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ABSTRACT

Around 75 million people have been infected with the Human Immunodeficiency Virus-1
(HIV-1) since the inception of the epidemic, and it is estimated that nearly 38 million people are
now living with the virus. As many as 50% of these individuals develop HIV-associated
neurocognitive disorders (HAND) despite being on antiretroviral therapy. This process involves
progressive loss of synaptic plasticity and dendritic morphology leading to motor problems, loss
of memory, speech impairment and overall reduced quality of life. The constellation of symptoms
associated with HAND seems to arise from virus-associated immune activation involving the
microglia and macrophages in the CNS niche. Previous findings from our laboratory have
indicated the differential expression of certain miRNAs in the PBMCs HIV+ HAND+ patients.
Furthermore, preliminary data have suggested that these endogenous micro RNAs might have
therapeutic potential in treating HAND. Based on these observations, we hypothesized that
overexpression of these miRNAs in microglia might abate HIV-mediated inflammation and
subsequent damage due to it. Results indicate that overexpression of miR-20a and miR-106b
through lentiviral transduction reduced pro-inflammatory cytokine expression (especially TNF-a)
during HIV-1 infection. Furthermore, miR-106b appears to hinder active HIV-1 replication
suggesting a possible antiviral activity of this particular miRNA candidate. If successful, these
MIiRNAs would eventually lead to a new class of antiretroviral drugs to curb infection,

inflammation, and neurodegeneration due to HIV-1.
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1.0 INTRODUCTION

Since the beginning of the HIV-1 pandemic, approximately 75 million people have been
infected with HIV-1. According to a recent UNAIDS report, there were 1.7 million new HIV-1
infections at the end of 2018 (1). As the epidemic progressed, both the adjusted mortality rate and
incidence rate of new HIV-1 infections have greatly reduced (2). Novel scientific research and
increased awareness about HIV/AIDS has led to this significant decrease in mortality. With the
introduction of antiretroviral therapy (ART), a 28% increase in survival rates was observed
between 2006 and 2012 (3). Antiretroviral therapy has now become a major determinant in the
management of HIV-1 infections and has led to the near-complete absence of viral load in the
patients' plasma. It was also found to lower the risk of sexual, blood borne and vertical modes of
transmission by up to 90% (4). Additionally, the advent of pre-exposure prophylaxis for high-risk
individuals as a preventive strategy has reduced the overall public health burden of the disease (5,
6). However, a lack of a proper vaccine or a sterilizing cure for the infection makes HIV one of

the greatest public health threats of the 21% century.

Though the prognosis of HIV-infected people to AIDS has been largely reduced, the
prevalence of other co-morbidities due to the virus has been steadily on the rise. Among them,
HIV-associated neurocognitive disorders, or HAND accounts for nearly 50% of HIV-mediated
complications. These are a subset of pathologies primarily associated with the central nervous
system wherein affected individuals experience a gradual loss of neurological faculties which lead
to motor problems, loss of sensory skills and memory, cognitive impairment etc. (7). Though

severe forms of HAND have been mostly relegated to history due to antiretroviral therapy, milder



to moderate HAND continues to persist into the CART era (8). As a result, novel therapies aimed

at preventing or treating these disorders of utmost importance from a perspective of public health.



2.0 HUMAN IMMUNODEFICIENCY VIRUS

2.1 HIVV/AIDS Pandemic

Epidemiologically, the majority of the world’s HIV-1 burden is borne by Sub-Saharan
Africa (comprised of central, eastern, and southern Africa) accounting for 70% of all HIV-1
infections, globally (9, 10). The prevalence of AlDS-associated mortality has also been
consistently high in Latin America, the Caribbean, and Central Asia. In addition, low- and middle-
income countries account for more than 95% of new HIV infections (11). The demographic
prevalence of HIV-1 infections in 2018 was roughly similar between men and women (~17.5
million as of 2018) (12). Besides, the incidence of HIV-1 is greater among African Americans

than the Caucasian population (13).

HIV-1 is primarily a sexually transmitted virus that spreads through unprotected sexual
intercourse. Due to the viremia that soon follows after the initial infection, exposure of broken skin
or mucosal membranes to blood or blood products of an infected person can lead to potential
transmission of the virus. Blood borne transmission is directly related to the viral copies in the
patient’s blood. A retrospective community-based Ugandan study found that the probability of
transmission was directly correlated with blood viral index and transmission events were
negligible in person with less than 1500 copies of HIV-1 RNA per ml of blood (14). Besides high
loads of virus in blood plasma and CSF, it can also reach high titers in seminal and vaginal fluids
3-5 weeks post the initial onset of symptoms. Nonetheless, timely commencement of
CART/HAART (combined antiretroviral therapy/highly active retroviral therapy) can greatly limit

the shedding of viruses in blood plasma, cerebrospinal and reproductive fluids. A number of cohort
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and ecologic studies have observed the suppression of viral shedding in bodily fluids,
demonstrating the effectiveness of ART drugs. This reduction in viral load greatly depends on the
choice of antiretroviral drug and its bioavailability in various anatomical sites, compliance to drug

regime and extent of latent reservoir established by the virus (15, 16).

2.2 Virology of HIV

Human Immunodeficiency virus is an RNA virus belonging to the virus family
Retroviridae and the known causative agent of Acquired Immunodeficiency Syndrome (AIDS)
(17, 18). Historically, retroviruses have been grouped into three sub-families: Oncornavirinae,
Spumavirine, and Orthoretrovirinae, of which HIV-1 is placed under the genera Lentivirus
belonging to sub-family Orthoretrovirinae (19). Currently, HIV isolates are grouped into two
distinct subtypes: HIV-1 and HIV-2. As discussed earlier, HIV-1 is the widespread and
predominant cause of the ongoing epidemic. On the contrary, HIV-2 is restricted to certain parts
of West Africa and certain isolates to other parts of the world including India and the United States.
Besides their geographical disparities, people infected with HIV-1 tend to have robust and early
progress to AIDS than their HIV-2 infected counterparts. Moreover, most HIV-2 infected people
dichotomize into a category of ‘long-term non-progressors or ‘elite controllers, characterized by
unusually high CD4"-counts and negligible serum viral loads for several years (20-22). This makes

HIV-1 more of a clinically relevant pathogen than HIV-2.
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Figure 1: Structure of mature HIV virion

2.3 HIV-1 Genome

The genome of HIV-1 consists of two identical copies of single-stranded, positive-sense
RNA of about 9.2 kb in length. The full-length genomic transcript of HIV-1 encodes three
structural genes: gag, pol, env and other regulatory/accessory proteins as well. The gag encodes
for four protein: p24 (capsid-CA), p7 (nucleocapsid-NC), p17 (matrix-MA) and p6, while env
constitutes the glycoproteins of the viral envelope: gp120 (surface glycoprotein-SU) and gp4l
(transmembrane glycoprotein-TM). While the gag proteins have a predominantly structural role,
env proteins facilitate viral attachment and entry into the cell through cell surface receptor
recognition. The three pol proteins, reverse transcriptase (RT), integrase (IN), and protease (PR),
perform additional enzymatic functions responsible for viral replication, integration, and release

respectively (23, 24).



PR/RT/IN
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Figure 2: Schematic of the HIV-1 genome organization

2.3.1 Structural genes

Mature HIV-1 virions are enveloped retroviruses consisting of a conical capsid structure
with an average diameter of ~145 nm. The capsid encapsulates two copies of a linear, single-
stranded RNA and proteins required for infection, and subsequent integration (25). The fullerene-
conical shaped structure of the capsid is attributed to the 1500 monomeric capsid (CA) proteins
which are spatially arranged into hexamers and pentamers in a precise fashion giving the naked
core its peculiar structure. The capsid, apart from its structural functions, also serves to protect the
viral RNA from the host innate immune sensors and prevents its degradation. Additionally, it also
plays a vital role in the transport and entry of the reverse-transcribed viral DNA into the host cell
nucleus (26). The MA is a heavily myristoylated protein also encoded by the gag gene, found in
close contact with the lipid envelope of the mature virion. It has been implicated in the targeted
translocation of gag polyprotein to the cell membrane during budding and assimilation of env
glycoproteins in nascent virus particles. In vitro studies have revealed that deletions and/or
mutations to MA lead to misdirection of gag to intracellular compartments rather than the plasma

membrane, further validating the role of MA in the HIV-1 life cycle (27, 28).

HIV-1 virions rely on their env proteins to succeed in infecting their target host cell. The

envelope glycoproteins contribute to the narrow tropism of HIV-1 for T-cells, macrophages, and



dendritic cells. The lipoprotein envelope of HIV-1 consists primarily of glycoproteins gp120 and
gp41 which span the entire membrane and also few additional host membrane proteins acquired
during budding. Normally, gp120 recognizes CD4 expressed on circulating T lymphocytes and
other cells like T-cell precursors, macrophages, DCs in the periphery. However, the virion also
requires an additional chemokine receptor as a co-receptor for its unbridled entry into host CD4*
cells (24). The chemokine receptors CCR5 and/or CXCR4, which are used by the virus to gain
entry into target cells, also confer the cell tropism of HIV-1. Fundamentally, viruses that use the
beta-chemokine receptor CCR5 are termed macrophage-tropic (or M-tropic/R5) viruses and have
the ability to replicate in primary macrophages and T-cells. Conversely, viruses that prefer the
alpha-chemokine receptor CXCR4 for entry are called T-lymphocyte-tropic (or T-tropic/X4)
viruses and show a penchant for growth in primary CD4" T-cells but not macrophages (29). Both
the R5 and X4 strains are not necessarily mutually exclusive and tend to co-exist during infection.
Though R5 viruses prevail during the initial transmission and acute phase of infection, further
change in tropism to an X4 variant often occurs. This change in co-receptor usage is often
associated with a sharp decrease in CD4" T-cells and rapid progression to AIDS, lending credence
to the fact that X4 viruses could be more virulent than their R5 counterparts (30). The two env
proteins which are non-covalently linked, allow gp120 to solubilize in the plasma. This shedding
of envelope glycoproteins during acute phase infection can thus serve as a diagnostic variable for

detecting HIV-1 (31, 32).

2.3.2 Regulatory genes

As mentioned before, HIV-1 also encodes a complex collection of other supplementary

proteins which are involved in a myriad of other functions required for viral infectivity and



survival. They are categorized as regulatory (Tat and Rev) and accessory genes (Vpr, Vpu, Vif and
Nef) depending on their functions in the viral replicative cycle. Tat (also known as Trans activator
of Transcription) is a trans-acting element that is thought to be essential for enhancing promoter
activity and viral gene expression by over 1000-fold. HIV-1 proviral Tat-mutants demonstrate
reduced levels of RNA and proteins in vitro, depicting the indispensable role of Tat in HIV-1
replication (33, 34). Similarly, Rev (also known as Regulator of expression of virion proteins) is a
20 kDa phosphoprotein expressed early on in the HIV-1 life cycle. Together with the cis-acting
element termed as the Rev-responsive element (RRE), it functions to transport the unspliced viral
MRNA to the cytosol through a special nuclear export machinery. RRE is a highly conserved,
unique secondary structure located in the Env coding region of most known lentiviruses which
binds to Rev and leads to the cytoplasmic accumulation of unspliced lentiviral transcripts which
otherwise be targeted for splicing/degradation in the nucleus (35-37). Numerous in vitro
mutagenesis and silencing studies have shown that mutations/deletions to Rev or RRE jeopardize
viral protein synthesis and be detrimental to overall viral replication leading to the production of
replication-incompetent viruses (38-42). Thus, these findings conclusively demonstrate the pivotal

role of Tat and Rev in augmenting HIV-1 replication and infectivity.

2.3.3 Accessory genes

Apart from these regulatory genes, primate immunodeficiency viruses (HIV and SI1V) also
carry a unique array of accessory gene products necessary for creating a suitable host niche for
efficient viral propagation and survival, in an otherwise hostile cellular environment (43). Under
homeostatic conditions, viral entry and replication trigger a cascade of antiviral innate immune

responses which targets specific mechanisms of the viral life cycle and prevents its completion.



These antiviral defenses include pattern recognition receptors (PRRs) like Toll-like receptors
(TLRs), NOD-like receptors (NLRs), and components of the inflammasome (e.g., NLRP and ASC)
etc. which upregulate interferon (IFN)/interferon-stimulated gene (44) expression and other
classical NF-dB activated genes (e.g. IL-1p, TNF-a etc.). This drives both the infected and
uninfected neighboring cells towards an ‘antiviral state’ and attracts immune cells to the site of
infection leading to viral control and elimination (45). However, several viruses like IAV, EBOV,
MABYV, HTLV-1, etc. have evolved ways to evade and even exploit host innate defenses to ensure
their persistence, dissemination, and effective transmission (46-48). Likewise, for this very reason,
HIV-1 has also acquired accessory proteins to evade host immune responses and permit its
unrestrained growth and spread inside the host (49). These proteins help downregulate host
immunomodulatory molecules like MHC-I/1l1 and CD4 (50), enhance the release of progeny
virions through Tetherin antagonism (Vpu), induce G2-phase cell cycle arrest and modulate host
cell oxidative metabolism favorably (Vpr) and inhibit cytosolic restriction/editing factors like
APOBEC (Vif), among other functions (43, 51-53). Altogether, these accessory proteins

contribute to the improved pathogenesis of HIV-1 in vivo.



2.4 HIV-1 replicative cycle
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Figure 3: Overview of the HIV-1 replication cycle

2.4.1 Cell Entry

The first step towards any viral replication cycle is to gain access and entry into the host

cell. In the case of HIV-1, it involves the binding of its surface gp120 to the CD4 receptor and a

cognate co-receptor. The fusion of gp120 and CD4 results in a conformational change, exposing a

conserved loop region that was previously buried inside. This allows for co-receptor binding and

insertion of the gp4l transmembrane peptide into the host cell membrane. This results in

membrane attachment/fusion and the delivery of viral contents into the cytosol (54). Once inside,
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the uncoating of the capsid is initiated, which is thought to be a tightly regulated process and
known to heavily influence the assembly of the reverse transcription complex (55) and other
downstream processes. This stems from the observation that mutations in CA alter the processing
of ssRNA to dsDNA and subsequent nuclear import, revealing a close relationship between HIV-
1 uncoating and viral replication (56-58). Although the exact mechanism and spatiotemporal
variables of capsid uncoating are ambiguous due to conflicting evidence (26), more recent studies
suggest that capsid uncoating happens as a result of mechanical pressure due to the conversion of
highly flexible ssSRNA to a stable DNA duplex and occurs after the completion of first-strand

transfer (50, 59).

2.4.2 Reverse Transcription

Reverse transcription and integration are defining characteristics of the members of the
family Retroviridae. As uncoating proceeds, viral RNA is continually reverse transcribed to its
dsDNA homolog by the RTC in the cytosol. Experimental proof by Drs. Baltimore and Temin
about a viral enzyme that can convert RNA to DNA, supposedly violating the central dogma, were
crucial in shedding light on the mechanism of HIV-1 replication and its persistence in infected
hosts (60, 61). Reverse transcriptase is a 170 kDa heterodimeric RNA-dependent DNA
polymerase (RADP) enzyme containing two asymmetric subunits: p66 and p51. The p66 plays the
enzymatic role and harbors the polymerase and the RNase H domains while the p51 takes on a
more supportive structural role (62). After cellular entry, the reverse transcription is initiated by
the binding of a lysyl-tRNA which primes the existing sSRNA strand, which is followed by minus-
strand synthesis by the polymerase domain. Simultaneously, the RNase-H activity of RT degrades

the corresponding RNA strand. The ends of the viral genomic RNA have direct repeat sequences
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called R and this allows for the strand transfer of the negative-sense strand. As minus-strand
synthesis and RNase H degradation proceed, a short sequence called the polypurine tract (PPT)
resists cleavage and serves as the primer for the positive-sense strand synthesis. Following tRNA
removal and another strand transfer reaction, the plus-strand synthesis occurs giving rise to double-
stranded viral DNA ready for integration (63, 64). The completion of reverse transcription marks
the formation of the pre-integration complex (PIC) required for inserting the viral DNA into the
host genome as a provirus. As per conventional definition, the HIV-1 PIC is a molecular complex
which no longer contains any traces of RNA and has integration-competent viral double-stranded
DNA, which can efficiently merge into the host cell chromatin. The PIC, in addition, carries
integrase and other host proteins in a highly compacted structure. This compaction is required for

translocation into the nucleus through the small nuclear pore complex (65).

2.4.3 Integration

Once inside the nucleus, the viral integrase carries out perhaps one of the most critical steps
in the entire replicative cycle. HIV-1 integration causes the perpetual transformation of the infected
host cell and leads to the establishment of a proviral reservoir. The resulting persistence of the
integrated viral reservoir in the cell makes any chances at a sterilizing cure for HIV-1 infection
implausible (66). HIV-1 integrase is a multidomain enzyme encoded by the pol portion of the
genome. Expression of pol occurs as a gag-pol polyprotein through a programmed ribosomal
frameshift; this is required since pol is in a different ORF than gag and cannot be translated without
this frameshift (67). The integrase has three heterogenous domains, the amino-terminal domain
(NTD), catalytic core domain (CCD) and the carboxy-terminal domain (CTD). While the NTD

and CCD play a DNA binding role, the CCD holds the catalytic triad motif with the

12



polynucleotidyl transferase activity required for strand transfer (68). After nuclear entry, the 3’
ends of the viral DNA are processed to remove two nucleotides by the PIC. Following 3’ end
processing, strand transfer ensues which joins the 5’ ends of the viral DNA to the host target DNA.
The single-stranded nicks are sealed by the cellular DNA repair machinery which completes the
DNA recombination process (69). Though HIV-1 integration might seem very stochastic, in
actuality, it is a highly specific and regulated process. Studies have observed that HIV-1 prefers to
integrate into transcriptionally active sites and dense, gene-rich loci. Also, HIV-1 seems to target
the regions of euchromatin in the nuclear periphery rather than chromatin found deep inside (70-
73). As a result, successful integration of the viral genome ensures sustained viral gene expression

and high levels of viremia in the patient’s plasma unless intervened by ART.

2.4.4 Virion egress

The final step towards producing a functional, mature virion is viral egress from the
infected host cell. HIV-1 exits the cell as immature virus-like particles (VLPs) by budding through
the cell membrane. Much of the viral budding process is coordinated by the gag protein which
orchestrates the trafficking of the required viral and host factors towards the plasma membrane
and their assembly into immature virions. This also includes directing the env proteins towards the
cell membrane and packaging the two RNA strands (74). The gag protein also holds docking
domains for the ESCRT (Endosomal sorting complex required for transport) complex which
facilitates the nicking of the fully budded viral envelope. Specifically, HIV-1 triggers the activity
of the ESCRT-11I complex and also requires only a subset of these host factors to complete its
morphogenesis. (75, 76). Following the release of the immature VLPs, the viral proteins need to

be processed to complete the maturation process to generate infectious viruses. HIV-1 protease is
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a homodimer aspartyl protease that cleaves gag and gag-pol polyproteins to generate mature
structural proteins. (77, 78). The proteolytic processing redefines the structural morphology of the
capsid. Immature gag molecules are arranged radially and in close association with the envelope
but reassemble into the distinct conical capsid structure as a result of the protease action (79). This
mature HIV-1 virion can now go on to infect bystander cells and progress the infection.
Considering its paramount importance concerning the viral life cycle, HIV-1 proteases have thus

emerged as lucrative targets for chemotherapy.
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3.0 HIV-ASSOCIATED NEUROCOGNITIVE DISORDERS

3.1 HIV-1 replication and persistence in CNS

The central nervous system is a unique anatomical structure that is sequestered from the
rest of the peripheral vasculature by the blood-brain barrier (BBB). This highly vascular, semi-
permeable structure tightly governs the movement of ions, molecules, etc. between the blood and
CNS. This helps regulate CNS homeostasis and prevent its exposure to microbes, toxins etc. (80).
Though the BBB is impregnable to toxins and most drugs, viruses like HIV-1 have evolved varied
modes of entry into the CNS. Accumulating evidence suggests that HIV-1 enters the CNS as a
stowaway via an infected monocyte or as cell-free virions through endothelial transmigration (81,
82). Regardless of the route of entry, the viral particles go on to productively infect the perivascular
macrophages lining the BBB which ultimately result in the infection of microglia. The diminished
bioavailability of CART drugs in the central nervous system due to ineffective BBB penetration
encourages the establishment of persistent infection through long-term viral reservoirs (83). This
theory is corroborated by studies that show the presence of HIV-1 RNA in CSF of HIV-1 positive
patients receiving CART who are otherwise plasma negative, indicating the low-level of virus
replication in the brain despite antiretroviral therapy (84-86). Besides, the immune privilege and
longevity of glial cells in the CNS microenvironment are also considered to be possible
explanations for HIV-1 latency in the brain. Human brain microglia have a long-life span with low
turnover rates than other immune cells in the periphery (monocytes, macrophages, dendritic cells
etc.) (87). Shielded from the immune system due to the surrounding blood-brain barrier, these

long-lived microglia and surround glial tissue are conducive for infection and establishment of a
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stable cellular reservoir in a rapid manner in the initial phases of the infection (87). Furthermore,
these reservoirs become the focal points of CNS HIV-1 infection and help reseed peripheral viral

titers.

3.2 HIV and neurodegeneration

While HIV-1 is commonly associated with T-cell lymphopenia and immunosuppression,
it is important to acknowledge the involvement of the central nervous system, especially the brain.
This impact on the CNS and its affiliated faculties is collectively called the HIV-associated
neurocognitive disorders or briefly as HAND. Clinically, HAND is classified into three categories
depending on the extent of neurological involvement: asymptomatic neurocognitive impairment
(ANI), mild/moderate neurocognitive disorder (MND) and HIV-associated dementia (HAD) (88).
HAND is a progressively debilitating disorder that involves a constellation of symptoms ranging
from deterioration of motor skills, impairment of cognition and verbal fluency, behavioral changes,
dementia and even death (89). In the pre-CART era, the extent of neurodegeneration was very
explicit with the rapid progression of HAND into HAD. However, the advent of mono-therapeutic
and subsequent combination ART successfully halted the prognosis of HIV-neuropathy to severe
dementia (8), besides the reduction of overall HAND incidence (by up to 75%) as well. (90). While
significant inroads have been made regarding HAND pathogenesis in the CNS, the development

and approval of effective chemotherapeutics to treat this condition remain at large.
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3.3 Factors in HAND progression

Our current understanding of HAND pathogenesis outlines a shared combination of both
viral and cellular factors and their culpability in facilitating HIV-1 neuropathogenesis, as outlined
in Figure 4. While neurons are not permissive for HIV-1 entry and replication, they are susceptible
to the neurotoxic effects of several virally encoded proteins. For instance, gp120 has been
investigated and documented for its notorious neurotoxic capacity (91). Specifically, transgenic
mice expressing gp120 display neuronal and glial aberrations similar to those observed in the CNS

of HIV+ patients (88).
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Figure 4: Factors contributing to the neuropathogenesis of HAND
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Also, gp120 leads to neuronal cell death through excessive Ca2" influx via cell
permeabilization and CCR5/CCX4 mediated apoptosis (92-94). Similarly, instances of Tat (a
regulatory protein) mediated neurotoxicity have also been reported through calcium-induced
neurotoxicity, similar to that of gp120 (95, 96). Other evidence also indicates that Tat leads to
neuronal dysfunction by interfering with dopamine reuptake and signal transduction (97). Besides
the viral factors, other host-related factors have also been implicated in HIV-1 neuropathogenesis.
The host response to HIV-1 in the CNS is comprised of the release of pro-inflammatory cytokines
and chemokines such as TNF-a, IL-1p, IL-6, CCL2, CXCL12 and release of other neurotoxic
chemicals like glutamic acid, Nitric Oxide, Quinolinic acid etc. (98). This inflammatory milieu
serves to further activate the immune cells in the brain while also recruiting additional naive
macrophages from peripheral sites. This burgeoning positive feedback loop results in a state of
abnormal, hyperimmune activation which damages neurons and the surrounding glial cells causing

gradual neurodegeneration and its associated pathologies seen in HAND.

3.3.1 Role of microglia in HAND development

Microglia are resident phagocytes of the human central nervous system, accounting for
nearly 15% of the total cell population in the human brain (99). While the functional neuronal cells
are derived from the neuroepithelium, microglia, on the contrary, are derived of mesodermal
origin. These cells originate from the embryonic yolk sac which then leaves and populates the fetal
CNS during embryonic development (100). These sentient cells constantly scan the brain
parenchyma for antigenic stimuli and once activated, become the focal points of the host immune
response in the CNS. Genetically, microglia are a class of macrophages and are, therefore,

naturally conducive for HIV-1 infection (101). Innate immune cells such as microglia and
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macrophages employ a range of pattern recognition receptors (PRRs) to detect the presence of
antigenic and potentially infectious stimuli called pathogen/damage-associated molecular patterns
(PAMP/DAMP). These PRRs which include Toll-like receptors (TLR), NOD-like receptors
(NLR) etc. are activated upon contact with their cognate antigenic ligands and induce the
expression of key genes required for host innate immune response (102). The classical model of
microglial activation involves a resting (MO) state and two polarizing activation states with distinct
functions: pro-inflammatory (M1) and anti-inflammatory (M2) states. While the latter is involved
in immunoregulatory and neuroprotective functions, the former is generally considered to have a
neurotoxic function due to its role in promoting inflammation (103). Upon HIV-1 infection, resting
microglia are activated by exposure to viral PAMPS like cytosolic/uncapped RNA, HIV-1 proteins
like gp120, Tat etc. This activation results in a large-scale secretion of pro-inflammatory cytokines
(TNF-a, IFN-a, IL-6, IL-8, IL-1pB etc.) and chemokines (CCL2, CCL5, Fractalkine etc.) which
drive the immune response to the virus in CNS (104-106). This immune locus also attracts other
immune cells from distant sites of the body which cross the BBB and promote further
inflammation. Inadvertently, however, the neurons and surrounding glial tissue suffer collateral
damage from this exacerbated response. Consequently, this leads to synaptic pruning, dendritic

beading etc., which are considered to be telltale signs of neurodegeneration and HAND.

3.3.2 Role of microglia-derived cytokines/chemokines in HAND development

While the microglia are important in driving HAND; at the molecular level, however, it is
carried out by the inflammatory molecules which they secrete into the extracellular space.
Cytokines are small peptide molecules of approximately 5-20 kDa, involved in an array of cell

signaling and transduction processes (102). Among their many functions, they are primarily
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immunomodulatory agents involved in the induction and further sequelae of host immune response
(107). Normally, these cytokines and chemokines are favorable for host homeostasis. However,
during HIV-1 infection, these chemicals are implicated in the pathogenesis of the virus. This
becomes particularly important when there is neurological involvement during the course of the
infection. Prior studies have revealed that the CNS microenvironment during HIV-1 infection is
predominated by several inflammatory molecules as a direct consequence of the virus or its gene
products. For example, TNF-a production is induced in response to the presence of virus proteins,
gp120 and Tat (108). The latter has also been known to influence the secretion of IL-6 and 1I-8 in
astrocytes (109). TNF-a is known to promote BBB permeability by upregulation of key cell
adhesion and chemoattractant molecules like intercellular cell adhesion molecule-1 (ICAM-1),
Fractalkine ligand (CX3CL1), MCP-1 among others leading to increased influx of peripheral
monocytes and macrophages (110-112). Besides, TNF-o can also act directly as a neurotoxic
stimulus; it has been known to overstimulate NMDA receptors of neurons and causing increased
secretion of glutamate (an amino acid) from neurons and astrocytes, leading to excitotoxicity (113,
114). This is evidenced by elevated CSF levels of this amino acid in HIV+ patients with
neurological symptoms (115-117). Similarly, 1L-6 and IL-8 have also been suggested to directly
aid in virus replication (118-121). On the whole, this suggests the importance of these microglial

derived cytokines and chemokines in abetting HAND development in HIV positive patients.
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4.0 MICRO RNAs

4.1 Non-coding RNAs

Since the discovery of small non-coding RNAs in the early 1990s, the field of microRNA
biology has exploded tremendously, with new insights into the role of these non-coding RNAs in
the function and development of biological systems being gained every day. Consequently,
research into the possible dual functions of these small RNAs in aiding both prognosis and
amelioration of systemic diseases has gained momentum. Additionally, the successful completion
of the human genome project (122, 123) has supplied new knowledge into the previously enigmatic
role of the non-coding regions of the human DNA. This has shifted the conventional perspective
of biomedical scientists from overlooking these ‘junk DNA’ and considering a much deeper
purpose in the normal functioning of organisms. Current estimates suggest that the majority of the
cellular DNA and RNA pool (up to 97-99%) is made up of non-coding nucleic acids, whose

nonfunction can lead to a variety of pathological states in the host organism (124).

At any given time, a eukaryotic cell expresses several different kinds of RNA, each with
its specific functions. A class of RNAs called non-coding RNAs (ncRNA) comprise the bulk of
the total cellular RNA, with the exclusion of messenger RNA (MRNA), which directly encode for
host proteins. These ncRNAs are conventionally categorized based on their size or functionality;
they can be either small (18-200 nucleotides) or large (>200 nucleotides) and can serve both
housekeeping and regulatory roles. The housekeeping ncRNAs, although they don’t code for any

proteins, aid peptide biosynthesis indirectly in the form of ribosomal RNA (rRNA) and transfer
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RNA (tRNA) (125). On the contrary, the regulatory ncRNA include the micro RNAs (miRNA),
small interfering RNAs (siRNA), small nuclear RNA (snRNA) small nucleolar RNA (snoRNA),
piwi-interacting RNAs (piRNA), and long non-coding RNA (IncRNA). However, these
distinctions become blurred due to the ‘moonlighting” function of most of these RNAs.
Nonetheless, these RNAs have clearly defined roles in modulating cellular protein expression,
metabolism etc. whose failure results in disease progression (126). Their proven roles behind

several disorders make them lucrative candidates as biomarkers, therapeutics etc.

4.2 MicroRNAs and RNA interference

Maintenance of cellular homeostasis is cardinal to the normal growth and development of
any living organism. A fine balance between anabolic and catabolic processes exists, as a result of
several host factors and any change can prove to be detrimental. Multiple regulatory factors exist
in eukaryotic organisms to regulate the levels of gene expression. These constitute regulatory
pathways that occur either epigenetically, co-transcriptionally or post-transcriptionally. Epigenetic
or co-transcriptional pathways alter the stoichiometry (i.e., total number) of RNA transcripts
thereby altering the expression of its associated gene products. The modalities associated with
them is beyond the scope of this review; however, some excellent journal articles highlighting

these can be found here (127-129).

At any given time, a typical mammalian cell has upwards of 100,000 mMRNA transcripts
encoding a myriad number of proteins. Due to the vast quantity of RNA information, post-

transcriptional regulation is not merely a stochastic process, but rather a strictly maintained one
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with elaborate mechanisms involved. Non-coding regulatory RNAs such as miRNAs, siRNAs are
one such highly studied host-regulatory factors and form a unique branch of RNA biology. These
short RNAs employ sequence-based recognition to identify and target host messenger RNA and
modulate gene expression, both positively and negatively, in a process collectively known as

RNA-mediated interference (RNAI).

RNAI, also known as post-transcriptional gene silencing (PTGS) is a complex, biological
phenomenon wherein small non-coding RNA (sncRNA) sequences bind to host mRNA, resulting
in transcript degradation and subsequent downstream translational repression. These SncRNAs
may either be of exogenous and endogenous origin which give rise to siRNA and miRNA,
respectively. Though the primary function of both these RNAs is to modulate host gene expression,
they have distinct origins and purpose. Small interfering RNA (also known as siRNAs) are 20-
23bp long, RNA duplexes exhibiting perfect complementarity to the targeted gene transcript of
interest. These RNAs are mostly derived exogenously, i.e. from the extracellular environment such
as viral RNA, transposons, transgenes etc. and serve to protect the integrity of the host cell by
repressing the expression of foreign/invasive nucleic acids (130). Contrarily, microRNA are
endogenously derived nucleic acids which have multiple translational targets owing to their partial
sequence complementarity. As a result, a single microRNA can abbreviate the effects of multiple

genes making them lucrative targets in scientific research.
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4.3 miRNA biogenesis

Synthesis of miRNA begins with the transcription of primary precursor miRNA (pri-
miRNA) by host RNA polymerase II. This pri-miRNA is either co-transcriptionally or post-
transcriptionally processed by enzymes DGCR8 and Drosha into 700-100 bp precursor miRNA
(pre-miRNA) (131). These hairpin structures are exported into the cytosol by Exportin-5/Ran-
GTPase complex (132), where further processing into mature ds-miRNA is done by the
ribonuclease Dicer (133). This mature miRNA duplex is then actively loaded on to the miRNA-
induced Silencing Complex (RISC), which is composed of the Argonaute (AGO) family of
proteins (134). The thermodynamically stable guide strand is selected which is then unwound
from the passenger strand, with the latter being degraded (135). This partial-complementary
miRNA sequence is then involved in the translational repression of multiple MRNAs and their

corresponding genes. The overall schematic of miRNA biogenesis is depicted in the figure below.
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Figure 5: Schematic of miRNA biogenesis and RNA interference

4.4 Therapeutic potential of miRNAs

As summarized in the table below, the dysregulation of key miRNA genes is involved in

the etymology of various diseases. Therefore, it is only logical to hypothesize the potential

therapeutic usage of these miRNAs through evidence-based manipulation in biological systems.

However, the trajectory of miRNA-based therapeutics in successful clinical use has been marred

with difficulties, partly owing to the lack of proper research into their functionalities and biological
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effects. Several studies have pointed out the differential expression of these miRNAs in a plethora

of maladies, as summarized in the following table.

Table 1: Differential expression of miRNAs and their associated diseases

Signature miRNA Disease Reference(s)
miR-10b, miR-34a, miR-124, miR-181 etc. | Glioblastoma multiforme (136-138)
miR-155-5p, miR-130b Kidney Stones (139, 140)
miR-122 Hepatitis C (141, 142)
miR-375, miR-200c Gastric Cancer (143, 144)
miR-34a Diabetes (145)
miR-96, miR-211 etc. Retinopathy (146, 147)
miR-145, miR-33 Atherosclerosis (148, 149)
miR-433 Myeloproliferative Disorder | (150, 151)
miR-122, miR-21, miR-223 Hepatocellular carcinoma (152, 153)

Altogether, these present pressing evidence for the research and development of miRNA-
based therapeutics. Broadly speaking, these therapeutics are divided into two categories: miRNA
mimics and miRNA antagonists. miRNA mimics, as the name suggests, mimic the function of
endogenous miRNAs. These mimics are synthetic oligonucleotides resembling the host miRNA
of interest and are used to substitute the diminished function of target miRNAs, in the event of a
disease or injury. miRNA antagonists, also known as antagomirs/antimirs are antisense
oligonucleotides that exhibit complementarity to target miRNAs and degrade them (154). Naked

RNA is degraded in biological fluids rapidly due to the ubiquitous presence of ribonucleases. As
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a result, successful application and delivery of these systems require the use of chemical
modifications to these oligoRNAs to extend their half-life and bioavailability. Several
modifications such as the addition of an O-methyl, 2-methoxyethyl, phosphorothioate functional
groups have been proposed with some success (155, 156). However, these modifications are

tolerated till a threshold before the loss of in vivo activity is observed (156).

Another constraint towards the successful development of miRNA therapeutics is the
efficient and targeted delivery of these oligopRNAs to the organ of interest with minimal side
effects. Multiple modes of delivery have been proposed which included either viral or non-viral
modes of delivery. While viral vectors employ adenoviral/lentiviral vectors to introduce these
exogenous oligonucleotides, non-viral techniques employ chemical vehicles to deliver our gene of
interest. Usage of viral vectors remains controversial due to the ever-present safety issues
associated with them. Non-viral delivery systems typically use lipid excipients which have a
natural tendency to interact with the hydrophobic cell membrane of animal cells. These include
the use of poly (lactide-co-glycolide) (PLGA), synthetic polyethyleneimine (PEI), cyclodextrin,
Polyethylene glycol (PEG) among others. Though toxicity, non-specific cellular uptake, and
anaphylaxis are major obstacles to be considered, multiple studies have indeed reported significant

inroads regarding miRNA delivery systems (157).

The majority of present knowledge regarding these delivery systems was obtained as a
result of research in siRNA therapeutics, with the first sSiRNA-based drug Patisiran gaining FDA
approval in 2018, for the treatment of hereditary transthyretin-mediated amyloidosis. (158). One
of the preliminary miRNA-based therapy candidates to enter the drug development pipeline was
Miravirsen/SPC3649 developed by Santaris Pharma. This phase-11 clinical trial candidate utilizes

an LNA-antisense approach and targets the 5’-end of miR-122. This miRNA, which is highly
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expressed in the liver, was found to be indispensable for HCV replication through interaction with
the 5 end of the viral genome (142). Initial phase-lla trials using Miravirsen reveal a dose-
dependent reduction of viral replication, with minimal adverse effects (159). Miravirsen is one of
the many potential miRNA-based therapeutic candidates currently under clinical development.
This shows promise of the still untapped potential of mMiRNA-based therapies in treating infectious

and chronic conditions.

4.5 Selection of candidate miRNAs and significance in HAND

The candidate miRNAs, miR-20a and miR-106b among others, were identified through a
global transcriptome analysis in a previously published study from our group (160). Briefly,
MRNA and miRNA profiles from PBMCs of HIV-1 seropositive individuals with varying degrees
of neurocognitive impairments (MND and HAD) were compared with HIV-1 negative individuals
belonging to the Multicenter AIDS Cohort Study (MACS). By employing a unique systems
biology approach, differential expression of multiple miRNA targets was revealed. In particular,
miR-20a and miR-106b were found to be upregulated in HIVV+ neuroimpaired patients. These
miRNAs are thought to affect TNF-a, IL-1p, IL-6 among other cytokines by targeting FOXO1,
NOTCH signaling pathways. As a result, these miRNAs could serve as lucrative targets for

research into their role and therapeutic usage in ameliorating HAND.
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5.0 3D BRAIN ORGANOIDS

5.1 Human Brain

The brain is arguably one of the most complex structures in the animal kingdom which has
piqued the scientific curiosity of philosophers and scientists for several centuries. With its 100
billion neurons and trillions of synapses, it is the source of all cognition and intelligence. Of the
animal species, particularly hominids, humans enjoy an elevated sense of intellectuality and
perception. Thanks to millions of years of evolution, this has granted humans the highest
encephalization quotient (EQ), more than any other animal on the planet (161). While our current
knowledge of CNS mostly relies on cadaver tissue explants, animal models, neuroimaging etc.,
highs cost and low feasibility associated with them hinder scientific progress. As a result, novel in
vitro models which have a high degree of physiological relevance is exigent, thus making research

into 3D organoids an exciting research avenue.

5.1.1 Evolution of cell culture and organoids

Much of our present knowledge about the field of neurobiology is through research from
post-mortem examinations of humans and experimental studies on mice and other non-human
primates. However, constraints and ethical issues associated with these methods prompt us to find
novel models to investigate neurobiological phenomena. This combined with the modern
breakthroughs in stem cell technology and bioengineering has enabled the generation of three-

dimensional (3D) organoids of the brain which show great promise in accentuating our
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understanding of the human nervous system and serve as a benchmark tool to study
neuropathological and psychiatric morbidities. The seminal work of Dr. Harrison on the growth of
neurons from frog embryo grafts marked the advent of animal tissue culture (162). However,
difficulty in handling primary tissue cultures and the constant need for fresh tissue was superseded
by the introduction of immortalized cell lines. This polished the in vitro culture of mammalian
cells and have conferred consistency and reproducibility to biological studies. Furthermore, their
self-renewal potency, ease of manipulation and usage have led to fundamental breakthroughs in
the fields of cancer biology, developmental biology etc. With regards to neuroscience, multiple
culture techniques of neurons from different animal and insect species have been developed over
the years, which have lent insights into basic biochemical and life-sustaining processes of the
central nervous system (163-168). However, primary neuronal cultures still suffered the
shortcomings as other forms of primary culture like reduced feasibility of maintenance and
repeated need for tissue explants. Also, the homogeneity of the cultures meant that in vivo cellular
cross-talk and interaction between different cell types in the CNS niche could not be reproduced
and examined. Subsequently, the emergence of human embryonic stem cells (ESC) (169) and
induced pluripotent stem cells (iPSC) (170, 171), together called the human pluripotent stem cells
(HPSC) was viewed as a great leap forward in biomedical science. Their pluripotency permits
them to be directed towards any germ layer and cell fate which allowed for greater physiological
relevance of future studies as tissue-specific cellular architecture could be replicated in vitro (172).
These HPSCs modelled diverse and unrelated cell types like cardiomyocytes, neurons, pancreatic
islets etc. and show appropriate functional utility. For instance, knowledge of embryonic neural
development has allowed for effective iPSC mediated neocorticogenesis through directed external

cues (173, 174). Besides, patient-derived IPSCs for several hereditary diseases like Parkinson’s
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disease, B-Thalassemia, Gaucher’s disease, Down’s syndrome etc. have been developed which aid
in the better appreciation of genetic and epigenetic mechanisms underpinning these disorders (175,

176).

Despite their obvious advantages like scalability and optimized differentiation methods,
two-dimensional cultures of pluripotent stem cells fail to recapitulate the anatomical intricacies
and the functional complexity of the central nervous system (177). Additionally, the fetal origin of
ESCs shrouds its usage in ethical controversies (178). This warranted the development of a model
which captured the three-dimensional cytoarchitecture of organs while maintaining its relevance
to human physiology, albeit on a microscopic scale. Thus, with existing iPSC lines and novel
differentiation protocols, three-dimensional cultures resembling organs, popularly called

‘organoids’ were developed.

5.2 Neural Organoids

The field of organoid biology, especially brain organoids is fairly new, with the first 3D
cerebral organoids being developed just a few years ago (179). Since then, multiple organoid
protocols with diverse cell compositions have been published. Initial efforts involved self-
organizing neural tube-like structures under serum-free conditions, which allowed for neural,
astroglial and oligodendroglial differentiation (173). Eventually, multiple studies involving neural
rosettes were published, whose cellular organization is reminiscent of early neurogenesis i.e. NEC
and radial glial cells displaying apical polarity enveloping a fluid-filled ventricle (180-182). This

speaks to the inherent self-organizing tendency of iPSC-derived neuroprogenitor cells which were
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able to resemble both the spatial arrangement and temporal differentiation patterns of the
developing neocortex as evidenced by their molecular markers. Later, altered media components
and directed extrinsic cues were used to develop a ‘serum-free culture of embryoid body-like
aggregates with quick aggregation’ (SFEBq) (183-186), as a variant to conventional embryoid
cultures (187). These modified embryoid cultures were seen as a considerable improvement to
their 2D equivalents as they translated the spatiotemporal aspects (e.g., progenitor population, the
sequential genesis of neurons etc.) of the two-dimensional cultures in 3D. Some of these SFEBq
cultures also mirror multiple aspects of in vivo neurogenesis such as zonal partition (VZ, SVZ, 12),
apical-basal polarity, rostral-caudal patterning etc. (183, 184). Successive alterations to SFEBq
cultures led to the development of the first cerebral or ‘whole-brain’ organoids (179). These
organoids displayed a variety of discrete brain region identities (forebrain, hindbrain,
hippocampus, choroid plexus, retinal cup etc.) and also exhibited cortical organization similar to
the developing neocortex. These organoids were cultured by immersion in Matrigel which
provided an extracellular scaffold for robust tissue growth. Similar contemporary studies
demonstrated the significance of an extracellular matrix (ECM) for proper tissue development and

neuroepithelial polarization (183, 188, 189).

Subsequent protocols aimed at amending the fidelity of cortical organoids as one major
constraint towards optimized organoid production are the rampant issues concerning its variability
and irreproducibility. However, recent studies have begun to overcome these challenges in refining
the consistency of organoid cultures. Notably, a small-scale spinning bioreactor was used to
generate reproducible fore-brain organoids displaying all six cortical layers with a distinct outer
radial glial cell layer (190), which is a distinct feature of the developing human cortex (191).

Similarly, other organoid techniques have managed to achieve moderate to high reproducibility
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and reduce variability between batches (192-194). While the prior approaches relied solely on the
intrinsic self-assembling ability of HPSCs, lately the focus of organoid farming has also shifted
towards establishing region-specific identities. These guided methodologies use patterned external
cues to drive differentiation towards desired lineages (195). A plethora of protocols have thus far
been published on spawning organoids that resemble different regions of the brain such as the
midbrain (190, 196-198), hypothalamus (190, 199), cerebellum (200, 201), pituitary (202-204),

hypothalamus (190, 202) and retina (185, 205, 206).

5.3 Organoids and neurodegenerative disorders

Organoids have emerged as an extremely valuable tool to model neurodevelopmental and
degenerative disorders due to their ability to faithfully recapture important aspects of the human
brain and CNS development. The lack of a 3D microenvironment of planar cultures and the
tenuous physiological relevance of animal models have made brain organoids alternative
candidates in neurobiological and cancer research. Preliminary efforts to model neurological
abnormalities involved the serum-free culture of whole-brain organoids to study microcephaly
(179). Subsequently, the use of brain organoids has gathered momentum with various

neurodevelopmental and psychiatric disorders being modelled.

5.3.1 Limitations and future of brain organoid technology

Like any other experimental model, organoids too suffer some drawbacks in their ability

to capture the physicochemical environment of the brain and have major feasibility issues while
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doing so. While the field of organoid technology is relatively new, consistent research has resulted
in an expanse of knowledge throughout the past few years. However, further improvements are
needed to address the inherent issues carried by these organoids to effectively mimic mammalian
neurogenesis and establish 3D cultures as forerunners in modelling neurological disorders.
Heterogeneity between batches poses a major constraint in multiplexing organoid cultures.
Sequencing analyses have revealed batch-to-batch variabilities that plague organoid cultures, in
part due to differences in the bio-reactor conditions and cell composition between batches (192).
Also, the lack of proper patterning cues in most early organoid protocols and reliance on self-
organization contributed to the reproducibility issues of three-dimensional cultures. As a result,
there was a desperate need for protocols that utilize controlled differentiation and bioreactor
conditions to reduce variability and impart homogeneity to brain organoids (207). A novel,
miniaturized, spinning bioreactor unit called the SpinQ was used to generate fore-brain organoids
which ameliorated the batch disparity issues providing the future opportunity for scalable and
economical 3D tissue cultures. (190). Further refinement of existing techniques and quality control

practices would substantially increase the fidelity of organoids and their disease models.
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6.0 HYPOTHESIS AND AIMS

As mentioned earlier, prior findings from our laboratory have indicated the presence of
differentially regulated miRNAs in HIV+ HAND+ compared to HIV+ HAND- patients.
Furthermore, downstream analysis revealed their possible role in influencing cytokine secretion
and other inflammatory pathways. This combined with the fact that microglia are focal immune
responders to HIV-1 in the CNS environment led us to our hypothesis: human microglia primed
to overexpress these candidate miRNAs of interest could protect against HIV-1 infection and HIV-
mediated neuroinflammation. To do so, we generated microglia overexpressing selected candidate
miRNAs of interest through lentivirus transduction. Using these stable microglial cell line(s), we
eventually planned to examine their response to sterile and infectious inflammation through the

following specific aims:

Aim 1: Generation of stably transduced microglia expressing candidate miRNAs of interest

and 3D organoids using human neuroprogenitor cells.

e Generate lentiviruses encoding candidate miRNAs through transfection of 293T cells.

e Generate stably transduced microglia expressing candidate miRNAs and perform
puromycin selection.

e Confirm successful lentiviral transduction and insertion through genomic PCR and validate
newly established stable cell line through flow cytometry and fluorescence microscopy.

e Evaluate the effect of multiple stimuli in driving astrocyte differentiation in immortalized

human neuroprogenitor cells and 3D brain organoids.
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Aim 2: Investigate the anti-inflammatory effects of candidate miRNAs and their subsequent
role in preventing HIV-1 replication and HIV-mediated inflammation in stably transduced

microglia.

e Evaluate the effect of miRNA expressing microglia in reducing immune activation in the
presence of common TLR stimuli like LPS.

e Evaluate the effect of mIRNA expressing microglia in reducing HIV-mediated
inflammation.

e Evaluate the effect of miRNA expressing microglia in modulating HIV-1 replication

through flow cytometry, fluorescence microscopy and virus titer assays.
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7.0 MATERIALS AND METHODS

7.1 Cell Culture

Human Embryonic Kidney (HEK) 293T, U87MG CD4* CCR5"* and immortalized HMC3
microglial cells (ATCC® CRL-3304) were cultured in 37 °C and 5% CO; in Dulbecco’s Modified
Eagle Medium (DMEM) (Lonza Biosciences) supplemented with 10% Fetal Bovine Serum
(HyClone™), 1% L-glutamine (Gibco™) and 1% Penicillin/Streptomycin (Gibco™). Human
immortalized neuroprogenitor (ReN) cells were cultured at 37 °C and 5% CO; in complete
ReNcell® NSC Maintenance medium (EMD Millipore) supplemented with 20 ng/mL of bFGF
(basic Fibroblast Growth Factor) and EGF (Epidermal Growth Factor) (EMD Millipore) in

matrigel (Corning) coated tissue culture flasks.

7.2 Lentivirus and HIV-NLADS virus generation

The lentivirus vector encoding candidate miRNAs of interest (pictured below) were
purchased from GeneCopoeia. The vector is a pEZx-MRO03 (HIV-based) construct which consists
of the miRNA gene with an upstream eGFP reporter. This is surrounded by 5 LTR and 3’
LTR/poly A sequences. The plasmid also contains a puromycin resistance gene under the control

of a CMV promoter which would aid in antibiotic selection experiments.
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Figure 6: Schematic of miRNA-expression vector

For generating lentiviruses, HEK-293T cells were seeded at 1 x 10° cells in a 10 cm? dish
and were grown to confluency overnight. Prior to transfection, the cells were replenished with
fresh D10 media. For transfection, 2.75 pg of miRNA expression vector was mixed with 1.0 pg
and 0.5 pg each of packaging plasmids PLP1 and PLP2 (which provide gag/pol and rev genes,
respectively) and 0.5 pg of VSV-G plasmid encoding the vesicular stomatitis virus G glycoprotein
with 250 uL of plain DMEM medium. Simultaneously, 15 uL of PolyJet™ In vitro DNA
Transfection Reagent (SignaGen Laboratories) was mixed with 250 pL of plain DMEM and added
to the plasmid mixtures. After incubation for no more than 20 mins, the plasmid-PolyJet™ mixture
was added dropwise to the HEK-293T cells. The transfected cells were replaced with fresh D10
media after overnight incubation. 48 hours post-transfection, conditioned media from the cells
were harvested by centrifuging at 1000 rpm for 5 minutes. Lentiviruses were further concentrated

by centrifuging at 20,000 rpm for 1 hour.

For infectious virus generation, HEK-293T cells were seeded at 1 x 10° cells in a 10 cm?
dish and were grown to confluency overnight. Prior to transfection, the cells were replenished with
fresh D10 media. For transfection, 3.5 pug of HIVnLADs-DsRed and 1.5 pg of VSV-G plasmid

encoding the vesicular stomatitis virus G glycoprotein with 250 puL of plain DMEM medium.
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HIVNLADs-DsRed IS @ replication-competent macrophage (CCR5) tropic strain derivative of pNL4-3
tagged with an RFP construct. This virus construct was generated as described here (208) and was
a kind gift from Dr. Terahara, Japan. Simultaneously, 15 pL of PolyJet™ In vitro DNA
Transfection Reagent (SignaGen Laboratories) was mixed with 250 uL. of plain DMEM and added
to the plasmid mixtures. After incubation for no more than 20 mins, the plasmid-PolyJet™ mixture
was added dropwise to the HEK-293T cells. The transfected cells were replaced with fresh D10
media after overnight incubation. 48 hours post-transfection, conditioned media from the cells
were harvested by centrifuging at 1000 rpm for 5 minutes to remove cell debris. The supernatant
was then filtered using a sterile, 0.22 pM syringe filter (Steriflip®, Millipore) and infectious viruses

were concentrated by centrifuging at 20,000 rpm for 1 hour.

7.3 Virus Titration-U87MG assay

For virus titration, 5 x 10 US7MG CD4* CCR5" cells were seeded in a flat-bottom 96 well
plate and were grown to confluency overnight. Serial dilutions of miRNA-encoding lentiviruses
(2:100, 1:1000, 1:10,000 etc.) were prepared and added to the confluent U87MG cells. Fresh media
was replaced 24 hours following infection and the cells were incubated for another 48 hours.
Following this, no. of GFP+ (or RFP+ for infectious viruses) cells were counted, and the infectious

particles/mL (IP/mL) was calculated using the following formula.

Infectious particles/mL = Average no.of fluorescent cells * Dilution factor x5
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7.4 Lentivirus transduction and puromycin selection

Approximately, 7 x 10*immortalized HMC3 microglial cells were seeded in a 24-well plate
and were grown to confluency overnight. After replenishing the cells with fresh media, lentiviruses
encoding candidate miRNAs of interest were added to the HMC3 cells at an MOI of 1 and
incubated overnight. The cells were then split into 8 wells (x4 duplicates) and allowed to adhere
overnight. A puromycin Kill-curve experiment was conducted using multiple concentrations of
puromycin (0.25,0.15, 0.1, 0.05 and 0.01 pg/mL) (Gibco™) to identify the optimal antibiotic dose
for successful selection of stably transduced microglia. The optimal antibiotic concentration is the
lowest antibiotic concentration at which all cells are dead after 1 week. Using this optimal
concentration, stably transduced HMC3 microglia were generated and expanded. Cell stocks were

also cryopreserved in D10 containing 10% DMSO (Sigma-Aldrich) for further experimental use.

7.5 ReN cell differentiation and organoid generation

For 2D culture, approximately 3 x 10° ReN cells were seeded in a 6-well plate and were
grown to confluency overnight. The following day, the cells were replenished with ReN
differentiation medium (ReN maintenance medium + (1% FBS or GDNF or both)) and allowed to

differentiate for three weeks. After 3 weeks, cultures were lysed and whole-cell RNA was isolated.

For 3D culture, approximately 7 x 10* ReN cells were seeded into each well of a U-bottom
96-well plate (Nucleon™ Sphera™ Thermo Scientific) allowed to congregate into neurospheres
overnight. Meanwhile, parafilm strips were sterilized by UV-irradiation on which neurospheres

are placed. After draining excess media, 15 pL of Matrigel (Corning) was added to the
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neurospheres. These matrigel-encapsulated neurospheres were incubated at 37 °C for ~20 mins.
Following the required incubation, the neurospheres were flushed off from the parafilm with
complete ReN medium onto a low-attached 10 cm? cell culture and incubated at 37 °C. The
following day, the organoids were replaced with ReN maintenance medium with 1% FBS and

incubated at 37 °C for three weeks with constant rocking to prevent adherence to the plate.

7.6 RNA isolation and real-time quantitative PCR of ReN cells and 3D organoids

For RT-PCR reactions, whole cells RNA was isolated using mirVana™ RNA isolation kit
(Ambicon, Life Technologies) as per the manufacturer’s instructions. Briefly, >1 x 10° ReN cells
or ~10 organoids were lysed with 600 puL of RNA lysis buffer and homogenized with a p1000
pipette. Then, equal volumes of Acid-Phenol:Chloroform mixture was added and centrifuged at
13,000 rpm for 5 mins to separate the aqueous and organic phase. The upper aqueous layer is then
carefully removed and transferred to another microcentrifuge tube, to which 1.25 volumes of 100%
ethanol was added and vortexed thoroughly. 700 pL of this solution was transferred at a time to a
supplied filter cartridge (with a collection tube) and centrifuged at maximum speed for 15 seconds
to discard the flow-through. This was repeated until the entire volume of ethanol mixture was
processed. To the filter cartridge, 700 pL of Wash Buffer 1 was added and centrifuged for 15
seconds. The flow-through was discarded and 500 pL of Wash Buffer 2/3 was added to the same
tube and centrifuged for 15 seconds. After removing the flow-through, 500 pL of Wash Buffer 2/3
was added again and the tube was centrifuged at 13,000 rpm for 1 minute to completely dry the
cartridge. The dried cartridge was then transferred to a new collection tube to which 10-50 uL of

Elution Buffer was added. The tube was then centrifuged at 13,000 rpm for 20-30 seconds to elute
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RNA. The purity and quantity of the RNA were calculated using NanoDrop™ 2000
spectrophotometer (Thermo Scientific). Eluate with an A260/A280 ratio between 1.9-2.1 was
regarded as highly pure RNA which was then used for further downstream qPCR. To quantify
neuronal and astrocytic markers, the gPCR reaction carried out in a two-step fashion: reverse
transcription (to generate cDNA) and TagMan Real-Time PCR. The reaction specifics for both the
steps are as follows. Following PCR, fold change was calculated using 2722t method and

normalized using RPLPO as the endogenous control.

Table 2: cDNA conversion reaction-reagent specifications

Reagent Volume Quantity/Concentration
RT Buffer 2 uL 10x
dNTP Mix 0.8 pL 25X
RT Random Primer 2 uL 10x
Multiscribe Reverse Transcriptase 1 puL -
RNA Variable 10 ng/uL
Nuclease free water Variable -

Total 20 ul

Table 3: Real-time gPCR reaction-reagent specifications

Reagent ‘ Volume
TagMan Master Mix 10 uL
TagMan Assay Probes 1.75 uL
cDNA 6 uL
Nuclease free water Up to 35 ul.

Total 10 pL (x3 triplicates)
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7.7 Genomic DNA isolation and polymerase chain reaction

1 cycle Denaturation
95°C : 95 °C
| 10 mins | : I 15 secs |
Activation 40 cycles

;ﬂ\nnealing & Extension !

Figure 6: Schematic of PCR running conditions

Genomic DNA (gDNA) from transduced and untransduced microglia were isolated using
All Prep DNA/RNA Mini Kit (Qiagen) according to the manufacturer’s instructions. Briefly, 5 x
10° cells were lysed with 350 uL of Buffer RLT Plus and the lysate was homogenized with a p1000
pipette. The homogenized lysate was transferred to an All Prep DNA spin column and centrifuged
at >10,000 rpm for 30 seconds. The spin column was transferred to a new collection tube and 500
uL of Buffer AW1 and spun at 10,000 rpm for 15 seconds. The flow-through was discarded and
500 pL of Buffer AW2 was added to the spin column and was centrifuged at maximum speed for
2 minutes to completely dry the column. Next, 30-50 pL of Buffer EB (preheated to 70 °C) was
added to the spin column and incubated at room temperature for 2 mins. The column was then
centrifuged at 10,000 rpm for 1 minute to elute DNA. The purity and quantity of the gDNA were
calculated using NanoDrop™ 2000 spectrophotometer (Thermo Scientific). The resulting gDNA
was then amplified through conventional PCR using SYBER™ Select Master Mix with

appropriate primers. The PCR products were then visualized through gel electrophoresis on 2%

43



agarose (Seakem® LE Agarose, Lonza Biosciences) at a constant voltage of 90V with a 100 bp

ladder (Gene ruler 100bp, Thermo Scientific) for comparison.

Table 4: gDNA PCR-reagent specifications

Reagent Volume Quantity/Concentration
SYBER™ Select Master Mix 10 uL -
Primers Forward 1.2 uL 10 uM
Reverse 1.2 uL 10 uM
gDNA Variable 0.1-0.2 pg
Nuclease free water Variable -
Total 20 uL

7.8 Fluorescence microscopy and flow cytometry

Approximately, 1 x 10° cells were seeded in a 24-well plate with a sterile coverslip and
were grown to confluency overnight. Adherent cells were washed twice with sterile 1x PBS
(Corning®) and fixed with 4% paraformaldehyde solution for 20 minutes. Fixed cells were washed
twice again with PBS and stained with DAPI for 1-2 minutes. Stained cells were washed once
more with PBS and the coverslips were aseptically removed and transferred to a clean glass slide
with 90% glycerol mounting medium and were allowed to dry overnight. Dried coverslips were

then visualized using Nikon E1000 Epifluorescence microscope and edited using ImageJ.

For flow cytometry, a similar amount of cells was seeded and allowed to adhere overnight.
Adherent cells were then dispersed with minimal trypsin into single-cell suspensions and
transferred to a sterile V-bottom 96 well plate. The plate was centrifuged in a microplate
compatible centrifuge at 2500 rpm for 5 minutes. The pelleted cells were then stained for viability

using LIVE/DEAD™ Aqua Dead Cell Stain Kit (Invitrogen™) at a working dilution of 1:500 for
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30 minutes. Following this, the cells were pelleted by centrifuging at 2500 rpm for 5 minutes and
fixed in 4% paraformaldehyde. Flow cytometry and subsequent analysis of the fixed cells was

done using LSRFortessa™ (BD Biosciences) and FlowJo v.10.7.1, respectively.

7.9 HIV infection and cytokine ELISA

Approximately, 1 x 10° cells were seeded in a 24-well plate and allowed to grow to
confluency overnight. Adherent cells were replenished with fresh media and infected with HIV-1
(MOl of 1 and 0.5) or mock-infected with equal quantities of sterile PBS. Conditioned media was
harvested from treated cells at 18 & 48 hours and cytokine concentrations were quantified through
DuoSet Human TNF-o/IL-1B ELISA kit (R&D Biosystems) according to manufacturer’s

instructions.

Briefly, a sterile 96-well was coated with 100 pL of the working dilution of the primary
capture antibody in PBS (without carrier protein) overnight at room temperature. Coated plates
were washed thrice with 1x PBS/0.5% Tween-20 (Fischer Scientific) and blotted dry with paper
towels. The plates were then blocked with 100 pL of blocking buffer (PBS/1% BSA (Sigma)) for
a minimum of 1 hour and washed thoroughly. Harvested supernatants were diluted to appropriate
working dilutions and 100 pL of each was added to corresponding wells. Simultaneously, 8-point
two-fold serial dilutions (1000 pg/mL to 3.61 pg/mL) of the standards were made and equal
volumes were added to each well. All the samples and standards were incubated at room
temperature for 2 hours. Following this, the plates were washed thoroughly three times and 100

uL of the working dilution of the secondary detection antibody (in blocking buffer) was added
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with incubation at room temperature for 2 hours. The plates were washed thoroughly again and
100 uL of the working dilution of Streptavidin conjugated with HRP (Horseradish peroxidase) was
added and incubated in the dark for 20 minutes. The plates were washed thrice again and 100 uL
of SUREBLUE™ TMB-1 (Tetramethylbenzidine) Substrate (Seracare Life Sciences Inc.) was
added and incubated in the dark for 20 minutes. After 20 minutes, the reaction was stopped using
50 uL of 1 N H2SO4and the plate was tapped gently to ensure complete mixing. The optical density
was determined using an ELX800 Microplate Reader and KcJunior software (BioTek Instruments)
set to an absorption maximum of 450 nm. Cytokine concentrations in the samples were calculated

from the linear trend line equation (R2>0.900) of the plotted standard curve.

Table 5: Working dilutions of ELISA reagents

Reagent A Working .
Dilution/Concentration
Primary Capture Antibody 4 pg/mL
Secondary | Human anti-TNF-a 50 ng/mL
Detection .
Antibody Human anti-IL-1p 200 ng/mL
Streptavidin-HRP 1:40

7.10 Inflammasome activation and MTT assay

Approximately, 1 x 10° cells were seeded in a 24-well plate and allowed to grow to
confluency overnight. Adherent cells were replenished with fresh media and primed with 100
ng/mL and 500 ng/mL bacterial lipopolysaccharide (Millipore Sigma) for 24 hours. Following
this, the media was supplemented with 5 mM ATP (Sigma Aldrich) and conditioned media was
isolated after 30 minutes. IL-1B was quantified through cytokine ELISA as mentioned in section

6.6.
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For assessing cell viability, an MTT assay was performed. MTT assay is a colorimetric
assay that depends on the ability of cellular NAD(P)H oxidoreductases to reduce the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] dye into insoluble formazan crystals.
These crystals are further dissolved using a detergent solvent like DMSO, acidified isopropanol
etc. and absorbance is read at specific wavelengths. This absorbance is directly proportional to the
percentage of viable cells. To perform the assay, approximately 1 x 10* cells were seeded into a
96-well plate and allowed to grow to confluency overnight. Inflammasome activation was
performed as mentioned earlier and conditioned media was discarded carefully at the end of ATP
stimulation. To the cells, 90 pL of serum-free DMEM (with 1% Glutamine and
Penicillin/Streptomycin, without phenol-red) and 10 pL of MTT reagent (Tocris Biosciences™)
were added and the plate was incubated for 4 hours at 37 °C until purple formazan crystals are
visible. After incubation, the MTT reagent was aspirated carefully and 100 pL of DMSO was
added. The plate was left in an orbital shaker for 15 minutes to thoroughly dissolve the crystals.
The absorbance was read at 570 nm (with a reference wavelength of 650 nm) and cell viability

was calculated.

7.11 Figures and Statistical analysis

All illustrative graphics (Section 2.0-4.0) were generated through BioRender.com. Rest of
the graphical and statistical summaries were performed using GraphPad Prism 8 software. Sample

means were compared through a Student’s t-test with a significance level of 0.05.
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8.0 RESULTS

8.1 Aim 1: Generation of stably transduced HMC3 microglia using candidate miRNAs of

interest and 3D brain organoids using immortalized human neuroprogenitor cells

To generate stably transduced microglia, lentiviral vectors encoding candidate miRNAS
(miR-20a, miR-106b etc.) needed to be produced. For this purpose, Human embryonic kidney
293T (HEK 293T) cells were transfected with the miRNA expression vector and packaging
plasmids containing gag/rev and VSV-G envelope plasmid. Rev is a transactivating protein
necessary for viral RNA export and packaging. VSV-G plasmid is used to pseudotype the nascent

lentiviral vectors for efficient entry into microglia.

The lentivirus titers generated through transfection (Table 6) were greatest for the two
mMiRNAs-miR-20a and miR-106b. For scramble and miR-141, titers were low and multiple batches
needed to be combined to have sufficient viruses for transduction. Following virus generation,
human immortalized HMC3 microglia were transduced with the lentiviruses at an MOI of 1.
Transduced microglia needed to be selected to obtain a homogenous population of miR-microglia.
To do so, puromycin (an aminonucleoside antibiotic) was used. As indicated in Fig. 6, the miRNA
plasmids contain a puromycin resistance gene encoding a puromycin N-acetyltransferase gene
which inactivates the antibiotic, conferring resistance. Thus, a puromycin Kill-curve experiment
was conducted to determine optimal antibiotic concentrations. Of all the doses tested, 0.10 pg/mL
and 0.05 pg/mL was efficient at killing untransduced cells and thus led to the generation of stably

transduced microglia.
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For 3D organoids, human immortalized neuroprogenitor (ReN) cells were cultured and
neurospheres were generated as described before (see Materials and Methods), In a state of
physiological homeostasis, the neuron-to-astrocyte ratio is estimated to be around 1:4 (209). Thus,
any study attempting to extrapolate results from in vitro experiments requires the maximum
physiological relevance possible. Therefore, before attempting 3D organoid cultures, 2D cultures
of ReN cells were tested for multiple differentiation stimuli to push astrocyte differentiation. Out
of the different stimuli tested, 1% FBS resulted in increased astrocyte differentiation (as evidenced

by astrocytic markers, GFAP and S1008) in both 2D cultures and subsequently, 3D organoids.

8.1.1 Lentivirus production and generation of miR-microglia

To generate HMC3 microglia constitutively expressing our miRNAs of interest, lentivirus
vectors were used. For this, HEK 293T cells were transfected with appropriate plasmids (as
outlined before, see materials and methods) and viruses were harvested at days 72 and 96 hours
post-transfection. Harvested supernatants were concentrated to improve yield and the resulting
lentiviruses were titered through a U87MG assay. We initially started out with 6 candidate
miRNAs and generated lentiviruses for all of them. However, virus titers were remarkably
different between each of them, with miR-20a and miR-106b having the highest titers while the
rest of them miRNAs produced consistently low titers. Therefore, further transduction experiments
were carried out for the two miRNAs. The next step in generating stable miR-microglia was
performing a puromycin Kill curve experiment to select transduced cells and kill untransduced
cells which will give rise to a completely homogenous cell population. The plate setup of the

experiment is shown below (Figure 7); of the different concentrations of puromycin tested, 0.25
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ug/mL proved to be lethal (which killed all cells by 72 hours). 0.10 and 0.05 pg/mL puromycin

was effective and thus used to select and expand our miR-microglia.

Table 6: Generation and titration of miRNA lentiviruses

Lentivirus particles/mL*10°

Experiment no.
| Scramble | miR-20a | miR-106b | miR-141 | miR-let-7a

TROO1 0.10 2.8 0.04 0.012 0.06
TRO002 0.13 1.25 0.55 0.09 0.03
TROO03 0.04 0.115 0.035 0.038 0.027
TRO04 0.063 - 0.11 0.035 0.028
TRO05 0.03 - - 0.09 -
pg/mL of puromycin
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Figure 7: Plate setup of puromycin kill-curve experiment: Transduced and untransduced HMC3 cells were
seeded in duplicates. After cell attachment, puromycin was added (red check) and one well was left as a non-

antibiotic control (green cross).
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Figure 8: Transduction efficiency of miRNA-expressing HMC3 microglia: HMC3 microglia were transduced at
an MOI (multiplicity of infection) of 1 and subjected to 0.10-0.2 pg/mL puromycin until the successful selection
was achieved. Transduced cells were stained with Aqua LIVE/DEAD™ viability stain and visualized through flow

cytometry.
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Figure 9: Transduction efficiency of miRNA-expressing HMC3 microglia: HMC3 microglia were transduced at
an MOI (multiplicity of infection) of 1 and subjected to 0.10-0.2 ug/mL puromycin until the successful selection
was achieved. Transduced cells were stained with DAPI and visualized through fluorescence microscopy. Scale bar

indicates 50 um.
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From Figure 8, it can be seen that nearly all of the HMC3 microglia in the treatment groups
had >90% transduction efficiency (as suggested by GFP expression). Even after 30 passages, these
miR-microglia were observed to have similar reporter expression (image not shown) indicating

successful stable transduction.

8.1.2 Validation of miR-microglia
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Figure 10: Validation of miR-microglia through genomic PCR: Genomic DNA was isolated and PCR reaction

was performed as mentioned earlier. The products were run undigested on a 2% agarose gel.

Though eGFP reporter expression serves as an indirect marker of transduction, successful
genomic insertion of the lentiviral vector needed to be confirmed. When the genomic PCR
products were resolved on an agarose gel, miR-20a and miR-106b expressing microglia had a
distinct band at the anticipated size (130 bp) while the untransduced control did not have a band.

This indicates successful insertion of our miRNA construct into the microglial genome.

53



8.1.3 Generation of 3D brain organoids

Human immortalized neuroprogenitor cells a.k.a ReN cells are multipotent stem cells
capable of differentiating into multiple cells of the neuroepidermis namely, neurons, astrocytes
etc. Under in vitro culture conditions, ReN cells are maintained in their multipotent state by bFGF
and EGF growth factor supplements in their culture media which arrest their differentiation into
neurons and astrocytes. When the neural supplements are removed, ReN cells spontaneously begin
their differentiation. However, differentiating ReN cells give rise to an abundance of cells of
neuronal lineage and less of glial cells like astrocytes. However, under conditions of physiological
homeostasis, the total percentage of astrocytes in the CNS niche is 3-4 times greater than that of
neurons (209). Thus, in order to achieve greater physiological relevance, ReN cell cultures were
subjected to multiple differentiation stimuli and their effect on subsequent differentiation to
astrocytes was assayed through reverse transcriptase-gPCR (RT-PCR). Of the three tested stimuli
(1% FBS or GDNF or 1% FBS+GDNF), ReN cell medium containing 1% FBS was found to be
effective at driving astrocyte differentiation as indicated by the increased expression of its
corresponding markers: GFAP and S100p (Figure 10a). Following this, 3D brain organoids were
produced as outlined in section 7.5 and grown in ReN medium containing 1% FBS. Three-week
old organoids (Figure 10c) were then lysed and whole cell RNA was then isolated using which
RT-PCR was performed. Similar to the 2D culture, 1% FBS resulted in a higher proportion of
astrocytes than neurons as inferred from the expression level of their respective markers, GFAP

and Tubulin (Figure 10Db).
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Figure 11: ReN cell differentiation in 2D culture (a) and 3D organoid culture (b & c): Human immortalized
neuroprogenitor cells were cultured as mentioned earlier. Following differentiation, both the cultures were lysed and
whole-cell RNA was extracted. Neuronal and astrocytic markers were amplified through RT-gqPCR and gene
expression was normalized using Ribosomal Protein Lateral Stalk Protein Subunit (RPLPO). A representative

phase-contrast image of a three-week-old organoid is shown in (c) (n=1).
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8.2 Aim 2: Investigate the anti-inflammatory effects of candidate miRNAs and their

subsequent role in preventing HIV-1 replication and HIV-mediated inflammation.

Once stable miR-microglia were generated, the supposed anti-inflammatory effects of the
candidate miRNAs needed to be tested. To do so, both transduced and untransduced HMC3
microglia were either stimulated with  multiple concentrations of bacterial
lipopolysaccharide(LPS)/poly I:C, LPS/ATP or infected with infectious HIV-1nLaAps-Dsred Virus at
varying MOlIs for defined time points. Following this, the inflammatory response to these stimuli

was quantified through an ELISA.

In addition to evaluating the anti-inflammatory effects of miRNAs, we were interested to
investigate the possibility that these miRNAs might modulate virus replication, either positively
or negatively. For instance, miR-122 is notorious for its indispensable role in aiding HCV
replication and has therefore stemmed FDA-approved therapeutics like Miravirsen for treating
chronic HCV (210). Thus, it was imperative for this study to focus on the effect of miR-microglia

on HIV-1 replication as well.

For investigating the anti-inflammatory effects of over-expressing candidate miRNAs,
miR-microglia were either stimulated with LPS (1.5 pg/mL), Poly I:C (20 pg/mL), LPS (500
ng/mL & 100 ng/mL)—ATP (5 mM) or infected with HIV-1niaps-psred Virus at an MOI of 1 and
0.5. Following this, conditioned media was harvest at 0, 24, 48 and 72 hours (for LPS and Poly
I:C), 0, 24 hours (for LPS—ATP) and 0,18,48,72 hours (for HIV-1 infection). Cytokines in the

conditioned media were then quantified through ELISA.
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8.2.1 Effect of miR-microglia on sterile inflammation

Initially, to test the response of untransduced and transduced microglia to sterile
inflammatory stimuli, bacterial lipopolysaccharide (1.0, 1.5 pg/mL) and Poly I:C (20 pg/mL) were
used as TLR stimulants. However, both stimuli failed to elicit a strong enough response (data not
shown) which was in accordance with previously published results on HMC3 microglia (211).
Therefore, the response of microglia to inflammasome activation was tested instead and a similar
experimental plan as detailed in Hu Li. Et al was followed (212). Following LPS priming and ATP
activation, IL-1B secretion was quantified through an ELISA and pyroptosis (a form of

inflammatory cell death) was quantified through an MTT assay.
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Figure 12: Cell viability following pyroptosis: Transduced and untransduced microglia were primed with
indicated concentrations of LPS for 24 hours and activated with 5mM ATP for 30 minutes. Following this, the

viability of cells was tested through an MTT assay and compared with their unstimulated counterparts (n=1).
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Similar to the TLR stimulation experiments, LPS/ATP stimulation failed to elicit a strong,
quantifiable IL-1p response (data not shown). Interestingly, cells did respond with changes to their
overall morphology following ATP addition, which indicates that 30 minutes might not be
sufficient time for detectable levels of IL-1p to accumulate in the conditioned media. The viability
of cells followed inflammasome activation was measured through an MTT assay (see Materials

and Methods) and % cell viability was calculated as follows:

Corrected OD
% cell viabilityereament = ————— Ofg““"e’zt 100
contro

Note: corrected OD was calculated by subtracting the individual OD values with the blank OD of DMSO control.

At both doses of LPS (500 and 100 ng/mL), there was a decrease in overall viability as
opposed to their unstimulated controls. However, no significant difference in cell survival was

observed between transduced and untransduced microglia (Figure 11).

8.2.2 Effect of miR-microglia on HIV-1 mediated inflammation

Following TLR activation experiments, the anti-inflammatory effects of miR-microglia in
the context of HIV-1 infection needed to be investigated. For this, transduced and untransduced
microglia were infected with HIV-1nLaps-psred Virus at an MOI of 1 and 0.5. Following infection,
conditioned media was isolated from cells at 18, 48 and 72 hours post-infection and levels of TNF-

a/lIL-1p were quantified through cytokine ELISA (Figures 12 and 13).
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Figure 13: TNF- a expression following HIV-1 infection of HMC3 microglia: Transduced and untransduced
were infected with HIV-NLADS at a multiplicity of infection (MOI) of 1. Conditioned media was isolated at

indicated times and TNF-a in the supernatants was quantified by ELISA (n=2).
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Figure 14: IL-1B expression following HIV-1 infection of HMC3 microglia: Transduced and untransduced were
infected with HIV-NLADS at a multiplicity of infection (MOI) of 1 and 0.5. Conditioned media was isolated at

indicated times and IL-1 in the supernatants was quantified by ELISA (n=1).
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Untransduced microglia had a robust TNF-a response at about 48 hours post infection. This
was matched by a much smaller release of TNF-a in both miR-20a and miR-106b expressing
microglia, suggesting an anti-inflammatory effect of these miRNAs. All of these responses,
however, reached similar levels at 72 hours post infection (Figure 12). On the contrary, both
transduced and untransduced microglia displayed a weaker IL-1p response and no significant

difference between the microglia was observed (Figure 13).

8.2.3 Effect of miR-microglia on HIV-1 infection and replication

In an attempt to examine the effect of our candidate miRNAs on HIV-1 replication,
transduced and untransduced microglia were infected with HIV-1niaps-Dsred Virus at an MOI of
0.5 and 0.1. Following infection, the cells were monitored for RFP expression which occurred
roughly around 48-72 hours post-infection. For virus titer assays, conditioned media was isolated
at 48 and 72 hours post-infection and 100 pL of undiluted supernatant was added to US7MG cells
for quantifying infectious particles. On the contrary, for flow cytometry, infected cells 72 h.p.i
were stained for viability and fixed with 4% paraformaldehyde. Fixed cells were then visualized
using flow cytometry and gated on PE-C594-A channel to quantify HIV-1 infection. Upon
analysis, both miR-microglia and untransduced HMC3 microglia did not have any significant
differences in the total percentage of HIV-1 infected cells (Figure 14b). This means that the
overexpression of miR-20a and miR-106b did not affect the ability of HIV-1 to infect these
microglia. Subsequently, the relative median fluorescence intensity (RMFI) was also calculated
for the same channel from the median fluorescence intensities (MFIs) of infected and uninfected

microglia (Figure 14c).
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Figure 15: Flow cytometry of HIV-1 infected HMC3 microglia: Transduced and untransduced microglia were
either infected with HIV-1nLaps-psred at MOI 0f 0.5 and 0.1 or mock-infected with sterile PBS. Cells were harvested
at 72 h.p.i and Flow cytometry was done using BD Fortessa™ and subsequent analysis was done using FlowJo

v.10.7.1. Percentage total infection (a) was calculated using the gating strategy shown in (b).
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Figure 16: Flow cytometry of HIV-1 infected HMC3 microglia: Transduced and untransduced microglia were
either infected with HIV-1nLaps-psred at MOI of 0.5 and 0.1 or mock-infected with sterile PBS. Cells were harvested
at 72 h.p.i and Flow cytometry was done using BD Fortessa™ and subsequent analysis was done using FlowJo

v.10.7.1. Relative MFI was calculated using the formula: MFlinsected — MFluninfected (N=2) (C).

As seen in Figure 14c, miR-106b had an overall less RMFI as opposed to both miR-20a
and untransduced microglia at both the MOIs. Since RMFI represents the medium fluorescence
intensity of a particular channel (after background subtraction), low RMFI of miR-106b represents
an overall lower level of HIV-1 replication compared to the other two groups. To confirm this
inference regarding the diminishing effect of miR-106b on HIV-1 replication, concomitant
cultures with similar conditions were set up to directly analyse the virus titers following infection

(Figure 15).
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Figure 17: Virus titers in the conditioned media of HIV-1 infected HMC3 microglia: 48 hours (left) and 72
hours (right): Transduced and untransduced microglia were either infected with HIV-1nLaps-psred at MOI of 0.5 and
0.1 or mock-infected with sterile PBS. Conditioned media was harvested at 48 and 72 h.p.i and virus titers were

quantified through a U87MG assay and represented as Infectious particles(IP)/mL (n=2, *, p<0.05).

Similar to the results observed in Figure 14, miR-106b expressing microglia displayed
significantly lower virus titers at both 48 and 72 hours post-infection at both the MOls (Figure 15).
Specifically, the titers at 48 hours/MOI 0.1 exhibited a statistically significant difference between
the untransduced and miR-106b microglia. Together, these results suggest that miR-106b
expressing HMC3 microglia exhibit a diminshed rate the viral replication leading to comparitively
low virus titeres than untransduced and miR-20a-expressing microglia. The effect of miR-20a on
HIV-1 replication appears to be inconclusive and needs more biological replicates to establish the

presence or absence of a statistically significant relationship.
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9.0 CONCLUSIONS AND DISCUSSION

HIV-1 infection and persistence in microglia in the early phase has been proved to be very
important for the establishment of latency in the CNS of infected people (213). Besides, HIV-
infected microglia have been implicated in the neurodegenerative processes associated with the
development of HAND. Lastly, select candidate miRNAs were previously identified by our group
to be differentially expressed in the PBMCs of HIV+ HAND+ patients. This led to our hypothesis
about the potential use of these miRNAs as therapeutics to halt or treat the prognosis of HAND.
Specifically, microglia overexpressing these miRNAs a.k.a miR-microglia were evaluated for their
role in modulating HIV-1 infection and HIV-mediated inflammation.

For the generation of miR-microglia, lentiviruses containing the miRNA-expression vector
were generated by transfection of HEK 293T cells. While miR-20a and miR-106b consistently
produced high titers, other miRNAs namely, miR-141, miR-let-7a and scramble control miRNA
had weak yields making stable transduction difficult. Thus, miR-20a and miR-106b were
subsequently used to generate miR-microglia. However, we were still able to generate miR-141
and scramble microglia by combining and concentrating multiple transfections but these microglia
were not included as part of our investigation.

For stable transduction of microglia, HMC3 cells were infected at an MOI of 1 with
appropriate lentiviral constructs and selected at varying concentrations of puromycin to create a
homogenous population of miR-microglia. While puromycin, in general, is toxic to mammalian
cells (214), miR-microglia were observed to be resistant to low doses of the antibiotic. Hence, a

puromycin Kill-curve/titration experiment was conducted to determine the optimal puromycin
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concentration; this was found to be 0.1 and 0.05 pg/mL. This batch of miR-microglia was further
expanded, cryopreserved and used for further experiments.

Regarding 3D organoids, ReN cells were seeded at desire numbers to form neurospheres.
These neurospheres were then used to generate our organoids by procedures outlined in the
methods section. To establish physiological relevance, organoids should have a higher proportion
of astrocytes in them than neuronal cells. Hence, multiple differentiation stimuli were tested among
which organoids in ReN maintenance medium supplemented with 1% FBS had a higher
differentiation of progenitor cells into astrocytes. While the initial idea was to determine the
astrocyte, neuron and progenitor cell population through flow cytometry, we were hindered due to
the difficulty in generating single-cell suspension. Thus, we chose to analyse the cell population
using RNA markers instead of using real-time quantitative PCR.

Aim 2 of our project examined the protective (or lack thereof) role of miR-microglia in the
context of both sterile and HIV-mediated inflammation. Initially, TLR stimulants like bacterial
lipopolysaccharide (TLR2/4 agonist) and polyinsonic:polycytidylic acid (TL3 agonist) were used
to assess their effect of miR-microglia. However, a weak to negligible response to these pro-
inflammatory stimuli (as quantified by TNF-a and IL-1B levels) meant we could not draw
meaningful conclusions. Following this, inflammasome activation was performed using a
combination of LPS and ATP and enusing IL-1p release was quantified. Since inflammasome
activation is followed by pyroptosis (215), cell viability was also assessed simultaneously through
an MTT assay. Similar to previous experiments, inflammasome activation did not result in a strong
response from HMC3 microglia despite showing morphological changes upon ATP addition.
When cell viability was assessed, no difference in cell survival was found among the transduced

and untransduced microglia.
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On the contrary, both untransduced and miR-microglia had a significant TNF-a response;
this response was more pronounced in untansduced microglia than miR-microglia (at 48 hours
post infection). This could point to a potential anti-inflammatory effect of these miRNAs in these
microglia, barring further investigation. Regarding IL-1p, a strong type 1 Interferon response had
been known to surpress IL-1p release (216), which would explain the weak response seen during
HIV-1 infection. Hence, future experiments analysing IFN-1 levels may be needed to explain this
aberration.

Following HIV-1 infection, the percentage of infected cells was analysed through flow
cytometry. This revealed that both transduced and untransduced microglia had no significant
difference in the level of infection indicating that these miRNAs do not directly affect virus entry
and infection. Subsequently, the RMFIs were calculated from the median intensities of infected
and uninfected samples which revealed a remarkedly lower level of active HIV-1 replication in
miR-106b expressing microglia as opposed to both untransduced and miR-20a expressing
microglia. Similar trends were observed when total infectious viruses in the conditioned media
were quantified which suggested that miR-106b might hinder the rate of virus replication in

microglia.

9.1 Future Directions

While our preliminary results indicate that miR-20a and miR-106b have a mild anti-
inflammatory role, there is strong evidence about the role of miR-106b in controlling HIV-1
replication in transduced HMC3 microglia. Since certain miRNAs have been known to target virus

replication, further investigation on the detailed role of miR-106b in influencing HIV-1 replication
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is warranted through loss-of-function studies in these microglia. Also, my current investigation
included only two of the originally planned five candidate miRNAs. Therefore, future studies
aimed at studying the rest of the miRNAs and a combination of two-or-more miRNAs is needed
to fully understand the supposed therapeutic potential of these miRNAs. Besides, experiments
focusing on the impact of mMiRNASs on virus-associated factors could prove to be useful to delineate
the mechanistic basis of miRNA-mediated reduction of virus replication. Also, since sterile
inflammation did not produce a robust immune response in these cells, future work can be done to
investigate if overexpression of these miRNAs has had any impact on the levels of TLR, NLRP
and other proteins associated with these immune responses. This would grant us insight into the
possible reasons for this weak response in the transduced HMC3 microglia.

While my project focused heavily on investigating the therapeutic potency of these
miRNAs, the safety and efficacy of these miRNAs remain to be studied. Since miRNAs have been
known to affect the expression of hundreds of genes, ‘off-target’ effects which stem from the usage
of these mMiRNAs in therapy is a huge cause of concern and thus needs rigorous testing. Though
2D cell cultures are economical and less laborious, they fail to capture certain key aspects of more
sophisticated structures like tissues, organs and organ systems. My results regarding 3D brain
organoids, though preliminary, present an exciting opportunity for research with more advanced
models than cell culture. The introduction of miR-expressing microglia into these 3D organoids
will help recapitulate the CNS niche during latent HIVV-1 infection and thus would prove to be a
more useful model than conventional cell culture. As always, animal studies using either
humanized mice or large animal models are needed to assess the safety, efficacy, and

pharmacology of these miRNA therapeutics from an organismal perspective.
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9.1.1 Identification of additional gene targets for use in HAND therapy

As mentioned earlier, only a couple of miRNA targets were investigated, which naturally
lead us to look for other gene targets which might be helpful in HAND research. As a result, we
decided to look at Illumina RNA microarray data obtained from PBMCs of participants from the
Multicenter AIDS Cohort Study (MACS). The sample cohort consisted of 35 HIV- and 33 HIV+
patients (including one long term non-progressors [LTNP]). Of the HIVV+ patients, 16 patients were
HAND negative and 15 patients were HAND positive with varying levels of neurocognitive
deficits. The quality control and downstream analysis of this microarray data were performed in
RStudio using lumi and limma packages. The analysis requires the use of the original,
unprocessed reads exported from the lllumina GeneStudio Software and a sample information
sheet containing the information regarding the status of different variable (i.e. HIV/HAND status,
CD4/CD8 counts etc.). Following quality control assessments and read normalization (which
reduce the signal variation), a Bayesian statistical model was employed to identify the most
significant differences in mMRNA levels at a genome-wide false-discovery rate (FDR) less than
either 0.05 (for HIV+ & HIV- cohort) and 0.1 (for HAND+ & HAND- cohort). Subsequently, a
heatmap and TopTable representing the most significant hits were generated which are shown

below.
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e HIV+vs HIV- participants:

Table 7: Top table with most significant hits between HIV+ and HIV- samples

Fold change p<0.05
Gene log(FC) (2109(FC) (YIN)
Homo sapiens apolipoprotein B
MRNA editing enzyme, catalytic 0.10585834 1.076134453 Y
polypeptide-like 3G (APOBEC3G)
Homo sapiens stomatin (STOM) 0.06810072 1.048335661 Y
Homo sapiens proteasome
(prosome, macropain) subunit, 0.09260457 1.066293479 Y
alpha type, 6 (PSMA®G)
Homo sapiens zinc finger protein
66 (ZNF66) -0.08153896 0.945049001 Y
Homo sapiens CD8a molecule
(CD8A) 0.15990158 1.11721092 Y

Following the analysis, it is evident from the heatmap below that there is no discernable
difference between HIV+ and HIV- participant samples. Also, the fold change of the ‘statistically
significant’ hits is very low, and therefore making reliable conclusions regarding their ‘practical
significance’ questionable. However, it is interesting to note that, a subset of HIV+ and HIV-
people have a difference in the expression of CD8a protein. CD8a encodes the alpha chains of
CD8 protein found on cytotoxic T-lymphocytes (CTLs) which helps mediate efficient interaction
with antigen-MHC1 complex (217). This would mean that a subset of these individuals could have
a more pronounced immune response to the virus than the rest of their cohort. Further analyses

using additional patient samples and sensitive techniques like RNASeq could shed deeper insight

into this phenomenon.
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Figure 18: Heat-map showing differentially expressed genes in HIV+/HIV- samples: HIV+ and HIV-
participants are represented by red and blue, respectively. All the hits represented here are FDR-adjusted to a

significance level of less than 0.05.

e HAND+ vs HAND- participants:
Table 8: Top table with most significant hits between HAND+ and HAND- samples

p<0.1
(YIN)

16.42692 Y

Gene ‘ F value ‘

Homo sapiens NPC1 (Niemann-Pick disease, type C1, gene)-like 1
(NPC1LY)
Homo sapiens apolipoprotein B mRNA editing enzyme, catalytic 12.98036 N
polypeptide-like 3G (APOBEC3G) '
Homo sapiens RAB27A, member RAS oncogene family (RAB27A) | 13.59012
Homo sapiens stomatin (STOM) 14.75373

Z\Z2
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Figure 19: Heat-map showing differentially expressed genes in HAND+/HAND- samples: HAND+ and HAND-
patients are represented by red and blue, respectively. All the hits represented here are FDR-adjusted to a

significance level of less than 0.1.

Similar to the results from the HIV+ and HIV- cohort, microarray analysis between the
subset of HAND+ and HAND- patients was incoherent. Additionally, only one gene candidate
was found to be significantly different between the samples. This gene NPC1L1 encodes an enteric
protein involved in cholesterol transport and absorption (218). The role of cholesterol and lipid
rafts in aiding HIV-1 budding and release is widely known (219, 220); viral proteins like Nef have
been reported to exploit this aspect for optimal infection (221). Thus, it is plausible that cholesterol

transporters like NPC1L1 might affect virus replication, either positively or negatively. While
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research into examining potential links between NPC1L1 and HIV-1 pathogenesis is scarce, there
is evidence of role of NPC1L1 in other infectious diseases. For instance, Hepatitis C Virus (HCV)
has been reported to use NPC1L1 as an accessory receptor for entry to cells (222). Ezetimibe, a
lipid lowering medication, inhibits NPC1L1 activity (223, 224) and hence being investigated for
use as an antiviral drug to combat HCV. Conclusively, research into targets like NPC1L1 might

turn out to be important for better therapeutics to combat HIV-1 and HAND.
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10.0 PUBLIC HEALTH SIGNIFICANCE

HIV-1 has been a major cause of public health concern since its inception in the 1980s.
While it is true that combined antiretroviral therapy (CART)/highly active antiretroviral therapy
(HAART) have been extremely effective at preventing the prognosis of acute HIV-1 infection to
systemic, full-blown AIDS, the prevalence of other HIV-associated co-morbidities continues to be
an issue among HIV+ patients. Of these co-morbidities, HIV-associated neurocognitive disorders
(HAND) afflict nearly 50% of the infected cohort, albeit in a mild to moderate form in the post-
CART era (8). These milder forms of HAND, which include asymptomatic neurocognitive
impairment (ANI) and mild neurocognitive disorder (MND). As of now, there are no FDA-
approved therapeutics to prevent, curb or even treat the pathogenesis of HAND. Furthermore,
current antiviral therapies suffer from weak bioavailability beyond the blood-brain barrier (BBB),
creating the exigent need for a newer class of antiretroviral therapeutics that can cross the BBB to
prevent HIV-1 replication, if not HAND. Our work on these two miRNAs is a novel area of HIV-
1 research which aim to reduce HIV-mediated inflammation and replication and consequently
emerge as a new class of drugs to treat HAND. Consequently, our preliminary data indicate that
both the miRNAs reduce inflammation during active HIV-1 infection. Also, miR-106b appears to
hinder productive infection of HIV-1 as attested by flow cytometry and direct virus titers. Taken
together, these preliminary results suggest that these miRNA candidates might have the potential
to prevent neurodegeneration, cognitive dysfunction and other pathologies typically associated
with HAND, thus deeming this avenue of research with extreme scope and significance in the field

of public health.
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