP3, TRADD, TRAF2, TRAF3, TRAF6

Immune Responsive genes

CCL2 (MCP-1), CCL5 (RANTES), CSF1 (M-CSF), CSF2 (GM-CSF), CSF3 (G-CSF), CXCLS (IL-8),
ICAM1, IFNAL, IFNG, LTA (TNFB), TNF

Cytoplasmic Sequestering /
Releasing of NFxB

BCL3, CHUK (IKKa), IKBKB (IKKp), IKBKE (IKK¢), IKBKG, NFKBIA (IkBa), NFKBIB (IkBp),
NFKBIE

Apoptosis

AGT, BCL2A1 (BFL1), BCL2L1 (BCLXL), BIRC3 (c-1AP2)

Other NFxB Signaling

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 of NF-«B signal transduction-related genes in
transfected HeLa cells after 3 hours of incubation with serum-free DMEM. The result showed
fold increase (FI) in mRNA expression of a few genes were significantly upregulated (CCL5, FlI:
3.08+0.78, p=0.0026; CXCLS, 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, p=0.0417, TICAM1, FI: 1.13+0.08,
p=0.0273; TLR4, FI: 1.14+0.07, p=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 NF-kB signal transduction pathway after
three hours incubation following transfection. HeLa cells were transiently co-transfected with
either pEZ-TILRR-M68 (Vector+TILRR) (1.0pg/5x10° cells) or pEZ-NEG-M68 (empty vector
control) (1.0ng/5x10° cells) along with PmaxGFP (0.2ug/5x10° cells) in parallel experiments for
24h at 37°C with 5% CO, as described in the materials and methods chapter. The cells were
incubated in serum-free DMEM for 3h. Harvested RNAs from both cells used for the synthesis
of cDNAs that finally run with RT? profiler gPCR array targeting NF-kB signaling components
such as signaling ligands (A), signaling receptors (B), transcription factors (C), downstream
signaling genes (D), immune responsive genes (E), and cytoplasmic sequestering of NF-kB
genes (F). Data were analyzed using the GeneGlobe Data Analysis Centre (Qiagen) for the RT?
profiler PCR array. Fold induction for the individual gene in TILRR transfected cells expressed
as relative to levels of empty vector-transfected control and show meant+SEM of three
independent experiments. All data were normalized against the HPRT1 housekeeping gene. The
statistical comparisons conducted using student t-test, all p<0.05 were reported and indicated
using asterisks' *p<0.05, and **p<0.01. Legends on the upper right corner represent the
experimental conditions.
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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 heat map (Figure 3.7).
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Figure 3.7: Heat map presentation of up- and down-regulated genes in the NF-kB pathway
for the presence of TILRR. Log2 fold changes of gene expression in HeLa and VK2/E6E7 cells
generated by RStudio (https://www.rstudio.com). Gradient red color indicates the up-regulated
genes; gradient green represents the down-regulated genes. Solid black means baseline, which
represents the fold change 1 or log2= 0 (control). The X-axis showing the triplicate biological
samples for each cell line, the 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, 49- and 41-genes were significantly up-regulated in HeLa and VK2/EGE7 cells,
respectively (Figure 3.8A). Seven genes were significantly down-regulated in HeLa (AKT1, FI:
0.87+0.09, p=0.0277; F2R, Fl: 0.64+0.20, p=0.0046; NFKBIA, FI: 0.54+0.06, p=0.0011;
NFKBIB, FI: 0.80+0.04, p=0.0020; NFKBIE, FI: 0.54+0.09, p=0.0015; PSIP1, FI: 0.87+0.08,
p=0.0098; TNFRSF1A, FI: 0.81+0.06, p=0.0055); 3 genes were down-regulated in VK2/EGE7
cells (NFKBIB, FI: 0.53+0.01, p=0.0057; STAT1, FI: 0.55+0.16, p=0.0442; and TBK1, FI:
0.67£0.14, p=0.0309) (Figure 3.8B). No significant fold change observed for 28 and 40 genes in

HelLa and VK2/EGBE7 cells, respectively (Figure 3.8C).
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Figure 3.8: Venn diagram presentation of total regulated genes in the NF-kB signal
transduction pathway. A) The significantly up-regulated genes in HeLa and VK2/EGE7 cells
(p<0.05), B) The significantly down-regulated genes in both cell lines (p<0.05), and C) Non-
influenced genes in both HeLa and VK2/E6E87 for the presence of TILRR (p>0.05). Legends on
the upper right corner represent the cell lines. The right circle represents the HeLa cells, the left
circle for VK2/EGE7 cells, and the center overlapping circle represents the combined regulated
genes in  both cell lines. Venn diagrams were made using  pyvenn
(https://github.com/tctianchi/pyvenn).
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The expression of NF-kB signaling ligands, such as CXCL8 (IL-8) and IL-1p was significantly
up-regulated in HelLa cells (CXCL8, Fl: 6.33£2.48, p=0.0154; and IL-1B, FI. 3.44+1.15,
p=0.0084) and in VK2/EGE7 cells (CXCLS8, Fl: 2.55+0.92, p=0.0252; IL-1pB, FI: 2.234+0.64,
p=0.0379). The magnitude of increase of these signaling ligands is higher in HeLa cells.
Significant increases in IL-1a (FI: 3.05£0.70, p=0.0126) and TNFa (FI: 5.63+£3.69, p=0.0100)
expression were only observed in HeLa cells. Overexpression of TILRR appears to have no

effect on mRNA of I1L-10 detection in these two cell lines (Figure 3.9A).

Overexpressing TILRR in HeLa cells significantly increased the expression of 6 out of 7-
signaling receptors including IL-1R1 (FI: 1.36%0.24, p=0.0263), TLR2 (FI: 2.82+1.52,
p=0.0278), TLR3 (FI: 1.58+0.17, p=0.0004), TLR4 (FI: 1.57+0.10, p=0.0055), TNFRSF10A
(FI: 1.42+0.08, p=0.0003) and TNFRSF10B (FI: 1.80+0.21, p=0.0012) (Figure 3.9B). In
particular, IL-1R1 and TNFRSF10B receptor expression were significantly up-regulated in both
HelLa (IL-1R1, FI: 1.36+0.24, p=0.0263 and TNFRSF10B, FI: 1.80+0.21, p=0.0012) and
VK2/E6E7 (IL-1R1, FI: 1.23£0.03, p=0.0238 and TNFRSF10B, Fl: 1.49+0.06, p=0.0032) cells,
respectively. However, TLR6 (FI: 1.57+0.03, p=0.0007) expression was only significantly
increased in VK2/EGE7 cells, and TLR6 mRNA was unaltered in TILRR transfected HeLa 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 NF-xB signal transduction pathway. HeLa and VK2/EGE7 cells were transiently co-
transfected with either pEZ-TILRR-M68 (vector+TILRR) (1.0pg/5x10° cells) or pEZ-NEG-M68
(empty vector control) (1.0pg/5x10° cells) along with PmaxGFP (0.2pg/5x10° cells) in parallel
experiments for 24h at 37°C with 5% CO, as described in the material and methods chapter.
Harvested RNAs from both cells were used for the synthesis of cDNAs that finally run with RT?
profiler gPCR array targeting NF-xB signaling components, such as signaling ligands (A),
signaling receptors (B). Data were analyzed using the GeneGlobe Data Analysis Centre (Qiagen)
for the RT? profiler PCR array. Fold induction for the individual gene in TILRR transfected cells
expressed as relative to levels of empty vector-transfected control and show mean+SEM of three
independent experiments. All data were normalized against the HPRT1 housekeeping gene. The
statistical comparisons conducted using student t-test, all p<0.05 were reported and indicated
using asterisks' *p<0.05, **p<0.01, and ***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 8 NF-«kB transcription factors (Figure 3.10A)
in HeLa cells. Of which, the expression of FOS (FI: 1.41+0.07, p=0.0124), JUN (FI: 1.68+0.25,
p=0.0266), NFxB1 (p105/p50) (FI: 1.44+0.16, p=0.0036), NFkB2 (p100/p52) (FL: 2.16:+0.27,
p=0.0004), REL (p65) (FI: 1.25+0.14, p=0.0182), RELA (FI: 1.31+0.15, p=0.0091), RELB (FI:
2.40£0.48, p=0.0066), and STAT1 (FI: 1.27+0.12, p=0.0046) was significantly increased.
However, only the expression of four NF-xB transcription factors significantly increased in
VK2/EBET cells, including JUN (FI: 2.28+0.92, p= 0.0499), NFkB1 (p105/p50) (FI: 1.41+0.24,

p=0.0421), NFkB2 (p100/p52) (FI: 1.82+1.09, p=0.0494) and RELB (FI: 2.32+0.21, p= 0.0173).

The expression of mMRNA of genes directly connected to the downstream NF-xB signaling was
significantly increased following TILRR overexpression in both cell lines (Figure 3.10B). These
included IRAK2 (FI: 2.01+£0.27, p=0.0024 and FI: 2.08+0.48, p=0.0182), IRF1 (FI: 1.64+0.18,
p=0.0043 and FI: 1.32+0.24, p=0.0002), RIPK1 (FI: 1.34+0.04, p=0.0002, and FI: 1.45+0.27,
p=0.0361), and TICAM1 (FI: 1.51+0.15, p=0.0030, and FI: 1.19+0.06, p=0.0247) in HeLa and
VK2/EGE7 cells, respectively. Furthermore, TICAM2 (FI: 1.45+0.05, p=0.0093, and FI:
1.21+0.11, p=0.0093), TRAF2 (FI: 1.43+0.11, p=0.0023, and FI: 1.96+0.59, p=0.0319), TRAF3
(FI: 1.27+0.09, p=0.0080, and FI: 1.39+0.09, p=0.0061) and TRAF6 (FI: 1.47+0.03, p=0.0004,
and FI: 1.12+0.06, p=0.0247) were also increased in HeLa and VK2/EGE7 cells, respectively. In
addition, MYD88 (FI: 1.30+0.12, p=0.0425) and TNFAIP3 (FI: 2.81+0.48, p=0.0049) were

enhanced in HeLa cells whereas IRAK1 (FI: 2.86+1.67, p=0.0013) in VK2/E6E7 cells only.

116



4 Transcription factors Empty Vector Ctrl
A mmm Vector+TILRR (Hela cells)
3 m==  Vector+TILRR (VK2/E6E7 cells)
- *
2_
1_. -
-
| o-
o 3 nogd SEE 9 R R
5| ECSEEYERESECSEEERES
o [=]
& o z = n S =z = »
©
=
[3]
z|B . .
] Downstream signaling
L 44 Kk
<
=
o
E *%
3-
* *
*%
2- *%k ok *
* *%k% i e *%* = -3 * ek *¥ *
1_ o, N
SEYLBYSSRLLEETLYLBYSSRLLE
Eddro0n s sgs<<<EccOD TS
c -5 = <g c -5 = <
oo roouwXrrxrgsowon roowkxoeon
— =
Gene name

Figure 3.10: TILRR induces expression of transcription factors and downstream signaling
genes in the NF-kB signal transduction pathway. HelLa and VK2/EGE7 cells were transiently
co-transfected with either pEZ-TILRR-M68 (vector+TILRR) (1.0pg/5x10° cells) or pEZ-NEG-
M68 (empty vector control) (1.Oug/5x105 cells) along with PmaxGFP (0.2ug/5x10° cells) in
parallel experiments for 24h at 37°C with 5% CO; as described in the material and methods
chapter. Harvested RNAs from both cells were used for the synthesis of cDNAs that finally run
with RT? profiler gPCR array targeting NF-xB signaling components such as transcription
factors (A), downstream signaling genes (B). Data were analyzed using the GeneGlobe Data
Analysis Centre (Qiagen) for the RT? profiler PCR array. Fold induction for the individual gene
in TILRR transfected cells expressed as relative to levels of empty vector-transfected control and
show mean+SEM of three independent experiments. All data were normalized against the
HPRT1 housekeeping gene. The statistical comparisons conducted using student t-test, all
p<0.05 were reported and indicated using asterisks' *p<0.05, **p<0.01, and ***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 the NF-kB signaling
pathway was also examined. | observed significant induction of mRNA transcripts for 7
immuno-regulatory genes when TILRR was overexpressed (Figure 3.11A). The expression of
CSF1 (M-CSF) (FI: 1.560.20, p=0.0065 and FI: 1.35+0.08, p=0.0031), CSF2 (GM-CSF) (FI:
8.46+2.93, p=0.0261 and FI: 1.34+0.23, p=0.0249), CXCL8 (IL-8) (FI: 6.33+2.48, p=0.0154,
and Fl: 2.55+0.92, p=0.0252), and ICAM1 (FI: 2.22+0.33, p=0.0011 and FI: 1.42+0.14,
p=0.0155) was enhanced in TILRR transfected HelLa and VK2/EGE7 cells, respectively. CSF3

(G-CSF) and CCL5 (RANTES) were only significantly regulated in HeLa cells.

Finally, | examined the effect of TILRR on the expression of genes that are involved in
cytoplasmic sequestration or release of NF-kB complex proteins (Figure 3.11B). The expression
of three out of six genes evaluated was significantly up-regulated in the HeLa cell line, including
CHUK (IKKa), IKBKB (IKK), and IKBKE (IKKg). Only the expression of CHUK was up-
regulated in VK2/EGE7 cells. Thus, TILRR has a direct influence on genes involved in the
formation of transcription factors NFkB1 (p50) and NFkB2 (p52) that subsequently translocate

to the nucleus and potentiate signal transduction.
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Figure 3.11: TILRR induces expression of immune responsive and cytoplasmic
sequestering genes in the NF-kB signal transduction pathway. HelLa and VK2/EGE7 cells
were transiently co-transfected with either pEZ-TILRR-M68 (vector+TILRR) (1.0pg/5x10°
cells) or pEZ-NEG-M68 (empty vector control) (1.0pg/5x10° cells) along with PmaxGFP
(0.2pg/5x10° cells) in parallel experiments for 24h at 37°C with 5% CO, as described in the
material and methods chapter. Harvested RNAs from both cells were used for the synthesis of
cDNAs that finally run with RT? profiler gPCR array targeting NF-kB signaling components
such as immune responsive genes (A), and cytoplasmic sequestering of NF-xB genes (B). Data
were analyzed using the GeneGlobe Data Analysis Centre (Qiagen) for the RT? profiler PCR
array. Fold induction for the individual gene in TILRR transfected cells expressed as relative to
levels of empty vector-transfected control and show meantSEM of three independent
experiments. All data were normalized against the HPRT1 housekeeping gene. The statistical
comparisons conducted using student t-test, all p<0.05 were reported and indicated using
asterisks' *p<0.05, **p<0.01, and ***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-1p increases the mRNA transcript expression of various
inflammatory cytokines/chemokines related genes
| further tested the effect of TILRR overexpression in the presence of IL-1f on selected genes
directly involved in immune activation and inflammatory response in HeLa and VK2/E6GE7 cells.
TILRR transfected HeLa and VK2/EGE7 cells were incubated with or without IL-1f in parallel
experiments and the expression of mMRNA transcript was quantified using RT?> gPCR Primer
assay. The results showed that TILRR overexpression, in the presence or absence of added IL-
1B, significantly increased the expression of 4 immune and inflammation responsive genes in
HelLa and VK2/EGE?7 cells (Figure 3.12). In the absence of added IL-1p, TILRR overexpression
significantly increased mRNA transcript fold change of CXCL8 (IL-8) (FI: 6.33+2.48,
p=0.0154), I1L-6 (FI: 5.52+1.30, p=0.005), and TNFa (FI: 5.63+3.69, p=0.0100) in HeLa cells;
and CXCLS8 (IL-8) (FI: 2.55+0.92, p=0.0252) and IL-6 (FI: 2.47+0.40, p=0.0031) in VK2/E6E7
cells compared to empty vector control. CCL5 (RANTES) (FI: 5.24+1.23, p=0.0116) was an

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

In the presence of added IL-1B, TILRR overexpression also significantly increased mRNA
transcripts of these immune and inflammation responsive genes in comparison to the empty
control vector. These include CCL5 (RANTES) (FI: 27.48+3.25, p=0.0006), CXCLS8 (IL-8) (FI:
63.58+5.94, p<0.0001), IL-6 (FI: 28.03+11.08, p=0.0057) and TNFa (FIL: 8.67+1.53, p=0.0005)
in HeLa cells; and CCL5 (RANTES) (FI: 3.66+0.54, p=0.0016), CXCL8 (IL-8) (FI: 3.72+1.23,
p=0.0183), IL-6 (2.98+0.40, p=0.0010) and TNFa (FI: 2.73+0.54, p=0.0051) in VK2/EGE7 cells.
These results support that TILRR acts as a co-receptor of 1L-1R1, which enhances the activation

of NF«B signaling genes in the inflammatory response during microbial infection.
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Figure 3.12: TILRR enhances the expression of immune-responsive genes in the presence
or absence of added IL-1p. HelLa (5x10°/well) and VK2/E6E7 (5x10°/well) cells were
transiently co-transfected with either pEZ-TILRR-M68 (vector+TILRR) (1.0pg/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 parallel experiments, the cells were
incubated with the addition of IL-1B (1nM) in serum-free DMEM (HeLa) or Keratinocyte SFM
(1X) (VK2/E6ET7) media for 24 hours at 37° C. Data were analyzed using GeneGlobe Data
Analysis Centre (Qiagen) for RT? qPCR Primer assay. Fold increase for individual gene in
TILRR transfected (vector+TILRR) cells, in the presence or absence of IL-1B, expressed as
relative to levels of empty vector-transfected control and show mean+SEM of three independent
experiments. All data were normalized against the HPRT1 housekeeping gene. The statistical
comparisons conducted using student t-test, 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 cells with experimental conditions.
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3.1.5 SUMMARY

This study examined whether the overexpression of TILRR could lead to the increase of mMRNA
expression of genes associated with the IL-1-NF-«B inflammatory signaling pathway using in
vitro model systems (HeLa and VK2/EGE7 cell lines). | overexpressed TILRR in HelLa and
VK2/EGE7 epithelial cell lines and analyzed the mMRNA expression of 84 genes in the NF-xB
signaling pathway using a PCR array system. The results showed that TILRR was successfully
overexpressed in transfected HeLa and VK2/EGE7 cells and overexpression of TILRR
significantly increased the mRNA expression of inflammation responsive genes in a dose-
dependent manner. Overexpressed-TILRR significantly influenced the mRNA level expression
of many genes in the NF-kB signaling pathway, including signaling ligands, signaling receptors,
transcription factors, immune responsive genes, and downstream signaling molecules.
Additionally, TILRR alone or in combination with IL-1p increased the mRNA transcript
expression of many inflammatory cytokines/chemokines-related genes. Thus, TILRR
overexpression significantly increased the mRNA transcript expression of immune and

inflammation responsive genes in cervicovaginal epithelial cell lines.

Since TILRR increased the expression of many downstream signaling genes in the NF-xB
pathway, its overexpression in cervicovaginal epithelial cells may promote the production of
soluble pro-inflammatory cytokines/chemokines in transfected cell culture supernatants. Thus, |
examined the culture supernatants of TILRR-overexpressed HeLa and VK2/E6E7 cells using an
in-house developed multiplexed bead array method to quantify soluble pro-inflammatory
mediators. The results of the analysis of pro-inflammatory mediators are described in the next

section.
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32 EFFECT OF TILRR ON THE PRODUCTION OF SOLUBLE

CYTOKINES/CHEMOKINES IN CERVICOVAGINAL EPITHELIAL CELLS
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3.2.1 TILRR overexpression significantly increased the production of pro-inflammatory
cytokine/chemokine proteins in HeLa cell culture supernatants
To examine whether the production of specific cytokine/chemokine was also influenced by the
overexpression of TILRR, I quantified the production of 13 cytokines/chemokines in TILRR
transfected HelLa and VK2/EGE7 cell culture supernatants using an in-house developed 13-plex
bead array assay. The 13-plex bead array assay was designed to measure most of the important
cytokines/chemokines that are associated with the induction of innate immune responses,
inflammation, and inflammatory diseases, and enhanced HIV acquisition. This 13-plex bead
array assay was developed to quantify inflammatory mediators in several other projects in our

lab. It performed well and was cost-effective.

The results showed that TILRR overexpression, in the absence of added IL-1p, significantly
increased the production of several pro-inflammatory cytokines/chemokines in Hela cells
compared to the empty vector control during the observed time points from 1 to 24 h (Figure
3.13 and Appendix Table C7.5; fold change [mean£SEM)] for cytokines/chemokines is shown
in Appendix Table C7.5). After 1h incubation with serum free media, IL-6 (p= 0.0014), IL-8
(CXCLS8) (p< 0.0001), IP-10 (p<0.0001), and MCP-1 (p= 0.0064) were significantly increased in
culture supernatants. After 3-, 6- and 15-h incubation, | observed significantly higher production
of IL-6 (p= 0.0004, <0.0001, and 0.0011), IL-8 (CXCLS8) (p= 0.0004, 0.0005, and <0.0001), IP-
10 (p=0.0012, <0.0001, and <0.0001), and MCP-1 (p= 0.0035, 0.0013, and 0.0001) in HeLa cell
culture supernatants, except RANTES (CCL5) (p= 0.0024), which was only increased after 15h
incubation. The level of IL-6 (p< 0.0001), IL-8 (CXCLS8) (p= 0.0002), IP-10 (p< 0.0001),
RANTES (CCL5) (p=0.0001), and MCP-1 (p< 0.0001) in the cell culture supernatant of TILRR-

transfected HelLa cells remained high at 24 h. The data showed the consistency between mMRNA
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and protein level expression of IL-8 (CXCL8) and RANTES (CCL5). However, CSF2 (GM-
CSF), IFNy, IL-10, IL17A, MIP-10, and TNFa were not detected in the HeLa cell culture
supernatant (data not shown). Thus, overexpression of TILRR enhanced the production of many

pro-inflammatory cytokine/chemokine(s) in HeLa cell culture supernatants.
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Figure 3.13: TILRR overexpression in HelLa cells increased the production of pro-
inflammatory cytokines/chemokines. Hela (5x10°cells/well) cells were co-transfected with
either pEZ-TILRR-M68 (1.0pg/5x10° cells) or pEZ-NEG-M68 (1.0pg/5x10° cells) with
PmaxGFP (0.2ug/5x10° cells) vector as explained in the materials and methods chapter. Cells
were incubated with serum-free DMEM medium for different time points and supernatants were
collected. Thirteen different inflammatory cytokines were measured using an in-house developed
multiplex cytokines/chemokines bead assay with Bio-Plex 200 (Bio-Rad). 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 represent the mean of three
independent experiments (mean+SEM). Statistical comparisons conducted using student t-test
with 95% ClI, all p<0.05 were reported and indicated using an asterisks' *p<0.05, **p<0.01,
***n<0.001, and ****p<0.0001.

126



3.2.2 TILRR overexpression significantly increased the production of pro-inflammatory
cytokine/chemokine proteins in normal vaginal mucosal (VK2/E6E7) cell culture
supernatants

| next examined the level of cytokines/chemokines production in culture supernatants of TILRR-

overexpressed VK2/EGE7 cells. Similar to the HelLa cells, in the absence of IL-1f, there was a

gradual increase of cytokine/chemokine(s) production in VK2/E6E7 cell culture supernatants at

different time points compared to the empty vector-transfected cells (Figure 3.14 and Appendix

Table C7.6; fold change is shown in Appendix Table C7.6). Unlike the HelLa cells, | observed

that after 1h incubation with serum-free media, only IP-10 (p= 0.0109) was significantly

increased in TILRR overexpressed VK2/E6E7 cell supernatants. However, after longer

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

and 0.0084), I1L-8 (CXCLS8) (p= 0.0007, 0.0243, 0.0050, and 0.0319), IP-10 (p= 0.0061, 0.0109,

<0.0001, and 0.0301), and RANTES (CCL5) (p= 0.0283, 0.0435, 0.0016, and 0.0007) were all

significantly increased. Whereas, the level of MIP-1B (p= 0.0025, and 0.0007) was only
significantly increased after 15h and 24h incubation. CSF2 (GM-CSF), IFNy, IL-10, IL17A,

MCP-1, MIP-1a, and TNFa were not detected in the VK2/EGE7 cell culture supernatant after

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

production of many pro-inflammatory cytokine/chemokine(s) in VK2/EGE7 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 (5x10°cells/well) cells were co-transfected
with either pEZ-TILRR-M68 (1.0pg/5x10° cells) or pEZ-NEG-M68 (1.0pg/5x10° cells) with
PmaxGFP (0.2ug/5x10° cells) vector as explained in the materials and methods chapter. Cells
were incubated with serum-free Keratinocyte SFM (1X) medium for different time points and
supernatants were collected. Thirteen different inflammatory cytokines were measured using an
in-house developed multiplex cytokines/chemokines bead assay with Bio-Plex 200 (Bio-Rad).
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 represent the
mean of three independent experiments (mean+SEM). Statistical comparisons conducted using
student t-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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3.23 TILRR along with IL-1p stimulation significantly induced the production of
cytokine/chemokine proteins in HeLa cell culture supernatants
To determine whether TILRR overexpression augments the production of pro-inflammatory
cytokines/chemokines in the presence of IL-1f, | analyzed the effect of TILRR in the presence of
IL-1B in cell culture supernatants of HeLa and VK2/E6E7 cells. The analysis showed that in
HeLa cells the level of these cytokines/chemokines increased in a time-dependent manner with
the presence of TILRR and added IL-1p in comparison to the empty vector-transfected control
(Figure 3.15 and Appendix Table C7.7; fold change is shown in Appendix Table C7.7). After
1h incubation in serum-free media, the level of IL-6 (p=0.0002), IL-8 (CXCLS8) (p= 0.0001), IP-
10 (p= 0.0002), and MCP-1 (p= 0.0368) was significantly increased in HeLa cells. After longer
incubation times (3-, 6-, 15-, 24-h incubation), the level of IL-6 (p= 0.0005, 0.0029, 0.0002, and
<0.0001), 1L-8 (CXCLS8) (p< 0.0001, =0.0042, <0.0001, and =0.0008), IP-10 (p< 0.0001,
=0.0014, <0.0001, and 0.0001), and MCP-1 (p= 0.0001, 0.0088, <0.0001, and <0.0001) was
significantly increased due to the combined effect of TILRR and IL-1B. The chemokine
RANTES (CCL5) was only significantly increased at 15h (p= 0.0002) and 24h (p< 0.0001) after
incubation with IL-1pB in serum-free media. CSF2 (GM-CSF), IFNy, IL-10, IL17A, MIP-1a,
MIP-1B, and TNFa were not detected in the HeLa cell culture supernatant with TILRR
overexpression and added IL-1B (data not shown). Thus, these data demonstrated that TILRR
overexpression in the presence of added IL-1B enhanced the production of specific

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 added IL-1p. HelLa cells
(5x10°cells/well) were co-transfected with either pEZ-TILRR-M68 (1.0ug/5x10° cells) or pEZ-
NEG-M68 (1.0pg/5x10° cells) with PmaxGFP (0.2ug/5x10° cells) vector as explained in the
materials and methods chapter. Cells were incubated with the addition of IL-1p (1nM) in serum-
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 vector+TILRR, in the presence of IL-1B, compared to the empty vector control. The sample
measurements below the detection limit were assigned as zero. The data represent the mean of
three independent experiments (mean+SEM). Statistical comparisons conducted using student t-
test with 95% CI, all p<0.05 were reported and indicated using asterisks' *p<0.05, **p<0.01,
***n<0.001, and ****p<0.0001.
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3.24 TILRR along with IL-1p stimulation significantly induced the production of
cytokine/chemokine proteins in VK2/EGE7 cell culture supernatants
Next, | examined the effect of TILRR overexpression in the presence of added IL-1p on the
production of cytokines/chemokines in VK2/EGE7 cells. | observed a trend of increase of pro-
inflammatory cytokines/chemokines production in the presence of TILRR and IL-1p compared
to the empty vector control in serum-free media (Figure 3.16 and Appendix Table C7.8; fold
change is shown in Appendix Table C7.8). Unlike the HeLa cells, only IP-10 (p= 0.0004) was
significantly higher with the TILRR overexpression and added IL-1p in VK2/E6E7 cell
supernatants after 1h incubation. Similar to the HeLa cells, after longer incubation time (3- and
24-h incubation) the levels of IL-6 (p= 0.0058, and 0.0439), IL-8 (CXCL8) (p= 0.0011, and
0.0045), IP-10 (p= 0.0362, and 0.0004) and RANTES (p= 0.0281, and 0.0329) were
significantly increased in VK2/EGE7 cell culture supernatants. The significant increase of IL-8
(CXCLS8) (p= 0.0049), IP-10 (p= 0.0384) and RANTES (p= 0.0021) was also observed after 6h
incubation and the higher level of IL-6 (p= 0.0022), IP-10 (p= 0.0004), RANTES (CCL5) (p=
0.0012) and MIP-1B (p= 0.0332) was also observed after 15h incubation. However, the
production of CSF2 (GM-CSF), IFNy, IL-10, IL17A, MCP-1, MIP-1a, and TNFa was not
detected following the addition of IL-1B in the VK2/E6E7 cell culture supernatant (data not
shown). In summary, these data showed that TILRR, in the presence of added IL-1pB, can

promote the production of pro-inflammatory cytokine/chemokines by VK2/E6E7 cells.
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Figure 3.16: TILRR overexpression in VK2/EGE7 cells increased the production of pro-
inflammatory cytokines/chemokines in the presence of added IL-1p. VK2/EGE7
(5x10°cells/well) cells were co-transfected with either pEZ-TILRR-M68 (1.0pg/5x10° cells) or
PEZ-NEG-M68 (1.0pg/5x10° cells) with PmaxGFP (0.2ug/5x10° cells) vector as explained in the
materials and methods chapter. Cells were incubated with the addition of IL-1B (InM) in a
serum-free Keratinocyte SFM (1X) 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 vector+TILRR, in the presence of IL-1B, compared to the empty vector control.
The sample measurements below the detection limit were assigned as zero. The data represent
the mean of three independent experiments (mean+SEM). Statistical comparisons conducted
using student t-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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3.2.5 SUMMARY

The results of this section demonstrated that overexpression of TILRR in cervicovaginal
epithelial cells significantly increased the production of multiple pro-inflammatory
cytokines/chemokines in the culture supernatants of the transfected cells in a time-dependent
manner. Specifically, an elevated level of IL-6, IL-8/CXCL8, IP-10/CXCL10, and
RANTES/CCL5 was observed in TILRR-overexpressed HeLa and VK2/EGE7 cell culture
supernatants compared to that of empty vector-transfected controls. The chemokines MCP-
1/CCL2 and MIP-1B/CCL4 were only significantly increased in HelLa and VK2/EGE7 cell
culture supernatants, respectively. In addition, the levels of IL-6, IL-8/CXCLS8, IP-10/CXCL10,
and RANTES/CCLS5 were also increased in the culture supernatants in the presence of added IL-
1B. Collectively, these data showed that TILRR overexpression significantly induced the

production of soluble pro-inflammatory cytokines/chemokines in cervicovaginal epithelial cells.

Inflammatory mediators in the female genital tract induce the rapid infiltration of immune cells,
and these infiltrated immune cells secrete inflammatory mediators upon activation resulting in
the cycles of inflammation, which increase the risk of HIV acquisition. Because the
overexpression of TILRR increased the level of pro-inflammatory mediators in culture
supernatants, it is possible that TILRR-modulated production of inflammatory mediators by
cervical epithelial cells promotes the migration of immune cells, including HIV target cells. To
test this, | examined the migration behavior of HIV target cells under the influence of the
TILRR-overexpressed HeLa cell culture supernatants using Transwell assay and microfluidic
device assay. The results of the analysis of migration behavior of immune cells are described in

the next section of this thesis.
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3.3 EFFECT OF TILRR ON THE MIGRATION OF IMMUNE CELLS THROUGH
THE MODULATION OF SOLUBLE CYTOKINES/CHEMOKINES

PRODUCTION FROM EPITHELIAL CELLS

The results of this section are based on the following article:

TILRR promotes migration of immune cells through induction of soluble inflammatory

mediators. Frontiers in Cell and Development Biology, 2020. 8(563): p. 1-13.

Mohammad_Abul Kashem'?3# Xiaoou Ren®®, Hongzhao Li*, Binhua Liang**’, Lin Li**
Francis Lin>®®, Francis A. Plummer’, Ma Luo™?*

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

2JC Wilt Infectious Diseases Research Centre, Winnipeg, MB, Canada.

Department of Microbiology and Veterinary Public Health, Chittagong Veterinary and Animal
Sciences University, Chittagong, Bangladesh.

*National Microbiology Laboratory, Public Health Agency of Canada, Winnipeg, MB, Canada.
*Department of Biosystems Engineering, University of Manitoba, Winnipeg, MB, Canada.
®Department of Physics and Astronomy, University of Manitoba, Winnipeg, MB, Canada.
"Department of Biochemistry & Medical Genetics, University of Manitoba, Winnipeg, MB,
Canada

8Department of Immunology, University of Manitoba, Winnipeg, MB, Canada.
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materials, and wrote the full paper; XR participated in microfluidic device migration assay study
and drew the microfluidic device cartoon; ML and FL supervised the research; ML, FL, HL, BL,
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3.3.1 Optimization of Transwell cell migration assay

To determine the optimal concentration of positive control chemo-attractants for inducing
chemotaxis of the monocytes and lymphocytes in Transwell assay, a series of dilution
experiments were conducted using MCP-1/CCL2 and SDF-l1o/ CXCL12. One hundred
microliters of 5x10° cells diluted in RPMI 1640 medium were seeded into the apical chamber
(insert) of the Transwell plate and allowed for migration at 37° C for 24 h. The results showed
that THP-1 monocyte migration was gradually increased with increasing MCP-1/CCL2
concentration, and migration efficiency was gradually decreased to close to the baseline level
after 50 ng/ml MCP-1/CCL2 (Figure 3.17A). The highest percentage of THP-1 cell migration
was observed at 50 ng/ml chemokine concentration, and the lowest percentage was with 5 ng/ml
of MCP-1/CCL2 using three different cell counting methods. More specifically, the percentage
of relative migration (PRM) was observed at 10 ng/ml (PRM: 51.53+5.05%, p= 0.0077), 50
ng/ml (PRM: 78.57£1.44%, p= 0.0007), 100 ng/ml (PRM: 70.41+18.76%, p= 0.0424), and 200
ng/ml (PRM: 37.76+1.45%, p= 0.0037) compared to the DMEM only control (PRM: 7.65+2.16)
by counting with hemocytometer. Similar migration behavior was also observed with automated
cell counter, and flow cytometry analysis [10 ng/ml (PRM: 52.94+4.16%, p= 0.0111; and PRM:
56.22+6.18%, p= 0.0110), 50 ng/ml (PRM: 80.89+18.72%, p= 0.0476; and PRM: 82.01+9.92%,
p= 0.0106), and 200 ng/ml (PRM: 33.82+2.08%, p= 0.0299; and PRM: 43.02+4.96%, p= 0.0153)
of MCP-1/CCL2, respectively]. The highest PRM at 50 ng/ml of MCP-1/CCL2 was consistently
determined with all three methods. MCP-1/CCL2 concentration higher than the 50 ng/mi
diminished the effect of attracting THP-1 cells, and at 200 ng/ml the PRM was close to the
baseline. Thus, 50 ng/ml of MCP-1/CCL2 is the best concentration to induce the maximum

percentage of THP-1 cell migration in a conventional Transwell migration assay.
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Similarly, the optimal concentration of SDF-10/CXCL12 for MOLT-4 T-lymphocyte migration
in Transwell assay was also determined (Figure 3.17B). The PRM of MOLT-4 T-lymphocyte
significantly increased at 100 ng/ml (PRM: 49.64+9.89%, p= 0.0184), and 200 ng/ml (PRM:
53.90£9.19%, p= 0.0098) of SDF-10/CXCL12 compared to that of DMEM control by counting
with a hemocytometer. MOLT-4 T-cell was also significantly migrated at 100 ng/ml (PRM:
46.92+7.98%, p= 0.0359) and 200 ng/ml (PRM: 81.41+14.70%, p= 0.0169) with automated cell
counter and flow cytometry analysis, respectively. However, the PRM of MOLT-4 was reduced
at 200 ng/ml of SDF-10/CXCL12 by counting with an automated cell counter. Because MOLT-4
T-cell significantly migrated at 100 ng/ml of SDF-1a/CXCL12, and the rate of migration was
declined at 200 ng/ml by automated cell counter, | selected 100 ng/ml as the optimal
concentration to induce maximum percentage of MOLT-4 cell migration in Transwell migration
assay. This concentration was also found to be the best in inducing T-lymphocyte migration in
earlier studies [323, 324]. Taken together, the optimal concentrations of both MCP-1/CCL2 and
SDF-1a/CXCL12 were used as positive controls in Transwell and microfluidic real-time

migration assays.
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Figure 3.17: Optimization of positive control chemo-attractants for monocytes and
lymphocytes migration using Transwell assay. A) THP-1 monocytes, and B) MOLT-4 T-
lymphocytes migration was optimized using known chemo-attractants of MCP-1/CCL2 and
SDF-10/CXCL12, respectively. Chemo-attractants were diluted in DMEM without FBS and
antibiotic-antimycotic. Approximately 5.0x10° cells were used as input cells on the upper
chamber (insert) of Corning 24-well plate with a 5.0 um pore size polycarbonated membrane and
incubated for 24h. The line graph represents three independent experiments (meant+SEM)
compared to the DMEM base control (0 ng/ml chemo-attractants). Color-coded lines show
different counting methods. A red line with red asterisks represents hemocytometer count, a
green line with green asterisks for the automated countess, and a black line with black asterisks
indicates flow cytometry count. Statistical comparisons were conducted using student t-test with
95% CI, all p<0.05 were reported and indicated using asterisks' *p<0.05, **p<0.01, and
***p<0.001. Legend on the top of the figures represents the chemoattractants, type of cell used,
and counting method. The X-axis shows the different concentrations of MCP-1/CCL2 and SDF-
1o/CXCL12.
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3.3.2 The culture supernatant of TILRR-transfected HelLa cells significantly induced
migration of THP-1 cells in Transwell assay
To examine if the presence of TILRR-modulated soluble cytokines/chemokines influences the
migration of monocytes, a Transwell migration assay was conducted using THP-1 monocytes
and HeLa cell culture supernatants. The results demonstrated that the TILRR-transfected HelLa
cell culture supernatant attracted a significantly higher amount of THP-1 cells (11-40%) than the
controls (Figure 3.18A-D). Data analysis showed that approximately 16-46% higher amount of
THP-1 cells were migrated towards the culture supernatants of TILRR overexpressed HelLa cells
compared to the supernatant of empty vector-transfected (PRM: 52.26+6.88% vs 37.04+3.09%,
p= 0.0250), non-transfected (PRM: 52.26+6.88% vs 31.69+9.35%, p=0.0373) HelLa cell
supernatants, or DMEM controls (PRM: 52.26+6.88% vs 6.58+£2.49%, p=0.0004)
(hemocytometer counts) (Figure 3.18B). Similarly, it was observed that significantly higher
amount of THP-1 cells (12-39%) migrated towards TILRR-transfected culture medium than the
empty vector-transfected (PRM: 49.39+3.90% vs 38.04+4.22%, p= 0.0267), non-transfected
(49.39£3.90% vs 36.32+5.90%, p= 0.0328) HelLa cell supernatants, or DMEM controls
(49.39+3.90% vs 10.96+8.39%, p= 0.0020) (automated cell counter) (Figure 3.18C). Flow
cytometry analysis also showed that the higher numbers of THP-1 cells migrated towards the
TILRR-transfected culture medium (11-35%) than the controls (Figure 3.18D). As expected,
THP-1 cells were also significantly migrated towards the positive control chemo-attractant MCP-
1/CCL2 compared to that of DMEM controls as determined by all three counting methods
(Figure 3.18B-D). Thus, the supernatant of TILRR-overexpressed HeLa cells attracted the THP-
1 monocytes, suggesting that cervical tissue TILRR may attract immune cells to the cervical

tissues by promoting the secretion of inflammatory cytokines.
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Figure 3.18: THP-1 monocytes migration towards TILRR-modulated cervical cell culture
supernatants in Transwell assay. A) A representative image of polycarbonated membrane
Transwell unit. Approximately 5.0x10° THP-1 cells were used as input cells on the upper
chamber, and 600 ul of each chemo-attractant (either HeLa cell culture supernatants or MCP-
1/CCL2) was dispensed in the bottom chamber of the Transwell plate as described in the
materials and methods chapter. MCP-1/CCL2 (50 ng/ml diluted in DMEM) was used as a
positive control chemo-attractant. Corning 24-well plate with 5.0 pum pore membrane used to
conduct migration assay for 24 h. The migrated cells were counted with three independent
counting methods, B) hemocytometer, C) automated countess, and D) flow cytometry. Scatter
dot plots represent the percent relative migration of cells in the presence of TILRR-transfected
HeLa cell culture supernatants compared to the empty vector- and non-transfected control
supernatants, and DMEM control. The data represent the meantSEM of three independent
experiments. Statistical comparisons were conducted using student t-test with 95% CI, all p<0.05
were reported and indicated using asterisks' *p<0.05, **p<0.01, and ***p<0.001. The X-axis
indicates the condition of chemo-attractants.
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3.3.3 The culture supernatant of TILRR-transfected HelLa cells significantly induced
migration of MOLT-4 T-lymphocytes in Transwell assay
To assess whether the supernatant of TILRR-overexpressed HelLa cells attracts T-lymphocytes,
MOLT-4 cell migration was conducted using a similar approach. MOLT-4 cells were also
showed higher PRM (14-17%) towards TILRR-modulated HelLa cell culture supernatants
compared to that of controls (Figure 3.19A-D). Approximately 16-19% higher amount of
MOLT-4 cells were significantly attracted to TILRR overexpressed HeLa cell supernatants than
the supernatants of empty vector-transfected (PRM: 27.63+£3.57% vs 11.67+£1.17%, p= 0.0018),
non-transfected (PRM: 27.63+3.57% vs 8.95+2.94%, p= 0.0022) cells, or DMEM control (PRM:
27.63+3.57% vs 8.95+1.78%, p= 0.0013) (hemocytometer counting method) (Figure 3.19B). A
similar trend of MOLT-4 cell migration was observed by automated cell counter and flow
cytometry analysis where the PRM was observed approximately 14-18% and 12-14% higher in
TILRR-overexpressed Hela cell culture supernatants than that of controls, respectively (Figure
3.19C-D). Similar to the THP-1 cells, MOLT-4 cells were also significantly migrated to the
positive control chemo-attractant SDF-1a/CXCL12 compared to the DMEM controls (Figure
3.19B-D). Collectively, these data showed that the supernatant of TILRR-overexpressed HelLa

cells also attracts T-lymphocytes.

140



A B 504 —

E ek
3
5 40 el R
£ ek %
Transwell ks - -
- S— 30, *
insert 5 %
AT L b ® .
Membrane “Lit&i: 2 20
£
(3]
Chemo-attractants = P T
[~}
3 l=—
o @
=
c L L]

O

Hekek 50

o
°©

dede ke P

IS

=)
B
(=)

x T
-+

w

2
(]
=)
*

N
(=]

\
#
HH
f
H
H

%Relative migration (of input cells)
%Relative migration (of input cells)
N
o

Figure 3.19: MOLT-4 T lymphocytes migration towards TILRR-modulated cell culture
supernatants in Transwell assay. A) A representative image of polycarbonated membrane
Transwell unit. Approximately 5.0x10° MOLT-4 lymphocytes cells were used, and 600 ul of
HeLa culture media or positive control chemoattractant slowly dispensed into the Transwell plate
(bottom chamber) as described in the materials and methods chapter. SDF-10/CXCL12 (100
ng/ml diluted in DMEM) was used as a positive control. A similar Transwell plate (as THP-1)
was used to conduct the migration of MOLT-4 cells for 24 h. The migrated cells were counted
with three independent counting methods such as B) hemocytometer, C) automated countess,
and D) flow cytometry. Scatter dot plots represent the percent relative migration of cells in the
presence of TILRR-transfected HelLa cell culture supernatants compared to the empty vector-
and non-transfected control supernatants, and DMEM control. The data represent the
mean+SEM of three independent experiments. Statistical comparisons were conducted using
student t-test with 95% CI, all p<0.05 were reported and indicated using asterisks' *p<0.05,
**p<0.01, and ***p<0.001. The X-axis indicates the condition of chemo-attractants.
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3.3.4 The culture supernatant of TILRR-transfected HelLa cells significantly induced
migration of THP-1 monocytes by the microfluidic device analysis
Because Transwell assay does not provide the data on how far (directional displacement) a cell
can migrate towards the HelLa cell culture supernatants, | next sought to examine the
displacement of THP-1 monocytes from their original location towards the gradient of culture
supernatants by a novel microfluidic device. The microfluidic device offers a better-controlled
chemical gradient with single-cell analysis, which enables the data analysis of the displacement
and distribution of individual migrated cells during the experiment. The results showed that
TILRR-overexpressed HelLa cell culture supernatants attracted more THP-1 cells with
significantly higher average cell displacement compared to the controls (Figure 3.20A-E).
Furthermore, my study data showed that THP-1 cells migrated further to the supernatant of
TILRR overexpressed HelLa cells in comparison to the supernatant of the empty vector-
transfected HeLa cells (52.00£52.00 vs 34.00+48.00 um, p= 0.0180), non-transfected HelLa cells
(52.00+52.00 vs 28.00+29.00 um, p< 0.0001), or DMEM control (52.00+52.00 vs 19.00+23.00
pm, p< 0.0001) (Figure 3.20E). Thus, the TILRR-transfected HelLa cell supernatants promoted

the migration of THP-1 monocytes in microfluidic device assay.
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Figure 3.20: THP-1 monocytes migration towards TILRR-modulated cell culture
supernatants in the microfluidic device. 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 elliptical-dashed box and the number (1-8) show the chemical inlets of each independent
unit. (B) One magnified triangular unit (randomly selected) from figure A showing the black-
dashed square area from where migrated cells were analyzed. 11 and 12: chemical inlets; C: cell
loading port; O: waste outlet. (C) Representative images of the migration of THP-1 cells in
different conditions at Oh and 24h analyzed from figure B. Green color in the image of all
experimental conditions except DMEM control indicates the profile and most concentrated area
of a chemical gradient. (D) The colored box plots show the total displacement of each cell in the
corresponding experimental groups in figure C (from a single experiment). (E) The colored box
plots show the total displacement of each cell in three independent experiments. MCP-1/CCL2
(50 ng/ml diluted in DMEM) was used as a positive control chemo-attractant. The top and
bottom of the whisker show the maximum and minimum values; the box shows the migrated
cells within the range from 25% - 75% of total cells based on the ranked displacement value; the
black bold line indicates the mean displacement. The data in different groups were compared
using the Student t-test with 95% CI, all p<0.05 were reported and indicated using asterisks'
*p<0.05, **p<0.01, and ***p<0.001.
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3.3.5 The culture supernatant of TILRR-transfected HelLa cells significantly induced
migration of MOLT-4 T-lymphocytes by the microfluidic device analysis
| also evaluated the effect of the culture supernatant of TILRR-transfected HelLa cells on the
migration of MOLT-4 T-lymphocytes with the microfluidic device. The results showed that
TILRR-overexpressed culture supernatants also attracted more MOLT-4 cells with significantly
higher average cell displacement (Figure 3.21A-E). Similar to the THP-1 cells, MOLT-4 T-
lymphocytes migrated further towards the supernatant of TILRR overexpressed HelLa cells
compared to the supernatant of empty vector-transfected HelLa cells (25.00+£10.00 vs 19.00+8.00
pm, p<0.0001), non-transfected (25.00+£10.00 vs 20.00+£13.00 pm, p= 0.0025) HelLa cells, or
DMEM control (25.00£10.00 vs 14.00£3.00 pum, p<0.0001) (Figure 3.21E). Thus, TILRR-
transfected HelLa cell supernatants also promoted MOLT-4 T-lymphocytes migration with

microfluidic device assay.
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Figure 3.21: MOLT-4 T cells migration towards TILRR-modulated cell culture
supernatants in the microfluidic device. 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 elliptical-dashed box and the number (1-8) show the chemical inlets of each independent
unit. (B) One magnified triangular unit (randomly selected) from figure A showing the black-
dashed square area from where migrated cells were analyzed. 11 and 12: chemical inlets; C: cell
loading port; O: waste outlet. (C) Representative images of the migration of THP-1 cells in
different groups at Oh and 24h analyzed from figure B. Green color image of all experimental
conditions except DMEM control indicates the profile and most concentrated area of a chemical
gradient. (D) The colored box plots show the total displacement of each cell in the corresponding
experiment conditions in figure C (from a single experiment). (E) The colored box plots show
the total displacement of each cell in three independent experiments. SDF-10/CXCL12 (100
ng/ml diluted in DMEM) was used as a positive control. The top and bottom of the whisker show
the maximum and minimum values; the box shows the migrated cells within the range from 25%
- 75% of total cells based on the ranked displacement value; the black bold line indicates the
mean displacement. The data in different groups were compared using the Student t-test with
95% CI, all p<0.05 were reported and indicated using asterisks' *p<0.05, **p<0.01, and
***p<0.001.
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3.3.6 SUMMARY

This study investigated whether TILRR-modulated production of cytokines/chemokines in
cervical epithelial cells promotes the migration of immune cells, such as monocytes and T-
lymphocytes, the HIV target cells. Using Transwell assay, | demonstrated that the culture
supernatants of TILRR-transfected HelLa cells significantly promoted the migration of THP-1
(monocytes) and MOLT-4 (T-lymphocytes) cells compared to that of empty vector-transfected
and non-transfected HelLa cell culture supernatants. The data from the microfluidic device assay
also showed that TILRR-transfected HeLa cell culture supernatants induced the longer migration
distance of THP-1 and MOLT-4 cells. Altogether, these results support the hypothesis that
TILRR-mediated induction of soluble pro-inflammatory mediators by cervical epithelial cells

promotes the migration of immune cells, the HIV target cells.

The results described in the above three sections of this thesis research demonstrated that TILRR
is an important modulator of the NF-kB signaling pathway, production of chemotactic mediators,
and migration of HIV target cells. These studies provided further understandings of the role of
TILRR in inflammatory responses in addition to the published studies [285, 288]. However, all
earlier studies measured the mRNA expression of TILRR and downstream NF-«xB signaling
molecules. In these studies, TILRR was associated with cells and tissue, and there is no report on
the existence of TILRR in human blood. It is possible that TILRR also exists as a soluble protein
in human blood. If this is the case, it may modulate systemic inflammation. I hypothesized that
TILRR may circulate as a soluble protein in human blood, and its level in blood is associated
with differential susceptibility to HIV acquisition. | examined the human plasma TILRR using an
in-house developed multiplex bead array method and Western blot analysis and presented the

data in the next section of this thesis.
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3.4 TILRR CIRCULATES IN THE BLOOD AND THE LEVEL OF PLASMA TILRR

IS ASSOCIATED WITH SUSCEPTIBILITY TO HIV INFECTION

The results (first part) of this section are based on the following article:

TILRR (Toll-like interleukin-1 receptor regulator), an important modulator of
inflammatory responsive genes, is circulating in the blood. Journal of Inflammation
Research (in revision)

Mohammad Abul Kashem'?3** Xin-Yong Yuan* Lin Li% Joshua Kimani®, Francis A
Plummer''", Ma Luo™**
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3.4.1 ldentification of soluble TILRR protein in human plasma

3.4.1.1 TILRR protein is detected in human plasma samples

To test whether TILRR exists as a soluble protein in human plasma, | examined plasma samples
collected from women of PSWC between 1985 and 2008 (n=640). | quantified plasma TILRR
protein using an in-house developed multiplex bead array method (Bio-Plex). TILRR was
detected by two anti-FREM1 mAbs (F237G3 and F218G4, targeting epitopes on CSPG11+12
and Calx-B domain, respectively) and full-length FREM1 by anti-FREM1 F237G1 mAb
(targeting epitopes on CSPG9). Because the CSPG9 domain does not exist in TILRR, the use of
F237G1 mAb can differentiate TILRR from full-length FREM1 (the detailed method is
described in section 2.4.4.1). The results of my study showed that the in-house developed
method successfully detected TILRR protein in plasma, and the quantity of plasma TILRR
protein is variable among different individuals. Furthermore, the quantity of TILRR protein
estimated by the two anti-FREM1 mAbs, F237G3 (CSPG 11 and 12) and F218G4 (Calx-B) is
different. Based on the detection value of these two mAbs, | classified the examined plasma
samples into 4 different patients’ groups as shown in Table 3.2 (these patients’ groups will be
referred back for the data analysis in this section of my thesis). Of 640 samples, the plasma
TILRR protein was detected by both F237G3 and F218G4 mAbs in 186 samples with
concentration ranges from 0.57 ng/ml to 1449.62 ng/ml. Since the intact TILRR protein should
have both CSPG 11/12 and Calx-p domains, I thought that the lower value detected by the two
mADbs should be the quantity of the TILRR protein (Table 3.2, patient group 1). In addition,
303 (patient group 2) and 19 (patient group 3) plasma samples only have detectable value
using F237G3 mAb (ranges from 2.38 ng/ml to 5196.79 ng/ml) or F218G4 mAb (ranges from

15.81 ng/ml to 201.08 ng/ml), respectively (Table 3.2). TILRR was not detected in 132 plasma
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samples using either F237G3 or F218G4 mAbs (Table 3.2, patient group 4). Full-length

FREML1 protein was barely detected in patients' plasma using F237G1 mAb (data not shown).

Thus, these data showed that TILRR protein is indeed present in human plasma and their amount

is variable among the patients.

Table 3.2: Blood plasma TILRR protein detection and quantification by Bio-Plex assay (as an

example).
Patient groups F237G3 mAb F218G4 mAb F237G1 mAb TILRR TILRR
classified based on | (CSPG 11 and (Calx-B) (CSPGY9) level
TILRR value 12) (ng/ml) (ng/ml) (ng/ml) (ng/ml)
using Bio-Plex
method
Group 1 104.22 156.36 Not detected Yes 104.22
Group 2 29.64 Not detected Not detected Not sure ?
Group 3 Not detected 201.08 Not detected Not sure ?
Group 4 Not detected Not detected Not detected Not sure 0
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3.4.1.2 Confirmation of TILRR protein in human plasma samples

To confirm the detected TILRR protein in human plasma using the in-house developed multiplex
bead array system (Bio-Plex), | selected 3 patient plasma samples from each of the 4 classified
patient groups (Table 3.2) based on the detection values with different mAbs. The TILRR
protein was affinity-purified from the selected samples and analyzed by Western blot. The
TILRR was probed using anti-FREM1 F237G3 and F218G4 mAbs, and Full-length FREM1 was
probed using anti-FREM1 F237G1 mAb. Because F237G3 and F218G4 mAbs can detect both
TILRR and FREML1, | can only differentiate TILRR from FREML1 by their protein size with
protein molecular weight (MW) marker. TILRR is a ~70 kDa protein, whereas full-length
FREML is a ~235 kDa protein. The Western blot analysis showed that TILRR protein (a 70 kDa
protein) can be detected from all groups of patient plasma samples with variable signal intensity
(Figure 3.22A-D; Appendix Figure B7.4). Even the plasma samples with no signal using the
Bio-Plex method have a 70 kDa band with Western Blot analysis (Figure 3.22D, Group 4)
except that the TILRR protein intensity varies. The TILRR protein intensity was consistent with
the TILRR quantity measured with Bio-Plex assay among different patients’ groups (Figure
3.22A-D; and tables on the top of Figure 3.22A-D). Coomassie blue staining showed that the
affinity-purified proteins were not completely transferred (especially for group 1) from the gel to
the nitrocellulose membrane (Figure 3.22A-D; Appendix Figure B7.5). The protein intensity
(mostly 70 kDa) in group 1 following Coomassie blue staining showed significantly higher than
the other groups (Figure 3.22A). Thus, although Western blot validated the presence of TILRR
in the blood plasma, it cannot provide accurate quantification of the protein since a portion of
proteins were not transferred to the nitrocellulose membrane. F237G1 mAb (binds with epitopes

on CSPG9 of FREM1) was used to detect the full-length FREM1 by Western blot; no band of
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~235 kDa (the expected size of full FREM1 protein) was detected (Appendix Figure B7.6A-B).
Thus, only TILRR protein (70 kDa) and other FREM1 variants (either <70 kDa or >70 kDa) are
present in the human plasma samples. Other variants of FREM1 have not been consistently
detected in all plasma samples examined. The role of these FREM1 protein variants in host

inflammatory response could be interesting studies in the future.
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Group 1 Group 2
mAbs | ML2492 | ML2S02 | ML2442 | ML326 | ML2170 | ML2443
(ng/ml) (ng/ml) (ng/ml) | (ng/ml) (ng/ml) (ng/ml)

F237G3 104.22 198.60 414 81 29.64 83.50 34.32
F218G4 156.36 156.36 45827 ND ND ND
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Figure 3.22: Western blot and Coomassie blue staining confirmation of purified TILRR
from plasma after affinity purification for classified TILRR groups 1 to 4. The tables on the
top of the figures show the amount of plasma TILRR protein quantified by Bio-Plex using
plasma from patients' groups 1-4 (Table 3.2). A-D) Affinity purified plasma TILRR was
analyzed by Western blot (left, green color) and Coomassie blue staining of NUPAGE gel after
iBlot transfer, showing the untransferred protein (right, red color) in Group 1 (A), Group 2 (B),
Group 3 (C), and Group 4 (D). Each group shows data from 3 patients. Top panels (left) of
figures A-D show the Western blot bands (green color) for TILRR protein (cropped) detected by
two different anti-FREM1 IgG mAbs (F237G3 and F218G4) (full-length un-cropped blot images
are shown in Appendix Figure B7.4). Top panels (right) of figures A-D show the protein bands
in the gel after Coomassie blue staining (red color) (cropped); Full-length un-cropped gels are
shown in Appendix Figure B7.5. The corresponding TILRR protein (R.F.U) for each patient is
shown in the bar graph beneath the cropped blots and gels. Western blot and Coomassie blue
staining images were acquired by Odyssey CLx imaging system (LI-COR, USA) with auto
channels (both 700 and 800), 42 um resolution, high image quality, and Omm focal offset for
blots and 0.5mm focal offset for gels. The X-axis of all figures indicates the patients’
identification number. ND, Not detected; kDa, kiloDalton; RFU, relative fluorescence units.
Legends on the top right corner of figure B show the assay techniques.
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Based on the data from Bio-Plex (multiplex bead array) and Western blot analysis, | conclude
that TILRR exists in the plasma of all patients’ groups (Table 3.3). Based on the Western blot
results, | revised my assessment on the TILRR plasma level (Table 3.4). My conclusion is that
TILRR presents in the blood plasma of all patients and its level varies greatly among the
patients, ranges from 2.38 ng/ml to 5196.79 ng/ml. The highest level of plasma TILRR was
observed in patient group 1 (median [IQR]: 143.74 [76.69-247.73] ng/ml). In this group, TILRR
can be detected by both F237G3 and F218G4 mAbs with the highest detection value between
these two mAbs as the level of plasma TILRR. The plasma TILRR level of group 3 is
determined with F218G4 mAb (median [IQR]: 97.14 [55.18-134.63] ng/ml, second-highest
level), and the one for group 2 is determined with F237G3 mAb (median [IQR]: 50.36 [35.44-

74.08] ng/ml, lowest level) (Figure 3.23A).

Next, | analyzed the detection frequency of plasma TILRR protein among 640 samples to
determine whether the detection frequency is correlated to the level of plasma TILRR protein in
different patient groups (Figure 3.23B). Since patient group 4 did not show TILRR detection
(below the limit of detection), I calculated the frequency (%) for groups 1-3 by subtracting the
numbers of samples of group 4. Based on the defined groups in Table 3.2, group 2 is the highest
with a detection frequency of 59.65% (303/508), followed by group 1 (36.61%, 186/508), and
group 3 (3.74%, 19/508). Thus, the level of plasma TILRR protein is not correlated with the
detection frequency in patients’ groups 1-3. Although patient group 4 showed no TILRR
detection by Bio-Plex, Western blot analysis confirmed that this group of patients also carries
TILRR in their blood plasma. Therefore, | considered patient group 4 as the lowest plasma

TILRR group in this study.
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Table 3.3: Blood plasma TILRR protein detection and confirmation by Bio-Plex assay and Western blot

analysis.
The . . Western Blot Confirmation
plasma Bio-Plex detection (70 kDa band) FCV
of

Patient | F237G3 | F218G4 | F237G1 F237G3 | F218G4 | F237G1

groups mADb mADb mADb TILRR mADb mADb mAb TILRR | TILRR
(n=640)

Group 1

(n=186) D D ND Yes C C ND Yes Yes
Group 2

(n=303) D ND ND Not sure C C ND Yes Yes
Grouns | Np D ND | Notsure C C ND Yes Yes

(n=19)

Group 4

(n=132) ND ND ND Not sure C C ND Yes Yes

D, detected; ND, not detected; C, confirmed; FCV, final confirmation and validation; kDa, kiloDalton

Table 3.4: Blood plasma TILRR protein detection and quantification by Bio-Plex assay (after Western

Blot analysis).

Patient F237G3 mAb F218G4 mAb F237G1 TILRR TILRR level

groups (CSPG 11 and 12) (Calx-p) (CSPG9) (ng/ml)
(ng/ml) (ng/ml) (ng/ml)

Group 1 104.22 156.36 Not detected Yes 156.36

Group 2 29.64 Not detected Not detected Yes 29.64

Group 3 Not detected 201.08 Not detected Yes 201.08

Group 4 Not detected Not detected Not detected Yes Below detection
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Figure 3.23: Variable quantity and the detection frequency of TILRR protein in human
plasma samples. A) The level of plasma TILRR detected by anti-FREM1 mAbs (F237G3 and
F218G4) among patients’ groups 1-4 (n=640) (as classified in Table 3.2) is shown (median with
interquartile range [IQR]). In the case of group 1, both anti-FREM1 mAbs (F237G3 and
F218G4) detected the plasma TILRR, thus the higher detection value between these two mAbs
was plotted (patient group 1). In the case of patient groups 2 and 3, TILRR was only detected by
F237G3 mADb (group 2) and F218G4 mab (group 3), respectively. TILRR was detected neither
by F237G3 mAb nor by F218G4 mAD in patient group 4 (below the detection limit). Thus, the
data for group 4 was plotted as O (zero). F237G3 mAb targets epitopes on CSPG11 and 12
domains of FREM1/TILRR protein. F218G4 mAb binds epitopes on the Calx-f domain of
FREMI/TILRR protein. B) The detection frequency of plasma TILRR protein among patients’
groups 1-4 (n=640). As plasma from patient group 4 did not show TILRR detection by Bio-Plex,
the detection frequency for group 4 showed 0 (zero) %. For groups 1-3, the detection frequency
was calculated based on the total detected samples (n=508). Statistical comparisons were
conducted using student t-test with 95% CI, all p<0.05 were reported and indicated using
asterisks' ****p<0.0001.
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3.4.1.3 Validation of in-house developed multiplex bead array method for plasma TILRR

guantification

3.4.1.3.1 In-house developed Multiplex bead array method detected and quantified added
recombinant FREM1 spD proteins
To investigate whether the in-house developed Bio-Plex method accurately quantified TILRR in
plasma samples, the plasma samples from different patients' groups (as classified in Table 3.2)
were spiked with rFREM1 spD protein. Quantification of the rFREM1 spD protein in these
plasma samples will validate the in-house developed method. The data demonstrated that the
multiplex bead array method successfully detected and quantified the spiked rFREM1 spD in
these plasma samples (Figure 3.24A, Table 3.5). Thus, the in-house developed multiplex bead
array method can successfully measure TILRR proteins in most patient samples as indicated in

Table 3.2.

Next, |1 examined whether the Bio-Plex system can effectively measure the purified plasma
TILRR protein from different patients' groups as categorized in Table 3.2. | used Bio-Plex assay
to quantify the affinity-purified protein (the volume of affinity-purified protein was adjusted
based on the input volume of plasma samples used in Bio-Plex assay). The results demonstrated
that TILRR was detected in the affinity-purified protein of all patients' groups including group 4,
which was undetectable by Bio-Plex assay before conducting affinity purification (Figure
3.24B). The reason for plasma TILRR detection by Bio-Plex assay in patient group 4 after
affinity purification could be due to that the mAb-specific epitopes of TILRR are accessible to
the mAbs in the purified TILRR solution, while in plasma samples the antibody specific epitopes

might be blocked by other proteins. Taken together, these data suggested that the low limit of
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TILRR detection using the in-house developed multiplex bead array method (Bio-Plex) was at

the level of >2.38 ng/ml in human plasma samples.
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Figure 3.24: TILRR protein quantified by multiplexed bead array method in plasma
samples of patients with different patients’ groups before and after spiked with rFREM1
spD protein and following affinity purification. A) TILRR of plasma samples (n=3 from each
of patient groups 1-4 in Table 3.2) spiked with rFREM1 spD protein (conc. 106.58 ng/ml). B)
Quantification of affinity-purified TILRR protein (after removal of plasma IgG) obtained from
plasma samples of different groups of patients (groups 1-4 in Table 3.2) (n=3 for each group).
The input volume of affinity-purified protein was adjusted based on the amount of plasma
samples used for the Bio-Plex assay. The data presented as meantSEM of three independent
samples. Legends on the top of Figure A represent the experimental conditions. The X-axis of
both Figure A and B indicated the patients’ groups.

157



Table 3.5: Validation of the detection efficiency of the in-house developed multiplex bead array assay

Patient group Patient TILRR TILRR Amount of rFREM1 Bio-Plex detection
(as mentioned ID# detection confirmation spD protein spiked to after spiked with
in Table 3.2) (Bio-Plex) (WB, 70 kDa) the plasma (ng/ml) rFREM1 spD

ML002492

Group 1 ML002802 Yes Yes 106.58 Yes
ML002442
ML000326

Group 2 ML002170 Yes Yes 106.58 Yes
ML002443
ML002292

Group 3 MLO002772 Yes Yes 106.58 Yes
ML000109
ML000887

Group 4 ML000893 . Yes 106.58 Yes

detection

ML001070

kDa, kiloDalton; WB, Western blot

158




3.4.1.3.2 TILRR protein purified by affinity purification with anti-FREM1 F237G12 1gG
mADb
To verify whether the agarose beads cross-linked with anti-FREM1 F237G12 1gG mADb captured
FREML1 variants including TILRR in human plasma, | spiked patient plasma samples with
rFREM1 spD protein. After affinity purification, Western blot analysis was conducted. The
results showed that only a ~57 kDa band was observed in rFREM1spD protein alone, whereas
both 70 kDa and ~57 kDa sized protein were found in patients' plasma samples spiked with
rFREM1 spD protein (Figure 3.25A and Appendix Figure B7.7A). Intriguingly, the plasma
sample itself without the added rFREM1 spD protein had also a ~57 kDa-sized protein in
addition to the 70 kDa TILRR protein (Figure 3.25A and Appendix Figure B7.7A).
Additionally, Coomassie blue staining showed that the remaining proteins in the gel had also
strong signal intensity for both ~57 kDa and 70 kDa proteins in all conditions (Figure 3.25B and
Appendix Figure B7.7B). Overall, the plasma samples with spiked rFREM1 spD protein
demonstrated higher signal intensity for ~57 kDa protein compared to the rFREM1 spD alone
and plasma itself (Figure 3.25C-D). Thus, this study confirmed that agarose beads cross-linked
with anti-FREM1 F237G12 IgG mAb can efficiently capture TILRR protein or other minor

variants of FREM1 from patients' plasma.
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Figure 3.25: Western blot and Coomassie blue staining confirmation of plasma TILRR
protein before and after spiked with rFREML1 spD and affinity purification. The plasma
sample (1ml) was spiked with rFREM1 spD (106.58 ng/ml) in a single tube. In parallel, the
plasma sample alone, and rFREML1 spD alone were separately taken into the tubes. The final
volume of all samples was adjusted to 4 ml (1:4 dilution), and the concentration of spiked
rFREML1 spD protein was adjusted similar to the concentration of TILRR protein (median) in the
patient's plasma observed by Bio-Plex. Affinity purification (AP) was conducted by cross-linked
anti-FREM1 F237G12 IgG mAb. A) Western blot confirmation of ~57kDa rFREM1 spD protein
(cropped; Full-length un-cropped bot is shown in Appendix Figure B7.7A). The bar graph
underneath the cropped blot shows the corresponding protein intensity (R.F.U) for only ~57kDa
protein. B) Coomassie blue staining of ~57kDa rFREML1 spD protein (cropped; the full-length
un-cropped gel is shown in Appendix Figure B7.7B). The bar graph underneath the gel shows
the corresponding rFREM1protein intensity (R.F.U) for ~57kDa protein. TILRR protein
intensity (R.F.U) with bar graph for 70 kDa protein is not shown. C-D) Plasma samples with
spiked rFREML1 spD protein (R.F.U) compared to the rFREML1 spD alone and plasma alone
following Western blot analysis (C) and Coomassie blue staining (D). Western blot and
Coomassie blue staining images were acquired by Odyssey CLx imaging system (LI-COR,
USA) with auto channels (both 700 and 800), 42 um resolution, high image quality, and Omm
focal offset for blots and 0.5mm focal offset for gels. kDa, kiloDalton; RFU, relative
fluorescence units.
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3.4.2 Association of plasma TILRR with HIV seroconversion

3.4.2.1 Detection frequency of TILRR protein in archived plasma samples

To assess whether archived human plasma samples (n= 640) are suitable to further analysis of
TILRR protein, | first estimated the overall detection frequency of TILRR protein in plasma
samples collected between 1985 and 2008 following Bio-Plex quantification. Data analysis
showed that overall detection frequency was higher in plasma samples collected between 2001
and 2008 (Figure 3.26A, detailed breakdown is presented in Appendix Figure B7.8 and
Appendix Figure B7.9). More specifically, the highest detection frequency was recorded as
93.08% (121/130) between 2001 and 2005, and the least frequency was 64.25% (124/193) from
1991 to 1995. The frequency of 80.77% (84/104), 79.28% (88/111), and 89.22% (91/102) was
also observed during 1985-1990, 1996-2000, and 2006-2008, respectively. These data suggest
that the overall detection frequency of TILRR protein in archived plasma samples is suitable to

use for further analysis.

Next, | analyzed whether the level of plasma TILRR protein was correlated with the frequency of
detection in archived plasma samples. The analysis demonstrated that the highest level of TILRR
protein was observed in samples collected between 1985 and 1990 (median [IQR]: 134.63
[41.43-257.37] ng/ml) whereas the lowest level of plasma TILRR was observed in samples
collected during 2001-2005 (median [IQR]: 42.31 [23.39-65.03] ng/ml) (Figure 3.26B). Thus,
the levels of TILRR protein in the archived plasma samples are not correlated with the
frequencies of plasma TILRR protein detection and the plasma samples collected between 1985
and 2008 are suitable for further analysis with other factors, such as plasma inflammatory

cytokines, FREM1 SNP rs1552896 genotype, and HIV acquisition.
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Figure 3.26: Overall detection frequency and the level of plasma TILRR in archived
samples of all patients (groups 1-4) collected from women of PSWC. A) Frequency of blood
plasma TILRR detection among different groups of patients (as mentioned in Table 3.2)
collected between 1985 and 2008 (n=640); B) The level of TILRR protein (median with IQR) in
plasma samples collected between 1985 and 2008 (n=640). The number above and within each
bar of Figure A represents the total samples (n) tested and the TILRR protein detection
frequency (%), respectively.
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3.4.2.2 Higher frequency of high plasma TILRR protein was observed in patients with
FREM1 SNP rs1552896 CC genotype (major allele) in the Pumwani sex worker
cohort
An earlier study from our group showed that the minor allele "G" (GG/GC genotype) of FREM1
SNP rs155896 is correlated with HIV resistant individuals and the major allele "C" (CC
genotype) of FREM1 SNP is associated with HIV susceptible individuals [260]. To examine
whether women with CC genotype of FREM1 SNP rs1552896 are more likely to have a high
level of TILRR in their blood than women with GG/GC genotype of the FREM1 SNP, |
analyzed the frequency and the level of plasma TILRR protein expression between CC and
GG/GC genotypes of women of PSWC. Of 640 samples (316 subjects), 557 (291 subjects)- and
71 (21 subjects)- samples were CC and GG/GC genotype, respectively. Twelve samples (4
subjects) did not have genotype information. The analysis revealed that the frequency of plasma
TILRR was higher in women with CC genotype than in women with GG/GC genotype, with
82.05% (457/557) was observed among women with CC genotype, and 54.93% (39/71) was

observed among women with GG/GC genotype (Figure 3.27A; Appendix Figure B7.10A).

The level of TILRR in blood plasma was correlated to the frequency of detection among women
with FREM1 SNP rs1552896 genotypes (Figure 3.27B; Appendix Figure B7.10B). The level
of plasma TILRR was significantly higher among CC genotype individuals than that of GG/GC
genotype individuals (median [IQR]: 56.96 [26.58 - 108.44] ng/ml versus 21.36 [0.00-62.37]
ng/ml, p< 0.0001). Taken together, these data showed that a higher level of plasma TILRR is
present with higher frequencies in women with FREM1 SNP rs155289 major allele genotype

(CC) than women with the minor allele genotype of FREM1 SNP rs1552896 (GG/GC).
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Figure 3.27: Frequency and the level of plasma TILRR in women with FREM1 SNP
rs1552896 genotype quantified by Bio-Pex. A) Frequency of plasma TILRR detection between
major allele (CC genotype) (plasma n=557) and minor allele (GG/GC genotype) (plasma n=71)
of FREM1 SNP rs1552896 genotype women. The numbers on the top and the percentage within
the bar show the total plasma sample (n) tested and frequency of TILRR detection, respectively;
B) The level of plasma TILRR (median with IQR) between CC genotype and GG/GC genotype
women (plasma n=628). The detailed breakdown of the data among patients’ groups 1-4 as
classified in Table 3.2 is shown in Appendix Figure B7.10. Statistical comparisons were
conducted using student t-test with 95% CI, all p<0.05 were reported and indicated using an
asterisks' ****p<0.0001. gen, genotype.
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3.4.2.3 A higher frequency of high-level plasma TILRR was observed in HIV
seroconverters
To assess whether plasma TILRR protein expression is higher in HIV seroconverters (HIV
SCON) than HIV resistant women (HESN), | next compared the frequencies and the level of
median plasma TILRR level between HIV SCON and HIV resistant women. Among 449
samples (169 subjects), 171 samples (78 subjects) were from HIV SCON before seroconversion
and 278 samples (91 subjects) were from HIV resistant women. The analysis showed that a
higher frequency of plasma TILRR was detected in HIV SCON than that of HIV resistant
women (99.42% [170/171] versus 60.43 % [168/278], respectively) (Figure 3.28A; Appendix

Figure B7.11A).

The median level of plasma TILRR was also compared between HIV SCON and HIV resistant
women (Figure 3.28B; Appendix Figure B7.11B). The result showed that the HIV SCON
women had a significantly higher median level of plasma TILRR than the HIV resistant women
(median [IQR]: 167.09 [107.05 - 257.37] ng/ml versus 35.44 [0.00 - 61.65] ng/ml, p<0.0001).

Thus, the median plasma TILRR protein level is significantly higher in HIV seroconverters.
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Figure 3.28: Frequency and the median level of plasma TILRR between HIV SCON and
HIV resistant women of PSWC quantified by Bio-Plex. A) Frequency of plasma TILRR
detection between HIV SCON (n=171) and HIV resistant (n=278) women. The numbers on the
top and the percentage within the bar show the total sample (n) tested and frequency of TILRR
detection, respectively; B) The median level of plasma TILRR (median with IQR) between HIV
SCON and HIV resistant women (n=449). The detailed breakdown of the data among patients’
groups 1-4 as classified in Table 3.2 is presented in Appendix Figure B7.11. Statistical
comparisons were conducted using student t-test with 95% CI, all p<0.05 were reported and
indicated using asterisks' ****p<0.0001. HIVV SCON, HIV seroconverters; Resist, resistant.
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3.4.2.4 Plasma TILRR level is correlated with the levels of several plasma inflammatory
cytokines/chemokines
Next, | examined the plasma TILRR and its relationship with the levels of 14 plasma
inflammatory cytokines/chemokines in 352 patients. Spearman rank correlation analysis was
conducted and showed that plasma TILRR level is positively correlated with the levels of several
plasma pro-inflammatory cytokines/chemokines, including IL-1f (rho= 0.259, p<0.0001), MCP-
1 (rho= 0.2377, p<0.0001), and IL-17A (rho= 0.1225, p=0.0220) (Table 3.6). There is also a
trend of positive correlation of plasma TILRR with the levels of IFNy, IL-6, GM-CSF, MIP-1a,
MIP-1p, IL-10, and IP-10. Many of the pro-inflammatory cytokines/chemokines are positively
correlated with each other (Table 3.6). For instance, IL-1p was positively correlated with IL-6
(rho=0.3057, p<0.0001), GM-CSF (rho= 0.1063, p= 0.0464), MCP-1 (rho= 0.2805, p<0.0001),
MIP-a (tho= 0.2312, p<0.0001), MIP-B (rho= 0.2782, p<0.0001), IL-10 (rho= 0.2529,
p<0.0001), IP-10 (rho= 0.2893, p<0.0001), and IL-17A (rho= 0.2741, p<0.0001). Cytokine
MCP-1 was also significantly correlated with IL-6 (rho= 0.1540, p=0.0038), GM-CSF (rho=
0.1197, p=0.0247), IL-1B (rtho= 0.2805, p<0.0001), MIP-0. (tho= 0.1693, p=0.0014), MIP-1pB

(rho=0.4372, p<0.0001), IP-10 (rho= 0.2543, p<0.0001), and IL-17A (rho= 0.4072, p<0.0001).

Furthermore, IFNy, IL-6, GM-CSF, MIP-10, MIP-1, IL-10, IP-10, and IL-17A were positively
correlated with each other. Since overexpression of TILRR increased the secretion of several
pro-inflammatory cytokine/chemokines, that the positive correlation of plasma TILRR with the
proinflammatory cytokines/chemokines in the blood is consistent with the role of TILRR in
modulating the level of circulating inflammatory cytokines/chemokines in human blood and may

contribute to systemic inflammation and HIV acquisition.
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Table 3.6: Spearman rank correlation of plasma TILRR with plasma inflammatory cytokines/chemokines.

TILRR IFNy IL-6 GM-CSF IL-1p MCP-1 MIP-1a | MIP-1p IL-10 IP-10 IL17A
TILRR (rho) 1.0000 0.0972 0.0990 0.0152 0.2593 0.2377 0.0166 0.0658 0.0673 0.0425 0.1225
p-value . 0.0685 0.0635 0.7765 <0.0001 | <0.0001 0.7566 0.2179 0.2076 0.4266 0.0216
IFNy (rho) 0.0972 1.0000 0.1993 0.0540 0.0880 -0.0717 -0.2116 0.1319 0.4395 -0.2009 0.2268
p-value 0.0685 . 0.0002 0.3121 0.0994 0.1793 0.0001 0.0133 <0.0001 0.0001 <0.0001
IL-6 (rho) 0.0990 0.1993 1.0000 0.4051 0.3057 0.1540 0.3282 0.3264 0.3076 0.3206 0.2038
p-value 0.0635 0.0002 : <0.0001 <0.0001 0.0038 <0.0001 | <0.0001 | <0.0001 | <0.0001 0.0001
gtl]\g)-CSF 0.0152 0.0540 0.4051 1.0000 0.1063 0.1197 0.0363 0.0991 0.3114 0.2240 0.0769
p-value 0.7765 0.3121 <0.0001 . 0.0464 0.0247 0.4978 0.0633 <0.0001 | <0.0001 0.1500
IL-1p (rho) 0.2593 0.0880 0.3057 0.1063 1.0000 0.2805 0.2312 0.2782 0.2529 0.2893 0.2741
p-value <0.0001 0.0994 <0.0001 0.0464 : <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
MCP-1 (rho) 0.2377 -0.0717 0.1540 0.1197 0.2805 1.0000 0.1693 0.4372 -0.0356 0.2543 0.4072
p-value <0.0001 0.1793 0.0038 0.0247 <0.0001 : 0.0014 <0.0001 0.5051 <0.0001 | <0.0001
MIP-1a (rho) 0.0166 -0.2116 0.3282 0.0363 0.2312 0.1693 1.0000 0.6035 -0.0377 0.3864 0.3175
p-value 0.7566 0.0001 <0.0001 0.4978 <0.0001 0.0014 : <0.0001 0.4804 <0.0001 | <0.0001
MIP-1p (rho) 0.0658 0.1319 0.3264 0.0991 0.2782 0.4372 0.6035 1.0000 0.1307 0.2774 0.6468
p-value 0.2179 0.0133 <0.0001 0.0633 <0.0001 | <0.0001 <0.0001 . 0.0142 <0.0001 <0.0001
IL-10 (rho) 0.0673 0.4395 0.3076 0.3114 0.2529 -0.0356 -0.0377 0.1307 1.0000 -0.0362 0.2042
p-value 0.2076 <0.0001 | <0.0001 <0.0001 <0.0001 0.5051 0.4804 0.0142 . 0.4986 0.0001
IP-10 (rho) 0.0425 -0.2009 0.3206 0.2240 0.2893 0.2543 0.3864 0.2774 -0.0362 1.0000 0.0944
p-value 0.4266 0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 | <0.0001 0.4986 . 0.0769
IL-17A (rho) 0.1225 0.2268 0.2038 0.0769 0.2741 0.4072 0.3175 0.6468 0.2042 0.0944 1.0000
p-value 0.0216 <0.0001 0.0001 0.1500 <0.0001 | <0.0001 | <0.0001 | <0.0001 0.0001 0.0769

rho, Spearman's rank correlation coefficient or Spearman's p; Significant p-values showed as bold and underlined
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343 SUMMARY

In this section of my thesis, | described the investigations to determine whether TILRR exists as
a soluble protein in human plasma and if it is the case whether its levels in plasma are correlated
with the FREM1 SNP rs1552896 genotypes, plasma inflammatory cytokines/chemokines, and
HIV resistance/susceptibility. The existence of TILRR in human blood plasma has not been
reported. The anti-FREM1 mAbs developed in our lab were used to develop a multiplex bead
array method (Bio-Plex) to detect and quantify the plasma TILRR. The detected plasma TILRR
is validated with affinity-purification and Western blot analysis. The data of my studies
demonstrated that TILRR circulates in the human blood of all patients in this study and the level

of TILRR in plasma varied greatly among the patients.

| also found that women who are homozygous of the major allele of FREM1 SNP rs1552896
(CC) are more likely to have a higher median level of TILRR in their blood plasma than those
who have the minor allele (GG/GC) of the FREM1 SNP. HIV seroconverters (HIV SCON) are
more likely to have a higher median level of plasma TILRR (before seroconversion) than HIV
resistant (HESN) women in the Pumwani sex worker cohort. Furthermore, the median levels of
plasma TILRR are significantly correlated with the levels of several plasma pro-inflammatory
cytokines/chemokines, including IL-1p3, MCP-1, and IL-17A. Thus, plasma TILRR may play an
important role in modulating systemic inflammation, and a high median level of plasma TILRR

is a risk factor or biomarker for susceptibility to HIV acquisition.
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4 CHAPTER 4: DISCUSSION
4.1 TILRR increases the mRNA expression of many genes in the NF-kB signaling
pathway and is an important modulator of inflammation responsive genes

Inflammation is an intricate host biological response to pathogenic stimuli in which immune
system components are highly activated [325]. Host inflammatory response stimulates the
transactivation of an array of genes involved in a wide range of physiological functions,
including the induction of antimicrobial activity [326]. NF-xB activation is central to
inflammation [327, 328] and critical in response to viral infections [299]. NF-xB signaling can
be activated by binding of IL-1 with IL-1R1 transmembrane receptor [329]. Previous studies
have identified TILRR, a variant of FREM1, as a co-receptor of IL-1R1, and its association with
the IL-1R1 receptor enhances the recruitment of MY D88, controls the induction of Ras GTPase,
and amplifies the activation of NF-xB and inflammatory responses [285, 293]. A subsequent
study showed that TILRR is associated with the development of cardiovascular disease via
aberrant activation of inflammatory genes [288]. Since TILRR is involved in modulating NF-xB
activation and inflammatory responses [285], it may influence HIV susceptibility through its role
in modulating inflammation. To understand the effect of TILRR on mRNA expression of genes
in the NF-«B signaling pathway, | conducted a more extensive analysis of genes influenced by
TILRR overexpression in two cell lines, human cervical epithelial (HeLa) cells, and human
normal vaginal mucosal (VK2/E6E7) cells, using a PCR array system, RT? profiler gPCR array.
The RT? profiler gPCR array allows to evaluate the expression of 84 genes in the NF-kB signal
transduction pathway, and the RT? qPCR Primer assay was then used to further evaluate the

selected immune and inflammation responsive genes. Real-time qPCR array analysis is a
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convenient, sensitive, and time-efficient technique to analyze the mRNA expression of multiple

genes [330].

The data from my study showed that TILRR overexpression significantly regulated the
expression of immune and inflammation-responsive genes in a dose-dependent manner. My
study also showed that overexpression of TILRR up-regulated the expression of many genes in
the NF-«B signaling pathway, far more than previously reported. In addition to the expression of
IL-1R1, MYD88, TRAF6 reported previously [285], among the 84 genes involved in the NF-xB
signaling pathway, TILRR overexpression significantly up-regulated the expression of many
genes in HeLa and VK2/EGE7 cells. Among the significantly up-regulated genes, some have
critical roles in NF-xB activation, and innate and adaptive immune responses (Appendix Table
C7.9). The effects of TILRR on these NF-kB signaling-related genes and inflammation-mediated
genes demonstrated the importance of TILRR in immune regulation and inflammatory responses.
A number of studies showed that the NF-kB pathway coordinates the expression of several
hundred functionally diverse genes in many key cellular and physiological processes, such as
immune regulation, cytokines/chemokines production, cell adhesion, survival, and proliferation

[298, 331-333].

My study demonstrated that TILRR overexpression alone increased the expression of 1)
signaling ligands, such as CXCL8 (IL-8), IL-1a, IL-1B, and TNFa; 2) cell surface receptor, such
as TLR2, TLR3, TNFRSF10A, and TNFRSF10B, and many downstream signaling genes in NF-
kB signal transduction pathway (Figure 3.9, Figure 3.10 and Figure 3.11), and significantly
augmented the mRNA transcript expression of several immune responsive genes when together

with IL-1B in serum-free media (Figure 3.12). Thus, TILRR appears to not only be a co-receptor
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of the IL-1R1 but also have a direct effect on genes in the NF-xB signal transduction and

inflammation pathway.

In humans, cervical epithelial cells express higher amounts of FREM1 [260] and TILRR when
compared to other tissues. Using HelLa and VK2/EGE7 cells as an in vitro system in this study
may help to understand the influence of TILRR, a variant of FREM1, on the inflammatory
responses in the epithelial mucosal barrier. Mucosal epithelial cells not only serve as a physical
barrier but also act as the first line of defense against infection [334]. Breaches in the epithelial

lining increase the risk of inflammation and infection [335].

Collectively, this study is the first to show that TILRR overexpression regulates the expression
of many genes in the NF-xB signal transduction pathway. TILRR could be an important
mediator of the NF-«xB signaling pathway and plays a major role in regulating innate immune
and inflammatory responses, and may play an important role in microbial infection and disease

pathogenesis, including HIV vaginal infection and transmission.

4.2 TILRR induces the production of soluble cytokines/chemokines in cervicovaginal
epithelial cells
Activation of NF-xB signal transduction leads to the production of pro-inflammatory
cytokines/chemokines [181, 295]. An elevated level of pro-inflammatory cytokines/chemokines,
including IL-1pB, IL-6, IL-8/CXCL8, MCP-1/CCL2, MIP-10/CCL3, MIP-1B/CCL4, and TNFa.
in cervicovaginal lavage (CVL) favors the vaginal HIV infection and transmission [218, 336].
Since TILRR augments the TIR-MYD88 dependent NF-kB activation and inflammatory
responses [285, 293], TILRR overexpression could induce and increase the production of pro-

inflammatory cytokines/chemokines in cervicovaginal epithelial cells. To test this, | analyzed 13-
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inflammatory cytokines/chemokines in the cell culture supernatants of TILRR-transfected
epithelial cells using an in-house developed multiplex magnetic bead assay (Bio-Plex). The
multiplex magnetic bead assay can quantify 13-inflammatory cytokines/chemokines
simultaneously and is a more sensitive, cost-efficient, and less time-consuming method [337],
and required less volume of sample input than that of conventional ELISA, which can measure

only one analyte at a time.

The data showed that TILRR overexpression increased the production of several inflammatory
cytokines/chemokines, including IL-6, IL-8/CXCLS8, IP-10/CXCL10, MCP-1/CCL2, MIP-
1B/CCL4, and RANTES/CCL5 by HeLa cells and VK2/E6E7 cells. These inflammatory
cytokines/chemokines were increased in a time-dependent manner within 24 hours. The increase
in the protein level of these mediators is consistent with the increase in their mRNA transcripts.
My study data also showed that the addition of IL-1p significantly increased the level of IL-6,
IL-8/CXCL8, IP-10/CXCL10, MCP-1/CCL2, MIP-1B/CCL4, and RANTES/CCLS5 in the
supernatants of the TILRR-overexpressed HeLa and VK2/EGE7 cells. This observation is
consistent with the TILRR's role in NF-«B activation and pro-inflammatory responses [285,

294].

This study, therefore, shows that TILRR influences the production of inflammatory mediators,
although the mechanisms need to be explored in future studies. Pro-inflammatory
cytokines/chemokines have been reported as the multifunctional regulator, the inducer of
immune cell infiltration, a potent activator of nuclear localization of NF-kB, and an enhancer of
inflammation [338-342]. Regulation of these pro-inflammatory cytokines/chemokines by TILRR
suggests that TILRR may be a direct regulator in the NF-xB signal transduction, and

inflammatory responses. Altogether, these data showed that TILRR, in the presence of IL-1p,
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can modulate the production of pro-inflammatory cytokines/chemokines by cervicovaginal
epithelial cells. Mucosal pro-inflammatory cytokines/chemokines are associated with the risk of
genital inflammation and HIV acquisition [218]. The elevated level of soluble mediators in
cervicovaginal lavage (CVL) positively correlates with increased genital HIV RNA shedding,
and plasma viral load set point and is also inversely correlated with systemic CD4+T cell counts

[218, 229, 230, 343, 344].

My study thus suggested that TILRR-promoted cytokines/chemokines production from
cervicovaginal epithelial cells may function as a critical regulator in augmenting inflammation-
mediated microbial infection, including vaginal HIV infection, transmission, and disease

progression.

4.3 TILRR promotes the migration of immune cells through the induction of soluble
inflammatory mediators
Inflammatory mediators activate the host defense mechanisms by infiltrating the immune cells,
including monocytes/macrophages, lymphocytes, and neutrophils, to the site of infection [326].
The infiltrated immune cells become activated and release more cytokines/chemokines in the
injured tissues, resulting in amplified inflammatory responses [345]. Several studies have shown
that chemo-attractants, including IL-8/CXCLS8, IP-10/CXCL10, MCP-1/CCL2, MIP-1a/CCL3,
MIP-1B/CCL4, MIP-3a, and RANTES/CCLS5 produced by female genital epithelium induced the
infiltration of circulating immune cells, causing an increased risk of HIV/SIV acquisition [218,
219, 312, 346]. Because TILRR expression induced the production of several
cytokines/chemokines in cervical epithelial cell lines, I investigated the effect of the supernatant
of the TILRR-overexpressed HeLa cells on the migration of immune cells in this study using

Transwell and microfluidic device assays. My study data showed that the supernatants of
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TILRR-overexpressed HeLa cells attracted migration of THP-1 and MOLT-4 cells in Transwell
assay. Besides, with a novel microfluidic assay, | demonstrated that the THP-1 and MOLT-4
cells migrated further towards the supernatants of the TILRR-overexpressed HelLa cells. THP-1
cells (monocytes) and MOLT-4 cells (T cells) are CD4-expressing cells, the targets of HIV [304,
305, 311]. Thus, the supernatant of TILRR overexpressed HeLa cells, containing multiple pro-

inflammatory cytokines/chemokines [254], attracts HIV target cells.

The purpose of using two different cell migration techniques in this study was to confirm the
study findings in parallel. The traditional Transwell assay was used to analyze the ability of the
cells to migrate through a porous membrane accompanied by the relative percentage of total cell
migration towards the gradients of HelLa cell culture supernatants. The traditional Transwell
assay is convenient and compatible with all kinds of cell types, and the most widely used
sensitive quantification of in vitro cell migration technique [347]. However, the Transwell assay
does not provide how far a single cell can migrate towards the added chemo-attractants. Despite
the popularity and advantages of Transwell for cell migration study, this assay only offers the
endpoint readout of the entire number of cells without providing other important migratory
aspects of the individual cell level. To fill the gap and exclude the possible effect on the
gravitational force of loaded cells during the experiment, | applied a novel microfluidic device to
confirm the attraction effect of the same supernatant on the migration of THP-1 and MOLT-4
cells. Specifically, this microfluidic device enables eight independent experiment groups
conducted simultaneously, which dramatically increased the experimental throughput. Unlike
other microfluidic devices that require external input, such as pumps to generate and maintain a
stable chemical gradient, this device offers a stable chemical gradient generated by the pressure

differences between the chemical inlets and waste outlets in a well-controlled manner [348]. In
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addition, the advanced cell docking design provides the initial alignment of all the loaded cells in
the cell-loading channel at the beginning, which increases the accuracy of displacement
measurement on each individual migrated cell during the experiment. On the other hand, the
presence of the docking barrier requires all loaded cells to transform the cell size to squeeze and
horizontally migrate through the area when stimulated by the chemical gradient, which excludes
the gravity issue that may exist in Transwell assay. Microfluidic devices have been widely
applied for cell migration studies because of several advantages, including extremely low cell
and reagent consumption, stable chemical gradient generation, and live-cell tracking. Due to the
versatile features of the microfluidic device, many important properties of an individual migrated
cell, such as speed and displacement can be extracted from the migration experiment [349].
Therefore, the combination of these two techniques in my experimental settings confirmed that
immune cells, the HIV target cells, were successfully migrated to the TILRR-overexpressed

HeLa cell culture supernatants.

Studies have shown that genital pro-inflammatory cytokines/chemokines induce a rapid influx of
HIV target cells, leading to inflammation [59, 180, 222, 312, 313]. The elevated levels of
cytokines/chemokines IL-8/CXCL8, MIP-10/CCL3, and MIP-1B/CCL4 are strongly associated
with the recruitment of monocytes/macrophages and neutrophils in female genital secretion
[209]. My study showed that TILRR plays an important role in regulating this pro-inflammatory
cytokine/chemokine environment and immune cell infiltration in cervical epithelial tissue.
TILRR could promote the migration of immune cells, especially the HIV target cells, in the
female genital epithelium through the modulation of pro-inflammatory cytokines/chemokines
secretion, resulting in an increased risk of vaginal HIV infection and transmission. Thus, TILRR-

promoted migration of immune cells warrants further studies.
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Collectively, TILRR-modulated cytokines/chemokines from HeLa cells promote the migration of
immune cells. My study is the first to show that TILRR can regulate the migration of HIV target
cells into cervical epithelial tissues. Targeting TILRR may lead to new interventions in reducing

vaginal HIV infection.

44 TILRR protein is detected in human plasma using in-house developed Bio-Plex and
Western blot analysis

Using in vitro and in vivo models, | and others have previously shown that IL-1R1 co-receptor

TILRR is an important modulator of the NF-xB signaling pathway and aberrant inflammatory

responses [254, 285, 288, 294]. Despite the role of TILRR in the NF-«B signal transduction

pathway, it is unknown whether TILRR exists as a soluble protein in human blood plasma. | used

an in-house developed multiplexed bead array method and Western blot analysis and confirmed

that TILRR indeed exists in patient plasma samples enrolled in the Pumwani sex worker cohort.

Although the amino acid sequence of TILRR is almost identical to FREM1, it can be
differentiated from the full-length FREM1 protein using a combination of monoclonal antibodies
recognizing epitopes on different protein domains of FREM1. The multiplexed bead array
TILRR quantification method has been validated by affinity purification and Western blot

analysis.

My study showed that TILRR protein is present in all blood plasma samples examined, but its
quantities vary greatly among the patients, ranging from 2.38 ng/ml to 5196.79 ng/ml among 640
plasma samples from 316 patients. Thus, the multiplexed bead array method can detect and
quantify plasma TILRR as low as 2.38 ng/ml. The plasma TILRR below this amount can only be

detected by affinity purification and Western blot analysis.
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My study demonstrated that TILRR exists as a soluble protein in human blood plasma and can be

quantified by an in-house developed multiplexed bead array method using in-house developed

anti-FREM1 mAbs with rFREM1 spD protein as a standard. I, for the first time, demonstrated

that TILRR protein is circulating in the blood and may be an important mediator of systemic

inflammatory responses.

Technical notes about plasma TILRR quantification

The following should be practiced to quantify plasma TILRR protein using the in-house

developed methods.

1.

2.

There were no additional benefits of using a higher concentration (>20 pg) of anti-FREM1
mADbs to couple the magnetic beads. Among 3 different concentrations of primary anti-
FREM1 mAbs | used, 20 pg of mAb coupled magnetic beads showed better detection
efficiency in my experimental setting. The possible reason could be due to the available
binding sites on magnetic beads that can only bind a certain amount of 1IgG mAbs. The
amount of >20 ug of mAbs should saturate the 100 pl beads (1.25 x10°). Thus, more
antibodies to couple the beads will not improve the detection efficiency.

The 1pg/ml biotinylated detection antibody worked better than the higher concentration
(2pg/ml) of detection antibody.

Inter- and intra- assay variations: Specific attention should be paid to minimize inter- and
intra-assay percentage coefficient of variation (% CV). | maintained Bio-Rad recommended
% CV between inter- and intra-assay during the optimization of methods, which was <15%.

| observed plasma IgGs in the affinity-purified TILRR proteins. The possible reason for
having plasma 1gGs in affinity-purified protein could be due to the free binding sites on

protein G agarose beads that were not completely cross-linked with the Fc region of added
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anti-FREM1 1gG (0.2 mg/ml). Since the binding capacity of Pierce Protein G agarose beads
ranges from 11 to 15 mg/ml of resin, the free binding sites on protein G agarose beads could
bind plasma IgGs during the overnight incubation of the affinity purification process. | had to
remove the plasma IgGs after affinity purification.

5. Cross-linked anti-FREM1 mAb with agarose beads could deteriorate over time. Thus, it is
important to use freshly coupled beads during affinity purification of TILRR protein from
plasma samples.

6. The container used for Coomassie blue staining should not be used, in any steps, for primary
or secondary antibody incubations in Western blotting because Coomassie blue gives high
background signals in the Odyssey imaging system (LI-COR). If needed, the containers must
be cleaned with 100% Methanol/Methylene Chloride (Fisher Scientific, Catalog# D151-1)
followed by 3X washes with ddHO.

7. After the acquisition of the image by the Odyssey imaging system, the image should be
optimized to reduce the background effects for each channel (700 and 800 channels).

8. Other factors could influence detection sensitivity in Bio-Plex assays, such as 1) variations of
assay buffers; 2) biotinylation efficiency of the detection antibody (should biotinylate the
required amount of antibodies for all assays, instead of multiple batches); 3) minimizing
freeze-thaw of antibodies, plasma, and purified proteins; 4) minimizing pipetting variations
(should always use calibrated pipette), and 5) handling of samples (should always keep them

on ice).

4.5 The level of plasma TILRR is associated with HIV seroconversion
A previous study from our lab has shown that major allele "C" (CC genotype) of FREM1 SNP

rs1552896 is more frequently observed in HIV susceptible individuals, whereas minor allele "G"
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(GGI/GC genotype) is significantly associated with HIV resistant phenotype of women of PSWC
[260]. A pilot study from our group also showed that TILRR mRNA expression was absent or
very low in women with the protective allele (GG/GC genotype) of FREM1 SNP rs1552896
[350]. Because the major allele "C" (CC genotype) of FREM1 SNP is significantly higher in
HIV susceptible individuals and FREM1 isoform TILRR has been demonstrated as a major
modulator of inflammatory responses [254], | hypothesized that the level of TILRR in human
plasma may correlate with FREM1 SNP rs1552896 genotypes, plasma pro-inflammatory

cytokines/chemokines, and HIV seroconversion.

The data showed that the levels of plasma TILRR are variable among the women enrolled in the
Pumwani cohort. Women with CC genotype of FREM1 SNP rs1552896 were more likely to
have an elevated level of TILRR in blood plasma than women who were GG/GC genotype. It is
possible that the SNP rs1552896 may influence the splicing event of FREM1 and the generation

of TILRR mRNA and TILRR protein. These need to be confirmed in future studies.

My study also showed that HIV SCON were more likely to have higher plasma TILRR than
HIV-resistant women. Because my study showed that TILRR is a major modulator of many
inflammation-responsive genes in the IL-1-NF-kB signaling pathway [254], a higher level of
plasma TILRR may promote systemic inflammatory responses. The RGD motif of TILRR binds
integrins, which promote the migration of effector T cells into the interstitial inflamed tissues
[266]. The binding of circulating TILRR with integrin may further promote the infiltration of
immune cells from the circulation, resulting in aberrant systemic inflammatory responses and

HIV susceptibility. These also need to be further studied and confirmed.
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My study demonstrated that the level of plasma TILRR is positively correlated with the levels of
plasma IL-18, MCP-1, and IL-17A. Studies have shown that circulating inflammatory mediators
regulate systemic immune activation, inflammatory responses, and inflammation during acute
HIV infection and transmission [61, 65]. Pro-inflammatory cytokine IL-1B is a pleiotropic
cytokine, which mediates the expression of diverse cytokines/chemokines during the immune
response and inflammation [351]. At low concentration, IL-1f causes inflammatory responses
followed by protective immunity, whereas at high-level IL-1p causes inflammation accompanied
by aberrant tissue damage [351]. Pro-inflammatory chemokine MCP-1 is playing a critical role
in recruiting CCR2 expressing memory CD4+ T cells, and monocytes/macrophages [352]. The
recruitment of CD4+T cells and monocytes/macrophages by MCP-1 at the site of inflammation
may fuel the HIV infection. Studies demonstrated that elevated plasma cytokines/chemokines
(IL-1B, MCP-1, and IL-17A) are positively correlated with plasma viral load [65, 353-356], and
inversely correlated with blood CD4+T cell count [357, 358]. Because of the significant positive
correlation observed among several cytokines/chemokines, the positive association of high-level
plasma TILRR and cytokines/chemokines may lead to systemic inflammation. These data
suggested that a high level of plasma TILRR may associate with dysregulated plasma
cytokines/chemokines production and high inflammatory status, which may increase the risk of

HIV seroconversion.

My study focused on the women of the Pumwani sex worker cohort (PSWC), which was
established in Nairobi, Kenya in 1985 [268-271]. This cohort has greatly contributed to HIV
research in general and understanding natural immunity to HIV infection. A group of women
enrolled in the cohort remain HIV uninfected (HESN) despite repeated high-risk exposure

through sex work [271]. Many studies (host genetics [279-283], proteomics [273, 274], and
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immune responses [275-278]) have been conducted to understand the natural immunity to HIV.
A novel HIV vaccine strategy targeting protease cleavage sites (PCSs) has been developed based
on studies of this natural immunity [88]. My thesis research on TILRR is a part of these studies.
The next step of this project is to further investigate the roles of TILRR in regulating genital
mucosal inflammation and HIV susceptibility using human specimens from this cohort (a
detailed future work plan is described in limitations and future direction sections). Further
studies on TILRR and its role in HIV acquisition may lead to developing novel therapeutic and

prevention approaches.

Apart from HIV infection, studies have shown that cytokine storm plays a critical role in the
severity and lethality of SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus-2),
SARS-CoV, MERS-CoV (Middle East respiratory syndrome coronavirus), and H5N1 influenza
A virus infection [359-362]. Specifically, the levels of plasma or serum inflammatory
cytokines/chemokines (IL-1p, IL-6, IL-8/CXCL8, IP-10/CXCL10, MCP-1/CCL2, MIP-
1a/CCL3, RANTES/CCLS5, and TNF-a in SARS-CoV-2 and MARS-CoV [359, 361, 363, 364];
and IL-6, IL-8/CXCLS8, IL-10, IP-10/CXCL10, MCP-1/CCL2, and MIG/CXCL9 in H5N1
influenza A virus [362]) were particularly increased in severely infected patients than that of
healthy controls. As circulating inflammatory mediators are mostly produced by the immune
cells (monocytes/macrophages, T-lymphocytes, and neutrophils) and TILRR is expressed in
immune cells, it is also possible that plasma TILRR plays a critical role in the severity of SARS-

CoV-2 and other viral infections. This can be investigated in future studies.

In conclusion, my study demonstrated that TILRR exists in blood plasma and its level is

associated with FREM1 SNP rs1552896 genotypes, plasma inflammatory mediators, and HIV
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seroconversion status. The plasma TILRR and its role in promoting systemic inflammation

warrants further study.

If future studies demonstrate that plasma TILRR promotes systemic inflammation, it can be
targeted using anti-TILRR monoclonal antibodies (mAbs) or other means (for example, blocking
IL-1R1 binding sites of TILRR, two GAG attachment sites at C-terminus, using
glycosaminoglycans, GAGs [365]) to reduce plasma TILRR level. Monoclonal antibodies to
specific proinflammatory cytokines have been used to treat patients [366-369]. Anti-TILRR
mAbs may block the binding of TILRR to the IL-1R1 receptor and thus block downstream
signaling effects. Anti-TILRR mAbs may bind plasma TILRR so it will not be able to promote
the secretion of pro-inflammatory cytokines/chemokines. If these are the case, targeting plasma
TILRR may be more beneficial over the targeting single plasma pro-inflammatory
cytokine/chemokine because the diminished level of TILRR may dampen the IL-1-NF-«xB
signaling pathway, resulting in the reduced production of an array of proinflammatory mediators,

and decreased systemic inflammation.

Because host immune response and inflammation play an important role in the pathogenesis of
infectious pathogens [370], including SARS-CoV-2, MERS-CoV, and H5N1 influenza A virus
infection [359, 362, 364, 371], and further in the progression of cancer [372] and inflammatory
diseases [327], studying the role of TILRR in inflammation-mediated pathogenesis of viral
infection, cancer development, and inflammatory diseases could also be important. My study
also opened more research questions about TILRR and its importance with inflammation-

mediated diseases. These are important future studies.
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5

5.1

CHAPTER 5: MAJOR FINDINGS, CONCLUSION, LIMITATION, AND FUTURE
DIRECTIONS

MAJOR FINDINGS OF THE THESIS

Several major findings from my thesis research on TILRR. These findings are summarized as

follows:

A

TILRR overexpression in cervicovaginal epithelial cells increased mRNA expression of
many inflammation responsive genes in the NF-xB signal transduction pathway. TILRR
potentiates the activation of NF-«xB transcription factors and downstream signaling cascades.

TILRR is a major modulator of inflammation-responsive genes [254].

Overexpression of TILRR in cervicovaginal epithelial cells increased the production of pro-
inflammatory cytokines/chemokines [254]. The pro-inflammatory cytokines/chemokines are
critical drivers in mucosal immune activation and inflammatory responses and the increase

of inflammatory cytokines/chemokines could attract HIV target cells.

TILRR overexpression increased the secretion of cytokines/chemokines by HeLa cells and
the increased cytokines/chemokines in HeLa cell culture supernatants significantly enhanced

migration of CD4+ cells (monocytes and T-lymphocytes)- the HIV target cells [373].

TILRR not only exists in cells and tissue but also circulates in the blood.

The levels of plasma TILRR were higher in women with major allele "C" (CC genotype) of
FREM1 SNP rs1552896 than women with minor allele "G" (GG/GC genotype) of FREM1

SNP rs1552896 in the Pumwani sex worker cohort. Women with the major allele genotype
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(CC) of rs1552896 are more likely to have high and detectable TILRR in their blood. The

major allele (CC genotype) of rs1552896 is associated with a higher risk of HIV infection.

F. The frequency and the level of plasma TILRR were higher in HIV seroconverters (HIV
SCON) than in HIV resistant women (HESN). The high level of plasma TILRR may
influence the level of plasma inflammatory cytokines/chemokines and play an important role

in HIV seroconversion.

G. The level of plasma TILRR is positively correlated with the levels of multiple plasma

inflammatory cytokines/chemokines, including IL-18, MCP-1, and IL-17A.

Based on these major findings, | propose a model to describe how TILRR may enhance vaginal

HIV acquisition in women (Figure 5.1A-D). The model is briefly described as follows:

In this model, | propose that the physiological level of TILRR expression in healthy female
genital tissues maintains the epithelial integrity, which prevents the invasion of pathogens,
including HIV into the genital tissues (Figure 5.1B). In HIV-susceptible female genital tissues,
on the other hand, the high-level expression of TILRR increases the expression of different
inflammation responsive genes through activation of NF-kB signaling pathway, and production
of inflammatory cytokines/chemokines by epithelial cells (Figure 5.1C). The increased
production of inflammatory cytokines/chemokines attracts the infiltration of immune cells,
including CD4+T cells and monocytes/macrophages, the HIV target cells, from the periphery to
the genital tissue. The increased HIV target cells will increase the chance for the HIV to establish
infection. Additionally, cytokines/chemokines secreted by the infiltrated immune cells may
further activate and attract more HIV target cells and resulted in cycles of inflammation and

breakdown of epithelial barrier (Figure 5.1C).

185



Studies have shown that genital inflammation is a driving force of HIV acquisition [217, 218,
227], and the IL-1-NF-xB signaling pathway increases the risk of HIV susceptibility [209]. Since
the NF-kB activation is potentiated by the association of TILRR with IL-1R1 receptor [285,
294], and TILRR-mediated NF-xB activation induces the production of inflammatory
cytokines/chemokines, and migration of immune cells [242, 286, 373], the high-level expression
of TILRR in genital tissues could be a risk factor in vaginal HIV infection. Thus, the proposed
model showed that the elevated expression of TILRR promotes the increased production of
inflammatory mediators, increased infiltration of HIV target cells, and profound inflammatory
responses resulting in the breakdown of epithelial integrity and HIV susceptibility (Figure

5.1D).
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Figure 5.1: Proposed model on the potential role of TILRR in promoting vaginal HIV
infection. A) A schematic view of the female genital tract (FGT). B) A close-up view of
different layers of healthy cervical epithelial tissue. In figure B, the expression of TILRR in
healthy cervical tissue maintains the epithelial integrity, which prevents the invasion of
pathogens including HIV into the genital tissue. C) A close-up view of different layers of HIV-
susceptible cervical epithelial tissue. In figure C, the high-level expression of TILRR increases
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the production of proinflammatory cytokines/chemokines by epithelial cells. The increased
production of pro-inflammatory cytokines/chemokines attracts the infiltration of immune cells
from the periphery to the cervical tissues, including HIV target cells. The cytokines secreted by
the infiltrated immune cells may further activate and attract more immune cells and resulted in
cycles of inflammation and breakdown epithelial barrier. Studies showed that genital
inflammation increases the risk of HIV acquisition [217, 218, 227]. The proposed model showed
that TILRR promotes the production of cytokines/chemokines by epithelial cells and attracts
infiltration of immune cells, including CD4+T-cells and macrophages [286], and it is a risk
factor in HIV acquisition. D) A flow diagram shows the effect of TILRR in vaginal HIV
acquisition through genital epithelium as illustrated in figure C. Legends on the upper right
corner indicate the various immune components of the female genital tract. FGT, female genital
tract; BM, basement membrane; MC, muscular; SS, serosae; MT, mesothelium; CTZ, cervical
transformation zone; LFGT, lower female genital tract; UFGT, upper female genital tract; CTL,
cytotoxic t-lymphocyte; T-REG, t-regulatory; FREM1, Fras-related extracellular matrix 1; and
TILRR, toll-like interleukin-1 receptor regulator; ECM, extracellular matrix; HIV, human
immunodeficiency virus. This figure was reprinted with permission from Kashem et al. [350]
under the license of Creative Commons Attribution (CC BY 4.0)
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5.2 CONCLUSION

The in vitro study with two cervicovaginal epithelial cell lines showed that TILRR is a major
modulator of many genes in the NF-xB signaling pathway. It increases the production of many
pro-inflammatory cytokines/chemokines. Although how TILRR influences the expression of
these genes needs to be further studied, my study is the first to show that TILRR may directly
influence gene expression and cytokines/chemokines secretion in addition to its role in
enhancing NF-xB signal transduction pathway and inflammatory responses. My study
demonstrated that cytokines/chemokines produced through TILRR-overexpressed epithelial cell
lines attracted immune cells (HIV target cells) that could enhance cervicovaginal HIV
acquisition. Because cervicovaginal inflammation accompanied by rapid infiltration of immune
cells is extremely important in vaginal HIV acquisition, further study of the role of TILRR in
modulating vaginal mucosal inflammation may identify a new target in preventing HIV

acquisition.

My study is the first to identify TILRR in blood. The existence of TILRR in blood suggests that
TILRR may also modulate systemic inflammation. My study also showed that the level of
TILRR in plasma is variable, and its level is correlated with the FREM1 SNP rs1552896
genotype. A high level of plasma TILRR is correlated with high levels of plasma inflammatory
cytokines/chemokines and the risk of HIV acquisition. The discovery of TILRR in blood opens a
door to new research on its importance in modulating systemic inflammation, and plasma TILRR
may be a target for modulating systemic inflammation and preventing HIV transmission. TILRR
may also be an important target for respiratory viral infections (SARS-CoV-2, MERS-CoV, and
H5N1 influenza A virus) or other inflammation-mediated inflammatory diseases (rheumatoid

arthritis and inflammatory bowel diseases, etc.). Additionally, inflammation, inflammatory
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mediators, and inflammatory immune cell migration are critical for cancer progression [374,
375]. Since TILRR promotes the migration of immune cells (monocytes/macrophages and T-
lymphocytes) and augments the inflammatory responses, it can also be an important target for

cancer progression. These all possibilities need to be examined in future studies.
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5.3 LIMITATION OF THE STUDY

While the results described in chapter 3 of this thesis are the first to show the important role of
TILRR in modulating mRNA expression of many genes in the NF-kB signaling pathway,
production of cytokines/chemokines, and migration of immune cells, the results are based on in
vitro systems with cell lines. A follow-up study with human cervicovaginal cytology specimens,
CVL (cervicovaginal lavage) samples, and genital mucosal leukocytes (from both HIV

susceptible and HESN women in the Pumwani cohort) will be needed to support these findings.

Cervicovaginal cytology specimens can be collected and processed to analyze RNA expression
with the protocol described elsewhere [376]. The qRT-PCR analysis of mRNA expression of
TILRR and inflammation responsive genes in the NF-kB signaling pathway can be conducted
with the cervicovaginal specimens. Human cervicovaginal lavage (CVL) samples can also be
analyzed in addition to the cervicovaginal cytology specimens to investigate the association of
TILRR with pro-inflammatory mediators in the vaginal mucosa. Additionally, genital leukocytes
from cervicovaginal cytobrush specimens can be analyzed by flow cytometry staining for
CD4+T-, CD8+T- cells, and CD14+ macrophages as previously described [377]. The correlation
between the level of TILRR (protein and mMRNA) expression and amount of immune cells (HIV
target cells), and their differences between HIV susceptible and HESN women, as well as
FREM1 SNP rs1552896 genotypes, will help to understand the importance of the mucosal tissue
TILRR level of expression in the attraction of HIV target cells. Collectively, these future studies

may add more evidence to support the role of TILRR in vaginal HIV acquisition.

Furthermore, although in vitro studies provided consistent and reproducible results under a
controlled physiochemical environment (pH, osmotic pressure, oxygen, temperature, and CO,

tension, etc.), it could not capture the complexity of the multi-organ biological system, such as
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genetic (altered genetic content), phenotypic and functional alteration of cells, as well as
interactions between cells [378-381]. Thus, the findings of in vitro studies need to be validated in
animal models in vivo. An in vivo animal model, such as a non-human primate model, could
address many shortcomings of in vitro studies [381] because non-human primates are
evolutionarily, genetically, and immunologically similar to humans and are susceptible to many

of the same pathogens [382-385].
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54 FUTURE DIRECTIONS

I would like to conduct further research to understand and validate the specifics and molecular

process of the proposed model in Figure 5.1:

A

| would like to examine TILRR expression in cervicovaginal cytology specimens and CVL
samples of the Pumwani cohort in future studies. | expect to see that higher TILRR
expression in cervicovaginal specimens will enhance higher mRNA expression of many
inflammation-responsive genes in HIV susceptible women compared to that of HESN. | also
expect to see that TILRR protein is highly expressed in CVL samples of HIV susceptible
women, and CVL TILRR is positively correlated with the levels of CVL pro-inflammatory
cytokines/chemokines and genital mucosal immune cells (especially CD4+ HIV target
cells). Because NF-«B regulates the transcriptional activity of HIV-LTR in infected cells
[208], and HIV transmission can be enhanced by NF-xB pathway activation, pro-
inflammatory responses, and HIV target cell recruitment [209], the examination of TILRR in
cervical cytology and CVL specimens would provide valuable information relevant to the
TILRR involvement in vaginal HIV infection. Confirming these would help to conclude that

TILRR is a risk factor in vaginal HIV acquisition.

Because the plasma TILRR level is positively correlated with the levels of plasma
inflammatory cytokines/chemokines, targeting plasma TILRR with anti-TILRR antibodies
may help to reduce inflammatory cytokines/chemokines and systemic inflammation. 1 would
like to conduct a pilot study using the Rhesus monkey (Macaca mulatta) model because
TILRR was also detected in the Rhesus monkey plasma (Figure 5.2). As the level of plasma
cytokines/chemokines is strongly associated with higher HIV seroconversion and acquisition

risk in women [221, 226], the reduction of inflammatory cytokines/chemokines with anti-
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TILRR antibodies could show that plasma TILRR could be a novel therapeutic target to treat

inflammation and reduce the risk of HIV acquisition.

HIV-associated co-morbidities are associated with chronic inflammation and immune
activation in People living with HIV (PLWH) despite under cCART (combined antiretroviral
therapy) [386-389]. It would be interesting to study whether the level of plasma TILRR

plays a role in HIV infection-associated chronic inflammation.

Future studies can also be extended to investigate the role of TILRR in inflammation-related
pathogenesis of respiratory viral infections, including SARS-CoV-2, MERS-CoV, and the
H5N1 influenza A virus. Because NF-kB activation, cytokine storm, and immune cell
infiltration potentiate the respiratory viral infection [359, 361-363, 390-393], and TILRR
protein expresses in lung tissues, it is possible that TILRR may also be a therapeutic target
for inflammation caused by respiratory viral infections. Additionally, TILRR can be a target

for the reduction of cancer progression.
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Figure 5.2: Blood plasma TILRR in Rhesus Monkeys. Plasma TILRR has been detected in
all Rhesus Monkeys (n=11) using the Bio-Plex multiplex bead array system as described in the
materials and methods chapter (section 2.4.4.6). The concentration of TILRR in Monkeys'
plasma ranges from 28.37 ng/ml to 279.32 ng/ml. The X-axis shows the monkey ID#.
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7 CHAPTER 7: APPENDICES

7.1 APPENDIX A: GENERAL MATERIALS/REAGENTS

A. Cell lines and transfection reagents

Cell lines: HeLa (National Institute of Health AIDS [NIH AIDS] reagent program, USA,;
Catalog# 153) and VK2 E6/E7 (ATCC, Catalog# CRL2616) cells. These cell lines were used to

overexpress TILRR.

Complete growth medium for HeLa cells: Dulbecco’s Modified Eagle’s Medium (DMEM)
(Sigma-Aldrich, D5796) supplemented with 10% FBS (fetal bovine serum; Gibco, Catalog#
12483-020), 1 mM sodium pyruvate (Gibco, Catalog# 11360070), and 1% Antibiotic-

Antimycotic (Gibco, Catalog# 15240062).

Complete growth medium for VK2/EGE7 cells: Keratinocyte-SFM (1X) growth medium
(Gibco, Catalog# 10724-011) supplemented with human recombinant EGF (Epidermal Growth
factor, 0.1 ng/ml), and BPE (Bovine Pituitary Extracts, 50 pg/ml) (Gibco, Catalog# 37000-015),
0.4 mM CacCl, (Sigma Aldrich, Catalog# C5670) and 1% Penicillin-Streptomycin solution

(Gibco, Catalog# 15140-122).

Neutralization medium for VK2/EGE7 cells: DMEM Nutrient mixture F-12 Ham (Sigma-
Aldrich, Catalog# D8437) supplemented with 10% FBS (Gibco, Catalog# 12483-020), and 1%
Penicillin-Streptomycin solution (Gibco, Catalog# 15140-122). This medium was used to

neutralize the cell dissociation reagents (0.25% Trypsin-EDTA).

Cell-dissociation reagents: Both HelLa and VK2/E6E7 adherent cells were dissociated from

culture flasks/plates using 0.25% Trypsin-EDTA solution (Gibco, Catalog# 25200056).
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Phosphate Buffered Saline (PBS): To prepare 1L of 1X PBS, added 8 g of NaCl, 0.2 g of KCl,
1.44 g of Na;HPO,, and 0.24 g of KH,PO, to 800 ml of distilled water. Adjusted pH to 7.2 with

HCI, and then added distilled water to a total volume of 1 L. Heat sterilized.

Freezing media: Complete growth medium supplemented with 5% (v/v) dimethyl sulfoxide

(DMSO) (Sigma-Aldrich; Catalog# D2650).

Live/Dead cell counting reagent: Trypan Blue solution, 0.4% (Gibco, Catalog# 15250061) was

used for counting cells by hemocytometer and automated cell counter (Invitrogen).

Plasmid purification: EndoFree Plasmid Maxi kit (Qiagen; Catalog# 12362) was used to purify

TILRR-tagged plasmid and empty-vector plasmid DNA from bacterial culture.

Transfection reagents: HelLa and VK2/EGE7 cells were transfected using Opti-MEM™ |
Reduced Serum Medium (Gibco; Catalog# 31985070) and EndofectinMax transfection reagent

(GeneCopoeia; Catalog# EFM1004-01).

B. mRNA expression analysis reagents

RNA isolation: Kits used for RNA isolations included QlAshredder (Qiagen, Catalog# 79654),
RNeasy Mini Kit (Qiagen, Catalog# 74104), RNase-Free DNase Set (Qiagen, Catalog# 79254),
RNeasy MinElute Cleanup kit (Qiagen, Catalog# 74204), and RNase-Free water (Qiagen,

Catalog# 129112).

RNA quality analysis: RNA 6000 Nano LabChip® kit (Agilent Technologies, Catalog# 5067-

1511).
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Complementary DNA (cDNA) synthesis: Purified RNA was converted to cDNA using RT?

first strand kit (Qiagen, Catalog# 330404).

RT?-gPCR primer assay: mRNA expression of genes was analyzed using several primers,
including TILRR (Qiagen, Catalog# PPH11469A-200), CCL5/RANTES (Qiagen, Catalog#
PPHO00703B-200), CXCLS8/IL-8 (Qiagen, Catalog# PPHO0568A-200), IL-6 (Qiagen, Catalog#
PPH00560C-200), and TNFa (Qiagen, Catalog# PPH00341F-200), accompanied by RT?

SYBR® Green ROX qPCR Mastermix (Qiagen, Catalog# 330523).

RT? Profiler PCR array: mRNA expression of 84 genes in NF-kB signal transduction pathway

was evaluated with human RT? profiler gPCR array (Qiagen, Catalog# PAHS-025Z).

Other materials: Applied Biosystems™ MicroAmp™ Optical 96-well Reaction Plate with
Barcode (ThermoFisher Scientific, Catalog# 4306737) and Applied Biosystems™ MicroAmp™

Optical Adhesive Film (ThermoFisher Scientific, Catalog# 4360954).

C. Confocal microscopy staining reagents and buffers
Cell fixation reagent: 4% paraformaldehyde. 2.8 ml of 20X Paraformaldehyde (Electron
Microscopy Services, Catalog# 15713-S) in 11.2 ml of 1X PBS (pH 7.2) to prepare for 14 ml,

4% solution.

Permeabilization solution: 0.1% TritonX-100 in 1X PBS (pH 7.2). Ten microliter of TritonX-
100 (Sigma-Aldrich, Catalog# X100) was added to 9.99 ml of 1X PBS (pH 7.2) to make 10 ml

solution.

Wash buffer: 1X PBS (pH 7.2) used as wash buffer and prepared as section 7.1 (A).
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3% BSA: 0.38 g of BSA powder (Sigma-Aldrich, Catalog# A9418) in 12.5 ml 1X PBS (pH 7.2)

for 12.5 ml solution.

0.1 % BSA: 0.33 ml of 3% BSA solution was added to 9.67 ml of 1X PBS (pH 7.2) for 10 ml

solution.

Blocking buffer: 3% BSA in 1X PBS containing 0.1% TritonX-100 was used as blocking

buffer.

0.1% BSA in 1X PBS+0.1% TritonX-100 for antibody dilution: 8ul of TritonX-100 was

added to 7.992 ml of 0.1% BSA to make 8 ml solution.

1 X PBS-T blocking buffer (1X PBS+0.05% TritonX-100+1.5% BSA) for wash: 25 pul of

TritonX-100 was added to 49.975 ml of 1.5% BSA in PBS to make 50 ml solution.

D. Flow Cytometry staining reagents and Kits
FACS Wash buffer: 2% FBS (heat-inactivated) in 1X PBS (pH 7.2). This buffer was used to

wash the cells before and after staining for flow cytometry analysis.
3% BSA solution: Prepared as described in section 7.1 (C).

Perm/Wash™ buffer: The working solution (1X) was made from a commercial 10X stock
solution (BD Biosciences, Catalog# 554714). For 10 ml, added 1 ml of 10X perm/wash buffer to

9 ml of MilliQ water.

Cell Fixation buffer: Prepared 1X cell fixation buffer using 20X paraformaldehyde solution
(Electron Microscopy Services, Catalog# 15713-S). For 10 ml 1X buffer, added 1 ml of 20X

paraformaldehyde solution to 9 ml of 1X PBS (pH 7.2).
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E. Western Blot analysis reagents, buffers, and kits
Sample lysis and extraction buffer: RIPA lysis buffer (1X) (ThermoFisher Scientific, Catalog#
89900) containing 25 mM Tris-HCI (pH 7.6), 150 mM NacCl, 1% sodium deoxycholate, and

0.1% SDS was used to prepare human cell lysates.

LDS sample loading buffer and Reducing agent: NuPAGE LDS sample buffer (4X)
(ThermoFisher Scientific, Catalog# NP0008) containing lithium dodecyl sulfate (pH 8.4),
Coomassie G250, and Phenol Red, and NuPAGE Reducing agent (10X) (ThermoFisher
Scientific, Catalog# NP0009) containing 500 mM dithiothreitol (DTT) were used to prepare the

sample. For a 10pl sample, added 2.5 pl of 4X LDS buffer and 1 pl of 10X reducing agent.
PBS (pH 7.2): The buffer was prepared as described in section 7.1 (A).

Wash buffer (PBS-T): Prepared by adding 1X PBS (pH 7.2) and 0.1% Tween 20 (Sigma-
Aldrich, Catalog# P9416). One milliliter of Tween 20 was added to 999 ml of 1X PBS to make 1

L PBS-T.

Blocking buffer: 1X PBS-T with 5% w/v non-fat dry milk (Difco™ Skim Milk, BD
Biosciences, Catalog# 232100). For 100 ml buffer, added 5 g Difco Skim milk powder to 100 ml

1X PBS-T and mixed well.

Antibody diluents: 1X PBS-T containing 0.5% skim milk as a primary antibody diluent, and 1X

PBS-T containing 0.25% skim milk as a secondary antibody diluent.

Running buffer: 20X NuPAGE MES SDS buffer (ThermoFisher Scientific, Catalog# NP0002)
containing 50 mM MES, 50 mM Tris Base, 0.1% SDS, and 1 mM EDTA, pH 7.3, and NUPAGE

Antioxidant (ThermoFisher Scientific, Catalog# NP0005). 50 ml of 20x MES SDS buffer in 950
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ml of MilliQ water for 1L, 1X MES SDS buffer for an outer tank of Mini-cell gel tank
(Invitrogen). 1X MES SDS buffer (400ml) containing 1 ml of NUPAGE antioxidant for inner gel

tank.

Infrared dye-labeled secondary antibody: IRDye® 800CW goat anti-mouse IgG secondary
antibody (Li-COR, Catalog# P/N: 926-32210). Reconstituted with 500 pl double distilled water

(ddH,0), and set aside for 30 min at room temperature before being used.

Protein marker: Spectra™ Multicolor Broad Range Protein Ladder (ThermoFisher Scientific,
Catalog# 26634), and Odyssey™ One-color protein molecular weight marker (LI-COR, P/N:

928-40000).

Other materials and reagents: NUPAGE 4-12% Bis-Tris 1.0 mm x 10 well gel (ThermoFisher
Scientific, Catalog# NP0321BOX), iBlot gel transfer nitrocellulose mini stacks (ThermoFisher
Scientific, Catalog# 1B301002), Pierce ECL Western blotting substrate (ThermoFisher Scientific,
Catalog# 32209), Restore™ PLUS Western blot stripping buffer (ThermoFisher Scientific,
Catalog# 46428), ultrapure water, 50% isopropanol (Fisher Scientific, Catalog# A464-4), and

100% Methylene Chloride (Fisher Scientific, Catalog# D151-1).

F. Bio-Plex Magnetic multiplex bead array reagents

Bead coupling Kit: Primary/capture antibodies were used to analyze selected
cytokines/chemokines. The antibodies were coupled with magnetic beads using a Bio-Plex™
Amine Coupling kit (BioRad, Catalog# 171406001). This kit provided sufficient components to
perform 30 coupling reactions including bead wash buffer, bead activation buffer, PBS buffer,

blocking buffer, storage buffer, and staining buffer.
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Magnetic beads: Multiple Bio-Plex Pro magnetic COOH beads were used to couple primary
antibodies for the development of custom multiplex assay. Each magnetic COOH bead has
unique fluorescent spectrum to distinguish from others. Thirteen beads are: 26 (catalog#
MC10026-01), 28 (catalog# MC10028-01), 29 (catalog# MC10029-01), 34 (catalog# MC10034-
01), 37 (catalog# MC10037-01), 43 (catalog# MC10043-01), 46 (catalog# MC10046-01), 52
(catalog# MC10052-01), 53 (catalog# MC10053-01), 55 (catalog# MC10055-01), 62 (catalog#
MC10062-01), 64 (catalog# MC10064-01) and 65 (catalog# MC10065-01) for soluble
cytokines/chemokines measurement. In addition, magnetic COOH beads, including 34 (catalog#
MC10034-01), 36 (catalog# MC10036-01), and 64 (catalog# MC10064-01) were used for the
plasma TILRR detection assay. One milliliter of each supplied vial contains 1.25 x 10" beads that
were good to perform 10 coupling reactions. All beads were purchased from BioRad (Ontario,

Canada).

Other reagents used for amine coupling: EDAC (1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide  hydrochloride)  (Invitrogen, Catalog# E2247) and Sulfo-NHS  (N-

hydroxysulfosuccinimide) (Thermo Scientific, Catalog# 24510).

Bio-Plex assay kit: Assays for cytokines/chemokines measurement were done using Bio-Plex
Pro™ Reagent kit 11l with Flat Bottom Plate (Bio-Rad, Catalog# 171-304070M). The kit was
provided assay buffer, standard diluent, sample diluent, detection antibody diluent, wash buffer,

streptavidin-PE, flat bottom plate, and sealing tape.

Standards for the cytokines/chemokines assay: Bio-Plex Pro™ Human Cytokine Standards

Group | 27-plex (BioRad, Catalog# 171D50001) used for cytokines/chemokines assay.
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Primary/capture antibody for TILRR: In-house developed mouse monoclonal anti-FREM1

IgG abs (F237G1, F237G3, and F218G4).

Detection antibody and biotinylation used for plasma TILRR detection: In-house developed
mouse monoclonal anti-FREM1 IgG ab (F237G12). Biotinylation of detection antibody was

conducted by using an Apex antibody labeling kit (Invitrogen, Catalog# A10495).

Standards for the TILRR detection assay: In-house developed custom recombinant FREM1

spD protein (Lab ID# F-5) was used as standard.

Standard and sample diluents for TILRR assay: PBS pH 7.2 containing 2 mM EDTA, 150

mM NaCl, and 1% IGEPAL® CA-630 (Sigma-Aldrich, Catalog# 18896).

Other accessories used: Bio-Plex Pro™ Flat bottom plate (BioRad, Catalog# 171025001), and

streptavidin-PE conjugate (100x) (BioRad, Catalog# 171304501).

G. Transwell cell migration assay reagents

Cells and culture medium: THP-1 (ATCC) (NIH, Catalog# 9942), and MOLT-4 (NIH,
Catalog# 175) were used for in vitro migration assay. RPMI 1640 growth medium (Sigma-
Aldrich, Catalog# R0883) supplemented with 10% fetal bovine serum (FBS) (Giboco, Catalog#
12483), 2 mM GlutaMax-1 (Gibco, Catalog# 35050-061), 10 mM HEPES (Gibco, Catalog#
15630-080), 1 mM sodium pyruvate (Gibco, Catalog# 11360070), and 1% Pen-Strep (Gibco,
Catalog# 15140-122) was used. For THP-1 cells, 0.05 mM 2-Mercaptoethanol (Sigma-Aldrich,

Catalog# M3148) was also added.

Medium wused for migration assay: RPMI 1640 (Sigma-Aldrich, Catalog# R0883)

supplemented with 2 mM GlutaMax-1 (Gibco, Catalog# 35050-061), 10 mM HEPES (Gibco,
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Catalog# 15630-080), 1 mM sodium pyruvate (Gibco, Catalog# 11360070) and 1% BSA

(Sigma-Aldrich, Catalog# A9418-10G).

Chemoattractants diluents: Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich,

D5796) supplemented with 1 mM sodium pyruvate (Gibco, Catalog# 11360070).

Stromal dermal factor 1 alpha (SDF-1a) or CXCL12: Used as a positive control for MOLT-4
T-cells. CXCL12 commercially available as a lyophilized powder (Sigma-Aldrich; Catalog#
SRP3276-10UG) which was reconstituted by adding 50 pl molecular biology grade water and
further diluted with 950 pl of 1X PBS (pH 7.2) containing 0.1% BSA to obtain 10 pg/ml stock
solution. The working solution of desired concentration was made by diluting with DMEM

media without FBS and Antibiotic-Antimycotic.

Monocyte chemoattractant protein 1 (MCP-1) or CCL2: Used as a positive control for THP-
1 cells. CCL2 commercially available as a lyophilized powder (Sigma-Aldrich; Catalog#
SRP3109-20UG) which was reconstituted by adding 50 pl molecular biology grade water as
described for SDF-1a above (final conc., obtained 20 pg/ml stock solution). The working

solution was prepared by a similar protocol as described for SDF-1a.

Other accessories: 24-well polycarbonated membrane 5um pore size transwell plate (Corning,

Catalog# CLS3421).

H. Microfluidic device cell migration assay reagents
Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Manufacturer SKU# 2065622)
Rat-tail collagen type | (Corning, Catalog# 354236)

Fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich, Catalog# FD10S)
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Silicone oil (Alfa Aesar, Tewksbury, USA, Catalog# A12728-22)

I. Antibody cross-linking reagents and buffers

PBS (pH 7.2): This buffer was prepared as described in section 7.1 (A).

Cross-linking buffer: 0.2 M Triethanolamine (Sigma-Aldrich, Catalog# 90279). For a 100 ml

buffer, added 3.04 ml Triethanolamine to 96.96 ml PBS (pH 7.2) and then adjusted pH to 8.2.

Cross-linking reagent: Dimethyl pimelimidate dihydrochloride (DMP; Sigma-Aldrich,
Catalog# D8388) was used at 25 mM concentration in 0.2 M triethanolamine pH 8.2 (cross-

linking buffer). Added 6.5 mg DMP powder into 1ml of 0.2 M triethanolamine.

Blocking buffer: 0.1 M Ethanolamine (Sigma-Aldrich, Catalog# E9508). To prepare 100 ml

buffer, added 602.41pl Ethanolamine to 99.40 ml PBS (pH 7.2) and then adjusted pH to 8.2.

Binding buffer: 0.1 M Sodium phosphate buffer (pH 8.0).

Antibody diluents: Desired concentration of anti-FREM1 1gG mAb was diluted in binding

buffer.

Elution buffer: 0.1 M Glycine-HCI (pH 2.5) was applied to elute unlinked antibodies.

J. Affinity purification reagents and buffers
Sample diluent: PBS (pH 7.2) supplemented with 1 mM EDTA and 10 pl/ml protease inhibitor
cocktail (Halt protease inhibitor single-use cocktail-100x; ThermoFisher Scientific, Catalog#

78430) was added to the buffer just before the use.

Wash buffer: Prepared by mixing 10mM Tris HCI (pH 8.0), ImM EDTA, 150mM NaCl, 1%

TritonX-100, and Nuclease free water. Adjusted pH 7.4 by HCI. A protease inhibitor cocktail (10
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pl in 1 ml buffer) (Halt protease inhibitor single-use cocktail-100x; ThermoFisher Scientific,

Catalog# 78430) was added to the buffer just before the use.

Elution buffer: 0.1 M Glycine-HCI (pH 2.5) was applied to elute target protein from bead-
antibody-protein complex. A protease inhibitor cocktail (10 pl in 1 ml buffer) was added to the

elution buffer.
Neutralization buffer: 1M Tris HCI (pH 8.0).

Bead regeneration buffer: PBS (pH 7.2) containing 5 mM EDTA, and 0.02% Sodium azide. A

protease inhibitor cocktail (10 pl in 1 ml buffer) was added to the buffer just before the use.

K. Protein concentration and buffer exchange
Protein centrifugal filter: Amicon® Ultra-2 Centrifugal filter with nominal molecular weight
limit (NMWL) of 10 K (Millipore, Catalog# UFC201024) used for concentrating eluted protein

volume.

Exchange buffer: PBS (pH 7.2) containing 1 mM EDTA, 154 mM NacCl, and protease inhibitor

cocktail (10 pl in 1 ml buffer) (ThermoFisher Scientific, Catalog# 78430).

L. Bicinchoninic Acid (BCA) protein assay reagents

Protein standard: Bovine serum albumin (BSA) ampoule provided in Pierce BCA assay Kit.

Standard and sample diluents: PBS (pH 7.2) containing 1 mM EDTA, 154 mM NaCl, and

protease inhibitor cocktail (10 pl in 1 ml buffer).
Pierce™ BCA protein assay kit (ThermoFisher Scientific, Catalog# 23227).

M. Coomassie staining and Gel drying
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Coomassie stain: BioSafe™ Coomassie stain (Bio-Rad, Catalog# 1610786) used for staining

NUuPAGE Bis-Tris 4-12% gel.

Gel drying kit: DryEase™ Mini-Gel Drying system (Invitrogen, Catalog# N12387).
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7.2 APPENDIX B: SUPPLEMENTARY FIGURES
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Appendix Figure B7.1: Standard curves generated by Bio-Plex multiplex magnetic bead
array using recombinant FREM1 protein and anti-FREM1 mAbs. rFREML1 spD protein was
diluted into 5-fold with concentration ranges from 10000ng/ml (S1) to 0.64 ng/ml (S7). Standard
curves were generated with three anti-FREM1 mAbs, such as F237G3 (A), F218G4 (B), and
F237G1 (C) that coupled with three different fluorescent spectrum beads. As a detection
antibody, custom biotinylated anti-FREM1 (F237G12) mAb was used. MFI value for each
antibody was graphed against the corresponding observed concentration of each point of
rFREML spD protein (S1 to S7) where bead recovery ranges were maintained 70-130. Each line
represents one replicate. A total of three independent experiments were conducted for each
antibody (all three antibodies were tested together as a 3-plex). MFI, mean fluorescent intensity;
R, replicate; mAb, monoclonal antibody.
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Appendix Figure B7.2: Full-length original Western blot image of TILRR protein
confirmation. (A) Western blots confirmation of TILRR overexpression in HeLa cells compared
to empty vector and parental controls. (B) GAPDH control expression for the same Hela
samples mentioned in figure A. Unlabelled columns are not related in this study.
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Appendix Figure B7.3: Overexpressed TILRR protein in transfected cells under confocal
microscopy. Hela cells were prepared and stained for confocal imaging as described in the
materials and methods chapter (section 2.1.13). (A-D) TILRR protein expression in TILRR
overexpressed cells, (E-H) Empty vector-transfected control cells (I-L) Parental non-transfected
cells. Color code: red, TILRR protein (Alexa Fluor 647 channel); blue, nuclear DNA (DAPI

channel); and green, eGFP (FITC channel). Image captured using 20x objectives with a 20um
scale.
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Appendix Figure B7.4: Full-length un-cropped blots of Western blot analysis. TILRR
protein was confirmed by Western blot analysis in plasma of patients’ group-1, -2, -3, and 4
(patient -1[ML002492], -2[ML002802], -3[ML002442], -4[ML000326], -5[ML002170], -
6[ML002443], -7[ML2292], -8[ML2772], -9[ML000109], -10[ML000887], -11[ML000893],
and -12[ML001070]) using affinity-purified protein (n=12; each group shows 3 patients data).
The images show the bands in the blot for TILRR protein detected by two different anti-FREM1
IgG mADbs, such as F237G3 mAb (A), F218G4 mAb (B), whereas blot 3 (C) was cut in three
slices and then probed with F237G3 mAb and F218G4 mAb separately as indicated. Western
blot images were acquired by Odyssey CLx imaging system (LI-COR, USA) with auto channels
(both 700 and 800), 42 um resolution, high image quality, and Omm focal offset. A white-
colored arrowhead indicates the 70kDa sized TILRR protein band. Other observed bands
(<70kDa or >70 kDa) in the blot could be the additional variants of FREM1 (yet
uncharacterized). Patients’ ID# and groups are mentioned on the top of the blots. kDa,
kiloDalton.
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Appendix Figure B7.5: Full-length un-cropped gels of Coomassie blue staining. Non-
transferred proteins in the gel after iBlot transfer in plasma of patients’ group-1, -2, -3, and 4
(patient -1[ML002492], -2[ML002802], -3[ML002442], -4[ML000326], -5[ML002170], -
6[ML002443], -7[ML2292], -8[ML2772], -9[ML000109], -10[ML000887], -11[ML000893],
and -12[ML001070]) (n=12; each group shows 3 patients data). Gels were used to transfer
proteins onto Nitrocellulose membranes that probed by F237G3 mAb (A), and F218G4 mAb
(B), except Gel3 (D), which was used for both F237G3 and F218G4 mAbs. The images show the
bands in the gel for the different proteins including a 70 kDa TILRR protein (White-colored
arrowhead). Coomassie blue staining gel images were acquired by Odyssey CLx imaging system
(LI-COR, USA) with auto channel (700 channel), 42 um resolution, high image quality, and
0.5mm focal offset. Patients’ ID# and groups are mentioned on the top of the blots. kDa,
kiloDalton.
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Full-length un-cropped blot 1 (probed with Full-length un-cropped blot 2 (probed with
F237G1 mAb) F237G1 mAb). Lanes 1-4 used for other purposes.
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(used for F237G1 mAb) (used for F237G1 mAb). Lanes 1-4 used for other
purposes.

Appendix Figure B7.6: Western blot verification of full-length FREM1 protein after
affinity purification. The blot was separately probed with primary antibody (anti-FREM1 mAb
F237G1 targeting CSPG9 domain of FREML) to identify the full-length FREM1 protein from
affinity-purified protein of patients' plasma (patient -1[ML002492], -2[ML002802], -
3[ML002442], -4[ML000326], -5[ML002170], -6[ML002443], -7[ML2292], -8[ML2772], -
9[ML000109], -10[ML000887], -11[ML000893], and -12[ML001070]). A-B) Figure A shows
the blot for group-1, -2, and -4 and Figure B for group-3. No band of ~235 kDa was detected
(indicated by a white-colored arrowhead). C-D) Corresponding gels were used to transfer
proteins onto the nitrocellulose membrane. Western blot and Coomassie blue staining images
were acquired by Odyssey CLx imaging system (LI-COR, USA) with auto channels (both 700
and 800), 42 um resolution, high image quality, and Omm focal offset for blots and 0.5mm focal
offset for gels. Patients’ ID# and groups are mentioned on the top of the blots. kDa, kiloDalton.
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Full-length un-cropped blot (Lanes 9-15 probed Full-length un-cropped Gel after transfer (Lanes
with F237G3 mAb). Lanes 1-8 used for other 9-15 used for F237G3 mAb). Lanes 1-8 used for
purposes. This membrane was cut into two pieces other purposes.

and lanes 9-15 were incubated with F237G3 mAb.

Appendix Figure B7.7: Full-length un-cropped blot and gel. A) The blot was cut into two
pieces and the second piece was incubated with anti-FREM1 F237G3 mAb. A clear band of ~57
kDa (blue-colored arrowhead) rFREM1 spD was observed in all samples. A 70 kDa band (white-
colored arrowhead) of TILRR protein is also observed in plasma alone and plasma with spiked
rFREM1 spD protein. B) Corresponding gel following iBlot transfer onto Nitrocellulose
membrane stained with Coomassie blue. The white arrowhead indicates 70kDa and the blue
arrowhead represents ~57kDa. Western blot and Coomassie blue staining images were acquired
by Odyssey CLx imaging system (LI-COR, USA) with auto channels (both 700 and 800), 42 um
resolution, high image quality, and Omm focal offset for blot and 0.5mm focal offset for gel.
Patients’ ID# and groups are mentioned on the top of the blots. kDa, kiloDalton.
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Appendix Figure B7.8: Detection frequency of plasma TILRR in archived samples of all
patients’ (groups 1-4) collected between 1985 and 2008. A) The detection frequency of plasma
TILRR in archived samples in different years between 1985 and 2008 (n=640). Value on the top
of each bar represents the number of the sample (n) tested; B) The level of plasma TILRR
(median with IQR) in archived samples collected between 1985 and 2008 (n=640). The X-axis
indicates the collection year of the plasma samples.
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Appendix Figure B7.9: Level of plasmaTILRR in archived samples collected from the same
patient with multiple time points between 1985 and 2008. A-C) The level of plasma TILRR
observed in HIV SCON with FREM1 SNP rs1552896 CC genotype patients (A-B), and HIV
resistant (HESN) with GG genotype (C). The X-axis indicates the sample collection date. Color-
coded texts indicate the HIV status and FREM1 SNP rs1552896 genotypes. HIV SCON, HIV
seroconverters; HIV Resist, HIV resistant.
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Appendix Figure B7.10: Expression frequency and the level of plasma TILRR in women
with FREM1 SNP rs1552896 genotypes among patients’ groups 1-4. A) The frequency of
plasma TILRR expression in women with FREM1 SNP rs1552896 among groups 1-4 as
classified in Table 3.2 (n=628). Value on the top of each bar represents the frequency of
expression; B) The level of plasma TILRR (median with IQR) in women with FREM1 SNP
rs1552896 among groups 1-4 (n=628). The X-axis indicates the FREM1 SNP rs1552896
genotypes and the number of samples detected as TILRR positive (parenthesis). Groups 1-4
represent the quantification of plasma TILRR by two anti-FREM1 mAbs. Group 1 was detected
by both mAbs (F237G3 and F218G4), group 2 by F237G3 mAb, and group 3 by F218G4 mAb.
Group 4 did not detect by either F237G3 mAb or F218G4 mAb. gen, genotype
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Appendix Figure B7.11: Expression frequency and the level of plasma TILRR in women
with different HIV status among patients’ groups 1-4. A) The frequency of plasma TILRR
expression in HIV seroconverters (SCON) and HIV resistant (HESN) women among groups 1-4
as classified in Table 3.2 (n=449). Value on the top of each bar represents the frequency of
expression; B) The level of plasma TILRR (median with IQR) in HIV SCON and HIV resistant
women with classified groups 1-4 (n=449). The X-axis indicates the HIV status and the number
of samples detected as TILRR positive (parenthesis). Groups 1-4 represent the quantification of
plasma TILRR by two anti-FREM1 mAbs. Group 1 was detected by both mAbs (F237G3 and
F218G4), group 2 by F237G3 mADb, and group 3 by F218G4 mAb. Group 4 did not detect by
either F237G3 mAb or F218G4 mAb. HIV SCON, HIV seroconverters; HIV Resist, HIV
resistant.
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7.3 APPENDIX C: SUPPLEMENTARY TABLES

Appendix Table C7.1: List of genes included in human NF-kB signaling pathway PCR array.
(PAHS-025Z, Qiagen).

Gene Symbol Descriptions
AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8)
AKT1 V-akt murine thymoma viral oncogene homolog 1
ATF1 Activating transcription factor 1
BCL10 B-cell CLL/lymphoma 10
BCL2Al BCL2-related protein Al
BCL2L1 BCL2-like 1
BCL3 B-cell CLL/lymphoma 3
BIRC2 Baculoviral IAP repeat containing 2
BIRC3 Baculoviral AP repeat containing 3
CARD11 Caspase recruitment domain family, member 11
CASP1 Caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, convertase)
CASP8 Caspase 8, apoptosis-related cysteine peptidase
CCL2 Chemokine (C-C motif) ligand 2
CCL5 Chemokine (C-C motif) ligand 5
CD27 CD27 molecule
CD40 CD40 molecule, TNF receptor superfamily member 5
CFLAR CASP8 and FADD-like apoptosis regulator
CHUK Conserved helix-loop-helix ubiquitous kKinase
CSF1 Colony-stimulating factor 1 (macrophage)
CSF2 Colony-stimulating factor 2 (granulocyte-macrophage)
CSF3 Colony-stimulating factor 3 (granulocyte)
EGFR Epidermal growth factor receptor
EGR1 Early growth response 1
ELK1 ELK1, member of ETS oncogene family
F2R Coagulation factor Il (thrombin) receptor
FADD Fas (TNFRSF6)-associated via death domain
FASLG Fas ligand (TNF superfamily, member 6)
FOS FBJ murine osteosarcoma viral oncogene homolog
HMOX1 Heme oxygenase (decycling) 1
ICAM1 Intercellular adhesion molecule 1
IFNA1 Interferon, alpha 1
IFNG Interferon, gamma
IKBKB Inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta
IKBKE Inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase epsilon
IKBKG Inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase gamma
IL10 Interleukin 10
IL1A Interleukin 1, alpha
IL1B Interleukin 1, beta
IL1IR1 Interleukin 1 receptor, type |
CXCL8 Interleukin 8
IRAK1 Interleukin-1 receptor-associated kinase 1
IRAK?2 Interleukin-1 receptor-associated kinase 2
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IRF1 Interferon regulatory factor 1
JUN Jun proto-oncogene
LTA Lymphotoxin alpha (TNF superfamily, member 1)
LTBR Lymphotoxin beta receptor (TNFR superfamily, member 3)
MALT1 Mucosa-associated lymphoid tissue lymphoma translocation gene 1
MAP3K1 Mitogen-activated protein kinase kinase kinase 1
MYD88 Myeloid differentiation primary response gene (88)
NFKB1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1
NFKB2 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 (p49/p100)
NFKBIA Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha
NFKBIB Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, beta
NFKBIE Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, epsilon
NOD1 Nucleotide-binding oligomerization domain containing 1
PSIP1 PC4 and SFRS1 interacting protein 1
RAF1 V-raf-1 murine leukemia viral oncogene homolog 1
REL V-rel reticuloendotheliosis viral oncogene homolog (avian)
RELA V-rel reticuloendotheliosis viral oncogene homolog A (avian)
RELB V-rel reticuloendotheliosis viral oncogene homolog B
RHOA Ras homolog gene family, member A
RIPK1 Receptor (TNFRSF)-interacting serine-threonine kinase 1
STAT1L Signal transducer and activator of transcription 1, 91kDa
TBK1 TANK-binding kinase 1
TICAM1 Toll-like receptor adaptor molecule 1
TICAM2 Toll-like receptor adaptor molecule 2
TIMP1 TIMP metallopeptidase inhibitor 1
TLR1 Toll-like receptor 1
TLR2 Toll-like receptor 2
TLR3 Toll-like receptor 3
TLR4 Toll-like receptor 4
TLR6 Toll-like receptor 6
TLR9 Toll-like receptor 9
TNF Tumor necrosis factor
TNFAIP3 Tumor necrosis factor, alpha-induced protein 3
TNFRSF10A Tumor necrosis factor receptor superfamily, member 10a
TNFRSF10B Tumor necrosis factor receptor superfamily, member 10b
TNFRSF1A Tumor necrosis factor receptor superfamily, member 1A
TNFSF10 Tumor necrosis factor (ligand) superfamily, member 10
TNFSF14 Tumor necrosis factor (ligand) superfamily, member 14
TRADD TNFRSF1A-associated via death domain
TRAF2 TNF receptor-associated factor 2
TRAF3 TNF receptor-associated factor 3
TRAF6 TNF receptor-associated factor 6
ACTB Actin, beta
B2M Beta-2-microglobulin
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
HPRT1 Hypoxanthine phosphoribosyltransferase 1
RPLPO Ribosomal protein, large, PO
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Appendix Table C7.2: Overall demographic characteristics of the study subjects

Characteristics Study subjects (n=640)
(at sample collection) Median (IQR)
Age, in years 35 (30-40) (n=624%)
Duration of sex work, in years 10 (5-17) (n=632")
% (n)
Sexually transmitted infection (STIs) 27.00 (172/637°)
Vaginal discharge 18.37 (117/6379)
Genital ulcer 6.12 (39/6379)
Oral contraceptive used 22.45 (143/6379)

*Samples with known age at the time of collection. Age was unknown for 16-samples. *Samples with
known duration of sex work. The duration of sex work was unknown for 8-samples.

‘Samples with a history of known STIs (Gonorrhea, Syphilis, Chlamydial infection, and Bacterial
vaginosis). 3-samples do not have a history of STIs.

Samples with a history of vaginal discharge, genital ulcer, and use of oral contraceptives. History was
unknown for 3-samples.

IQR, interquartile range; n, sample#
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Appendix Table C7.3: Dose-response effect of TILRR on immune responsive genes in HeLa cells.

0.25 ug DNA 0.5 ug DNA 1.0 ug DNA 2.0 ug DNA
Gene name FI (meantSEM) | p-value | Fl (meantSEM) | p-value | FI (meantSEM) | p-value | FI (meantSEM) | p-value
CCL5(RANTES) 3.66+0.72 0.0013 3.66+0.58 0.0006 7.76+0.90 0.0031 6.26+1.20 0.0009
CXCLS8 (IL-8) 2.16+0.61 0.0122 10.39+2.00 0.0012 11.28+2.69 0.0121 6.98+1.71 0.0001
IL-6 1.52+0.16 0.0091 5.35+0.14 0.0017 5.52+1.30 0.0005 4.75+0.64 0.0003
TNFa 2.08+1.12 0.1651 3.21+0.24 0.0010 5.63+3.69 0.0100 3.63+2.50 0.0171
FI, fold increase
Appendix Table C7.4: Dose-response effect of TILRR on immune responsive genes in VK2/EGE7 cells.
0.25 ug DNA 0.5 ug DNA 1.0 ug DNA 2.0 ug DNA
Gene name Fl (meantSEM) | p-value | FI (meantSEM) | p-value | FI (meantSEM) | p-value | FI (meantSEM) | p-value
CCL5(RANTES) 1.05+0.05 0.1857 1.18+0.22 0.1536 1.07+0.30 0.6925 1.01+0.17 0.9736
CXCLS8 (IL-8) 0.93+0.13 0.6583 1.86+0.05 0.0020 1.88+0.90 0.0286 1.27+0.10 0.0066
IL-6 1.03+0.11 0.4043 1.59+0.31 0.0238 2.47+0.40 0.0031 0.98+0.23 0.8544
TNFo 0.89+0.16 0.2945 1.42+0.37 0.0775 2.40+1.39 0.0919 1.32+0.55 0.2911

Fl, fold increase
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Appendix Table C7.5: Concentration of pro-inflammatory cytokine/chemokine proteins in HeLa cell culture supernatants.

IL-6 IL-8/CXCL8
. TILRR Empty Ctrl TILRR Empty Ctrl
Time (Mean+SEM) (MeanxSEM) Fold change p-value (MeantSEM) (MeantSEM) Fold change p-value
(Mean+SEM) (MeantSEM)
(pg/ml) (pg/ml) (pg/ml) (pg/ml)
1H 121.64+23.97 12.44+0.59 9.75+1.72 0.0014 106.45+£10.51 9.46+2.08 11.59+2.63 <0.0001
3H 294.75+34.30 70.95+6.53 4.15+0.15 0.0004 185.70+£22.19 42.83+1.72 4.34+0.50 0.0004
6H 380.16+24.54 75.13+7.23 5.08+0.39 <0.0001 296.03+42.90 43.55+5.96 6.81+0.59 0.0005
15H 2707.57+262.46 | 579.48+266.03 5.97+4.24 0.0011 3165.10+169.81 856.21+77.63 3.72+0.45 <0.0001
24H 7426.33+335.91 | 1352.23+58.19 5.51+0.48 <0.0001 5670.27+359.71 951.53+91.13 6.01+0.78 0.0002
IP-10/CXCL10 RANTES/CCL5
. TILRR Empty Ctrl TILRR Empty Ctrl
Time (MeantSEM) (MeantSEM) Fold change p-value (MeanzSEM) (MeanzSEM) Fold change p-value
(Mean+SEM) (MeantSEM)
(pg/ml) (pg/ml) (pg/ml) (pg/ml)
1H 47.19+4.79 0.87+1.51 18.07+1.83 <0.0001 13.33+1.71 0.00+0.00 - 0.0002
3H 64.01+10.32 14.88+0.69 4.31+0.73 0.0012 14.53+3.01 0.00+0.00 - 0.0011
6H 96.63+8.40 12.72+2.32 7.70+0.83 <0.0001 17.40+1.81 5.68+1.26 3.15+0.68 0.0008
15H 1425.13+88.25 413.80+36.16 3.45+0.10 <0.0001 1345.174253.32 290.82+86.78 4.73+£0.52 0.0024
24H 3081.38+71.55 540.93+14.60 5.70+0.18 <0.0001 2418.46+223.66 459.81+39.78 5.28+0.54 0.0001
MCP-1/CCL2
: TILRR Empty Ctrl
Time (MeantSEM) (MeantSEM) Fold change p-value
(Mean+SEM)
(pg/ml) (pg/ml)
1H 32.65+9.22 4.71+0.76 6.89+1.15 0.0064
3H 57.45+11.60 14.77+3.12 4.12+1.64 0.0035
6H 61.00+9.68 15.23+2.14 4.01+0.33 0.0013
15H 834.324+57.99 288.75+25.41 2.91+0.44 0.0001
24H 1391.33+47.19 673.15+51.73 2.08+0.23 <0.0001
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Appendix Table C7.6: Concentration of pro-inflammatory cytokine/chemokine proteins in VK2/E6E7 cell culture supernatants.

IL-6 IL-8/CXCL8
. TILRR Empty Ctrl TILRR Empty Ctrl
Time (Mean+SEM) (Mean+SEM) Fold change p-value (Mean+SEM) (MeanzSEM) Fold change p-value
(Mean+SEM) (MeanzSEM)
(pg/ml) (pg/ml) (pg/ml) (pg/ml)
1H 19.03+2.81 16.02+2.35 1.22+0.35 0.2276 2.86+0.26 4.20+1.48 0.74+0.27 0.1954
3H 41.11+£1.59 26.79+4.41 1.56+0.23 0.0061 19.85+0.26 6.20+2.44 3.51+1.21 0.0007
6H 55.22+3.87 35.28+1.95 1.57+0.17 0.0013 24.69+4.36 13.46+3.37 1.86+0.15 0.0243
15H 391.91+77.37 169.25+8.23 2.33+£0.50 0.0077 252.37+20.20 180.5849.23 1.40+0.07 0.0050
24H 529.26+90.37 275.72+6.59 1.93+0.37 0.0084 764.82+50.15 616.13+61.91 1.25+0.08 0.0319
IP-10/CXCL10 RANTES/CCL5
; TILRR Empty Ctrl TILRR Empty Ctrl
Time (MeanxSEM) (MeantSEM) Fold change p-value (MeantSEM) (MeantSEM) Fold change p-value
(Mean+SEM) (MeanzSEM)
(pg/ml) (pg/ml) (pg/ml) (pg/ml)
1H 984.07+39.80 761.57+£76.04 1.30+0.08 0.0109 110.49+13.85 69.89+23.59 1.72+0.68 0.0619
3H 1856.17+£292.88 934.13£72.05 2.01+0.44 0.0061 125.66+31.22 62.91+8.47 2.05+0.74 0.0283
6H 2852.98+338.50 1939.18+99.64 1.47+0.15 0.0109 116.47+8.26 63.81+30.20 2.06+0.74 0.0435
15H | 3739.30+102.09 2548.25+58.47 1.47+0.06 <0.0001 149.32+£11.20 99.80+1.16 1.50+0.12 0.0016
24H | 5367.07+£254.08 3977.25+82.10 1.35+0.09 0.0301 434.49+25.38 241.24+23.77 1.81+0.07 0.0007
MIP-1p/CCL4
. TILRR Empty Ctrl
Time (MeantSEM) (Mean+SEM) Fold change p-value
(Mean+SEM)
(pg/ml) (pg/ml)
1H 4.08+7.07 1.61+2.79 - 0.6039
3H 4.95+1.37 5.00+0.90 1.05+0.50 0.9578
6H 12.63+3.76 7.09+1.26 1.89+0.88 0.0727
15H 50.70+4.55 26.81+4.08 1.94+0.47 0.0025
24H 59.20+3.50 38.41+1.56 1.54+0.14 0.0007
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Appendix Table C7.7: Concentration of pro-inflammatory cytokine/chemokine proteins in HeLa cell culture supernatants along with IL-1p

stimulation.
IL-6 IL-8/CXCL8
. TILRR Empty Ctrl TILRR Empty Ctrl
Time (Mean£SEM) (Meaf)n}_r/SEM) (v;grffsagﬁ) p-value (MeantSEM) (MeapniISEM) (lli/?;gncfggﬁﬂe) p-value
(pg/ml) (pg/ml) - (pg/ml) (pg/ml) ~
1H 88.83+9.06 9.1145.50 15.26+14.17 0.0002 99.43+10.27 8.99+3.19 12.16+4.67 0.0001
3H 258.42+16.47 66.25+28.66 4.69+2.76 0.0005 237.47+13.30 58.23+2.48 4.08+0.21 <0.0001
6H 269.61+48.69 87.41+£3.37 3.08+0.51 0.0029 232.95+49.69 62.51+6.56 3.77+1.02 0.0042
15H | 2736.44+251.74 897.47+30.37 3.05+0.34 0.0002 3326.87+181.08 1010.87+49.24 3.29+0.09 <0.0001
24H | 7653.85+343.17 1913.16+62.20 4.01+0.30 <0.0001 6052.45+801.13 | 1690.31+£194.70 3.58+0.07 0.0008
IP-10/CXCL10 RANTES/CCL5
. TILRR Empty Ctrl TILRR Empty Ctrl
Time (Mean+SEM) (Mezfn}_r/SEM) (Ili/(ljelgncfsagﬁﬁ) p-value (MeanzSEM) (MezfniSEM) (:i/?;gncrggﬁ/le) p-value
(pg/ml) (pg/ml) - (pg/ml) (pg/ml) -
1H 49.86+5.38 4.80+2.81 13.0547.31 0.0002 12.27+14.32 9.02+4.19 1.94+2.36 0.7253
3H 94.55+1.50 18.11+1.06 5.23+0.28 <0.0001 12.64+11.04 4.19+0.45 3.21+2.79 0.2564
6H 131.43+25.87 13.05+2.28 10.36£2.99 0.0014 17.6146.17 3.85+1.52 5.78+4.78 0.0199
15H 1398.63+71.33 467.10+23.33 3.00+0.20 <0.0001 1162.68+104.60 281.95+58.53 4.28+1.18 0.0002
24H | 3121.19+130.12 733.19+24.52 4.26+0.23 <0.0001 3154.27+47.57 488.65+86.81 6.59+1.17 <0.0001
MCP-1/CCL2
. TILRR Empty Ctrl
Time (Mean£SEM) (Me:fnZSEM) Fold change p-value
(MeanzSEM)
(pg/ml) (pg/ml)
1H 24.26+10.49 5.20+0.39 - 0.0368
3H 62.69+5.95 10.70+2.12 6.06+1.54 0.0001
6H 57.68+11.19 22.12+6.40 2.67+0.51 0.0088
15H 1015.90+44.04 327.07£20.59 3.11+0.12 <0.0001
24H 1551.77+£75.27 675.26+44.36 2.31+0.27 <0.0001
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Appendix Table C7.8: Concentration of pro-inflammatory cytokine/chemokine proteins in VK2/E6E7 cell culture supernatants along with

IL-1p stimulation.

IL-6 IL-8/CXCL8
. TILRR Empty Ctrl TILRR Empty Ctrl
Time (Mean+SEM) (MeaanSEM) Fold change p-value (MeanzSEM) (Me;nz:ISEM) Fold change p-value
(Mean+SEM) (MeantSEM)
(pg/ml) (pg/ml) (pg/ml) (pg/ml)
1H 20.05+5.10 15.92+3.34 1.33+0.52 0.3053 4.38+0.56 3.81+0.99 1.21+0.34 0.4334
3H 36.36+1.78 20.87+4.66 1.81+0.48 0.0058 13.20+0.93 8.31+0.38 1.59+0.18 0.0011
6H 46.44+6.10 34.21+7.58 1.44+0.53 0.0951 24.41+2.40 15.55+1.29 1.57+0.02 0.0049
15H 237.51+12.22 129.08+23.86 1.87+0.28 0.0022 238.96+57.33 164.40+5.26 1.45+0.32 0.0883
24H 626.95+102.33 452.75+17.58 1.38+0.19 0.0439 844.23+28.98 655.91+48.64 1.29+0.08 0.0045
IP-10/CXCL10 RANTES/CCL5
. TILRR Empty Ctrl TILRR Empty Ctrl
Time (Mean+SEM) (Meapni/SEM) (végncrggﬁﬂe) p-value (MeanzSEM) (MezfniSEM) (:i/?;gncrggﬁ/le) p-value
(pg/ml) (pg/ml) - (pg/ml) (pg/ml) -
1H 2070.51+95.58 1320.58+74.53 1.57+0.14 0.0004 107.22+8.21 73.92+20.76 1.53+0.43 0.0611
3H 3046.86+198.70 | 2206.86+425.20 1.43+0.36 0.0362 107.44+20.11 64.12+9.58 1.68+0.19 0.0281
6H 2960.62+166.51 2652.28+56.24 1.12+0.04 0.0384 175.96+8.40 121.20+10.52 1.46+0.11 0.0021
15H | 4535.43£146.75 3514.91+74.44 1.29+0.02 0.0004 236.36+15.86 156.77+6.04 1.51+0.16 0.0012
24H | 5609.92+224.33 4157.52+75.04 1.35+0.08 0.0004 450.47+45.16 329.32+47.54 1.40+0.33 0.0329
MIP-1p/CCL4
. TILRR Empty Ctrl
Time (MeantSEM) (Meapn}_r/SEM) (E/?;gncrggﬁ/le) p-value
(pg/ml) (pg/ml) -
1H 4.93+8.54 2.11+3.66 - 0.6271
3H 3.13+2.86 4.97+£5.78 - 0.6470
6H 15.11+8.61 12.53+7.30 2.05+2.37 0.7119
15H 46.91+10.87 26.76x1.18 1.76+0.46 0.0332
24H 57.77+11.11 39.76+3.42 1.47+0.40 0.0550
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Appendix Table C7.9: Functions of the gene associated with innate immunity and inflammatory

responses.

Gene name Function(s)

BCL10 Positive regulator to activate NF-xB [394]

CARD11 When expressed in cells, this protein activated NF-xB [395]

CCL2 (MCP-1)

Overexpressed by NF-kB activation and involved in immunoregulatory and
inflammatory processes [396]

CCL5 (RANTES)

Activator of NF-kB [397]

CHUK/IKKa

Activator of transcription factor NF-xB [199, 398, 399]

CSF1 (M-CSF)

Controls the survival, differentiation, and function of monocytes and
macrophages [400, 401]

CSF2 (GM-CSF)

Activates monocytes/macrophages, and acts as an important hematopoietic
growth factor and immune modulator [401, 402]

CSF3 (G-CSF)

Promotes production, proliferation, and differentiation of granulocytes [403, 404]

Associates in acute inflammation and plays a key role in neutrophil recruitment

CXCL8 (IL-8) and activation [405]

IL-1 Pleiotropic cytokine involved in various immune responses and inflammatory
processes [351, 406, 407]

IL-1B Pleiotropic mediator of the inflammatory response [351, 406, 407]

IL-1R1 An important receptor of the IL-1-NF-«xB signaling pathway [189]
Phosphorylates the inhibitor in the inhibitor/NF-kB complex, causing

IKBKB (IKKp) dissociation of the inhibitor and activation of NF-xB [199, 398, 399]

IRAK1 Participates in nuclear translocation and activation of NF-xB [408]

IRAK?2 Plays a critical role in TLR-mediated NF-kB activation pathway [409]

MALT1 Activates NF-«xB [410]
Functions as a critical adaptor protein in innate immunity signal transduction

MYD88 [411]

NFKB1 (p50) Involves in the canonical pathway of NF-«kB activation [295]

NFKB2 (p52) Involves in non-canonical activation of the NF-kB pathway [200, 295, 412]

NFKBIA/IkBa I[Tl];biZSlﬁ]F—KB/REL complexes, which are involved in inflammatory responses

NFKBIB/IkBJ Inhibits NF-kB by complexing with and trapping it in the cytoplasm [413, 414]

RAF1 Activates NF-kB transcription factor [415]

REL Regulates NF-«xB activation [181, 197]

TBK1 Mediates NF-kB activation in a kinase-dependent manner [416]

TICAML1 (TRIF)

Activates interferon regulatory factor -3 (IRF-3) and NF-kB leading to induction
of IFN- production [417]

TLR1, TLR2, TLRS,
TLR4, and TLR6

Plays a fundamental role in pathogen recognition and activation of innate
immunity, Activation of TLRs leads to the up-regulation of signaling pathways
to modulate the host’s inflammatory response [291, 418-421]

Induces NF-kB activation and regulates a wide spectrum of the biological

TNF process including cell proliferation, differentiation, and apoptosis [422-424]
TRAE? Involves in the activation of NF-xB and inhibits oxidative stress-induced cell
death. [416, 425]
Participates in the signal transduction of CD40 and is important for the activation
TRAF3 !
of the immune response [426]
TRAE6 Involves in innate and antigen-specific immune responses by activating NF-kB

and Interferon regulatory factor 7 (IRF7) [427]
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