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SUMMARY

In the 1980s an HIV infection led to AIDS and ultimately to death as HIV slowly
destroyed the immune system. Luckily, we nowadays have antiretroviral therapy
available that suppresses HIV, making people living with HIV healthy and non-
contagious. However, this treatment does not really cure people as a latent
reservoir persists that is invisible to the therapy. When treatment is stopped, this
reservoir triggers viral rebound. Thus, people are forced to keep taking the drugs
daily, for the rest of their life. Several reasons exist why we should keep putting
effort in finding an actual HIV cure although treatment is available, including: (1)
HIV+ people living in regions where treatment is not always available, still leading
to 680 000 (!) people still dying from HIV in 2020. (2) The mind-boggling high cost
to society for treating the more than 37 million people living with HIV ($377.820
pp in a high-income country). (3) Drug-induced toxicity caused by the therapy. (4)
The stigma still surrounding an HIV infection.

Cure strategies have been hampered due to the high complexity of the HIV
reservoir which is spread across the body, in multiple cell types with different
cellular and genomic environments. Much of this complexity can be contributed
to the interplay between the virus and the host, as HIV exploits the cellular
machinery to replicate, to evade immunity and to maintain latency. This doctoral
thesis focused on an aspect of this virus-host interplay that was still poorly
understood, the interaction between HIV (proteins) and human coding and non-
coding RNAs.

Firstly, the human RNA molecules directly interacting with HIV-1 proteins were
determined for all 18 (poly)proteins by immunoprecipitating the proteins and
subsequently sequencing the attached RNAs. This led to a large dataset of HIV-
1 protein i host RNA interactions and to the discovery of several pathways that
seem to be regulated or used by HIV on the RNA level. The most abundant
interactors were knocked down in vitro with antisense oligonucleotides. This
revealed three host dependency factors (AFF2, H4C9 and RPLPO) for which
knockdown significantly inhibited HIV-1 infectivity.

Secondly, the non-coding RNA response to IFN and HIV-1 infection was explored.
Long non-coding RNAs are a relatively new class of biomolecules that do not code
for proteins but are implicated in a wide spectrum of biological processes. This
revealed a multitude of non-coding RNAs dysregulated by IFNs or HIV-1 infection.
Several bioinformatic techniques were combined to come to IncRNAs with a high
potential to have key roles in the cellular response to these triggers. Additionally,
the expression patterns of five known HIV-1 related IncRNAs were explored in the
PBMCs (blood cells) of people undergoing a treatment interruption. The INCRNA



HEAL showed the most interesting profile, upregulated at the time of viral
rebound.

Both the HIV-1 protein i host RNA interactome, as the set of identified key
IncRNAs give insight into the complex HIV-1 - host RNA interplay and will be
available as a source for further host RNA functional characterization research
that could lead to new HIV-1 cure initiatives.



SAMENVATTING

In de jaren 80 leidde een HIV-infectie tot de ontwikkeling van AIDS en uiteindelijk
tot de dood, omdat HIV het afweersysteem langzaam afbrak. Gelukkig is er de
dag van vandaag antiretrovirale therapie beschikbaar die het virus onderdrukt,
wat mensen die met HIV leven weer gezond en onbesmettelijk maakt. Deze
therapie geneest deze mensen echter niet volledig, aangezien er een reservoir
van latent virus overblijft dat onzichtbaar is voor de therapie. Wanneer de therapie
wordt gestopt zal dit reservoir ervoor zorgen dat de actieve HIV-infectie
terugkomt. HIV+ mensen worden dus gedwongen om hun medicijnen voor de rest
van hun leven dagelijks in te nemen. Er bestaan verschillende redenen waarom
we moeten blijven proberen om een echte HIV-genezing te vinden, ook al is er
een behandeling op de markt, waaronder: (1) het groot aantal HIV+ mensen die
|l eeft in regiobs waar therapie niet
2020 nog steeds 680000 (!) mensen gestorven zijn aan de gevolgen van het virus.
(2) De verbijsterend hoge maatschappelijke kost die het behandelen van 37
miljoen HIV+ mensen met zich meebrengt ($377820 pp in een ontwikkeld land).
(3) De toxiciteit die gekoppeld is aan de therapie. (4) Het stigma dat een HIV-
infectie nog steeds met zich meebrengt.

Pogingen om tot een genezing te komen worden gehinderd door de hoge
complexiteit van het HIV-reservoir dat verstopt zit in het hele lichaam en in
verscheidene celtypes, met verschillende cellulaire en genomische
omstandigheden. Veel van deze complexiteit kan toegewezen worden aan de
wisselwerking tussen het virus en de gastheer. HIV misbruikt namelijk de
apparatuur van de cel om te vermenigvuldigen, het afweersysteem te omzeilen
en om zich in een latente toestand te houden. Dit doctoraat heeft zich gefocust
op een aspect van deze wisselwerking dat onvolledige begrepen werd tot nu toe,
namelijk de interacties tussen HIV-proteinen en menselijke coderende en niet
coderende RNA-moleculen.

Ten eerste werden de menselijke RNA-moleculen die rechtstreeks met HIV-
proteinen interageren bepaald voor alle 18 poly(proteinen) door deze proteinen
te immunoprecipiteren en vervolgens de aangehechte RNA-moleculen te
sequeneren. Dit heeft tot een grote dataset van HIV-1-proteine i gastheer-RNA
interacties geleid waaruit verschillende cellulaire mechanismen konden worden
ontdekt die lijken te worden gereguleerd of gebruikt door HIV op het RNA-niveau.
We hebben de expressie van meest aanwezige, sterkste RNA-interactiepartners
in vitro onderdrukt met antisense oligonucleotiden. Dit onthulde drie
gastheerafhankelijkheidsfactoren (AFF2, H4C9 en RPLPO) waarvoor knockdown
de HIV-1-infectie aanzienlijk remde.

al tijd



Ten tweede werd de niet-coderende RNA-respons op interferonen en een HIV-1-
infectie onderzocht. Lange niet-coderende RNA-moleculen ( | n ¢ R MijA éen)
relatief nieuwe klasse van biomoleculen die niet coderen voor eiwitten, maar toch
betrokken zijn bij een breed spectrum van biologische processen. Dit onthulde
een groot aantal niet-coderende RNA-moleculen die ontregeld worden door
interferonen of door een HIV-1-infectie. Verschillende bio-informaticatechnieken
werden gecombineerd om INcRNA® te identificeren met een hoog potentieel om
een sleutelrol te spelen in de cellulaire respons op deze triggers. Daarnaast
werden de expressiepatronen van vijf bekende HIV-1-gerelateerde INCRNA&
onderzocht in de PBMC's (bloedcellen) van mensen die een onderbreking van
hun behandeling ondergingen. Het IncRNA HEAL vertoonde het meest
interessante profiel aangezien het significant meer tot expressie kwam op het
moment van virale rebound.

Zowel het HIV-1-eiwit i gastheer-RNA-interactienetwerk, als de set van
geidentificeerde INcRNA& met sleutelrollen tijdens een hiv-infectie, geven inzicht
in de complexe wisselwerking tussen HIV-1 en gastheer-RNA en zullen
beschikbaar zijn als bron voor het verder onderzoek naar de functionele
karakterisering van deze gastheer-RNAS dat zou kunnen leiden tot nieuwe HIV-
1 genezingsinitiatieven.
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Prologue

The microbiological equivalent to the chicken or the egg causality problem is
undoubtedly: Awhich came first: the celll
consensus that |ife on earth started as ar
gained the ability to self-replicate. Through millions of years of chemical evolution,

complex RNAs became peptide-d e pendent and HPromei hi svo b R
finally, cell-based life as we know it could emerge (figure 1).

But viruses defy the rules of life as they can only replicate by exploiting living cells.

Indeed, RNA viruses more resemble the early self-replicating, protein-dependent

RNAs. The recent di scover y-likeviions aré event 6 Vv i r
visible via bright-field microscopy, postulate their membership to the living world

and support the hypothesis that RNA (viruses) could be the evolutionary basis for

cellular lifet.

Other hypotheses suggest that viruses originate from predator cells that gradually

devolved into viral particles? or that genomic 6sel fi sh-@Gene§ umpi n
(retrotransposons) eventually started jumping to other cells, other individuals and

other organisms?3. The molecular resemblance between retrotransposons (which

make up an astonishing 42 % of the human genome!)* and retroviral replication

is certainly striking.

Different viruses might have different origins and for now, awaiting new
experimental insights, we can only contemplate on the true origin of viruses and

cellular life. But one thing is for sure: viruses, cells and RNA are heavily entwined

and although RNA might now often only be considered an intermediate between



DNA and protein, this is not the attention it deserves. This thesis puts RNA back

in the spotlight as a key player in oworld
Complex RNAs with
catalytic activity
Simple RNAs
that store
Simple information

chemicals Self-replication

¥go
2 ) — ﬁ —_— 1G :

Lipid membrane encapsulated
Peptide-dependent DNA storing genetic information

RNAs

)
W Cells with ribosomes
synthesizing proteins

Figure 1. The RNA world hypothesis. During the first billion years of earths existence,
chemical reactions formed more and more complex RNA molecules, until these were able
to store information and perform catalytic reactions like self-replication. Later, information
was stored by the more stable DNA and proteins started performing catalytic reactions in
a lipid membrane encapsulated controlled environment (created with BioRender).



CHAPTER 1:

HUMAN IMMUNODEFICIENCY VIRUS 1
(HIV-1)

ACQUIRED IMMUNODEFIENCY
SYMDROME (AIDS)



CHAPTER 1: HIV-1/AIDS

1.1. History 1 The start of a global pandemic

June 5, 1981. The CDC (Centers for Disease Control and Prevention - USA)

reports Pneumocystis carinii pneumonia (PCP) in five -previously healthy- men in

Los Angeles®. The odd thing is that PCP is caused by a yeast-like fungus that

usually only harms immune compromised individuals. But already two of the men

have died, the others follow soon after. Doctors later report a complete failure of

t he mends i masuhe eausse gf detatk. m

The same day, a dermatol ogist discovers a
(a herpesvirus induced type of cancer that causes purple lesions on the skin) in

Los Angeles and New Yor k Cinoynally vetysaee Kapos

among healthy individuals.

June 6, 1981. The Los Angeles Times publishes the CDC report. In the following
days, the CDC starts retrieving reports from around the USA of this mysterious

condition that spreads among young gay men.

July 3, 1981. The CDC reports an additional 10 cases of PCP and 26 cases of
Kaposi 6s amang lomosexual men. Some start calling the disease, the

6gay cancer 0 5®ythetendafthe ydamtheunanibers have risen to

337 reported cases.

May 11, 1982. The New York Times publishes an article that further stigmatizes
t he homosexual communi ty by cal-Relardy t he
I mmune De.fThicwilldbeceme dhe mainstream term until the CDC starts

usi ng ¢ Adgqw&dmmuorodeficiency syndromed 8September 24, 1982.



May 20, 1983. Francoise Barré-Sinoussi from the team of Luc Montagnier at the
Pasteur Institute (Paris) isolates a retrovirus from the T-cells of AIDS-patients that
can infect new, healthy T-cells, but fails to infect other immune cell types like B
cells”. In 2008, both will receive the Nobel Prize for isolating and characterizing

the dAHuman Immunodeficiency Viruséor HIV.

September 9, 1983. The CDC states that HIV-1 is solely transmitted through
sexual contact or through contact with contaminated needles or blood. It

categorically excludes transmission via casual contact, surfaces, air or watersS.

May 4th, 1984. Roberto Gallo group of the National Cancer Institute (USA)
publishes four papers in Science, proving that HIV-1 is the causing agent of
AIDSS.

December 1984. In less than three years since the first reports, HIV-1 has spread

around the world. 3665 people have died from AIDS in the USA, Europe reports

762 cases.

10



1.2. HIV-1 pandemic

The past four decades, the scientific community has made incredible progress in
understanding the HIV-1 infection. In essence, the Human Immunodeficiency
Virus (HIV) slowly breaks down the immune system, causing Acquired
Immunodeficiency Syndrome (AIDS). Without a proper immune system, AIDS
patients are subject to all sorts of opportunistic infections, eventually leading to
death. Since its discovery in 1983 more than 79 million people were infected with
the Human immunodeficiency virus®. About half of these people died from the
consequences of the infection. In 2020, 1.5 million people acquired a new HIV-1
infection, bringing the total to about 37.7 million people that were living with HIV.
Sadly, about 680 000 people also still died from HIV-related causes in 2020.

But there is hope. With antiretroviral therapy (ART) it is now possible to control an
HIV-1 infection. Even though it is not a complete cure, ART has converted an HIV-
1 infection from a death sentence to a manageable disease that will not continue
to AIDS. With a single pill a day (often containing three drugs interfering in two
different stages of the HIV-1 replication cycle i see part 1.10) people living with
HIV-1 can now live a -relatively- normal life, although stopping with the treatment
will cause HIV-1 to re-emerge.

With strict ART medication adherence also comes the fact that people living with
HIV-1 cannot transmit the virus anymore. This contributes to a slow decline in
yearly new HIV-1 infections (-31 % since 2010) and annual HIV-related death (-
47 % since 2010). However, in 2020, still 10.2 million people (27 %) living with
HIV-1 were not on HIV-1 treatment. Either because they are not aware of their
HIV-positive status (4.1 million people) or because they have no access to the

treatment (6.1 million people).
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Figure 2: Evolution of the global AIDS-related deaths from 2000 to 2020. The UNAIDS
targets for 2020 and 2025 are depicted in blue. Adapted from UNAIDS 2021 Data Report®.

90-90-90 targets. To improve the number of people receiving the appropriate
medication, UNAIDS (the Joint United Nations Programme on HIV/AIDS) set clear
targets in 2014, to be reached in 2020, called the 90-90-90 targets. These targets
comprise the goal to know the HIV-positive status of 90 % of the people living with
HIV, 90 % of people with a known HIV-positive status should have access to
treatment and 90 % of treated people should have suppressed viral loads. This
would mean that at least 73 % of people living with HIV-1 would live a healthy life
and would not be able to transmit the virus. Some countries reached these goals,
but at a global level, the targets were missed: an estimate of 84 % of people living
with HIV-1 know their HIV-positive status, 87 % of them is treated and about 90

% of these people had suppressed viral loads.

Fast-Track strategy. Although (nearly) missing the 2020 goals, UNAIDS has now
established a new set of commitments to end AIDS by 2030. They hope to rapidly
scale up HIV-1 testing, treatment, set up anti-discrimination programs and
promote human rights and gender equality. The quantitative goal is to reduce the
number of new (adult) HIV-1 infections to fewer than 200 000 in 2030. UNAIDS
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claims that if these goals will be reached, this would mark the end the AIDS

pandemic as a public health threat?©.
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Belgium. In Belgium the pandemic seems to have reached a plateau, with, for
the first time, a slight decline in the total number of people with HIV-1 under
medical supervision in 2020. With 727 new diagnoses (approximately 2 per day),
the total number of people (knowingly) living with HIV-1 in Belgium was 17.018*1.

Number of new HIV diagnoses, AIDS diagnoses and AIDS
related, Belgium, 1982 -2020
1400 = H|V diagnose

= AIDS diagnose
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= A|DS-related deaths
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Figure 4: Evolution of the number of new diagnoses of HIV-1 infection (dark green), cases
of progression to AIDS (light green) and number of AIDS-related deaths (yellow) from 1981
to 2020 in Belgium (from 2016 on, all people living with HIV were counted as AIDS-related
deaths). Adapted from Sciensano, 20211,

World. Globally, the HIV-1 pandemic is centered around Eastern and Southern
Africa, with 20.6 million people or 54.4 % of people living with HIV-1 in the region®.
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1.3. Origin of HIV

The oldest blood sample where HIV-1 could retrospectively be detected dates
from 1959, from a man living in Kinshasa in the Democratic Republic of Congo?2.
But earlier reports of deaths due to common opportunistic infections suggest that
HIV-1 has been around since the early 1920s. But how did it start?

In 1999, researchers found a virus in chimpanzees that genetically resembles
HIV-1toaverylargeextent. They call ed the virus 0Simian
or SIV. SIV exists in more than 40 species of primates, but not in humans. The
accepted theory is that HIV-1 originates from a zoonotic infection happening
during the hunt for chimpanzees. Blood from SIV infected chimpanzees that got
into cuts and wounds from the hunters could have introduced SIV in humans and
in rare occasions the virus adapted itself to its new host, becoming HIV-113,
HIV-2. There is another, second type of HIV, HIV-2, that did not originate from
chimpanzees but rather from sooty mangabey monkeys!4. This cross-over event
has been estimated to have taken place around 1940 in West-Africal®. HIV-2 is
kinetically slower and less infectious than HIV-1 and therefor much less common
with an estimated prevalence of 1-2 million people!s. HIV-2 is still predominantly
found in West-African countries like Senegal, Mali, Sierra Leone, Guinea-Bissau
and Nigeria. HIV-2 is very rarely observed outside this region.

HIV-1 strains. Most likely, HIV-1 originates from multiple, different, independent
zoonotic infections after which SIV adapted in slightly different ways to the new
hosts cellular environment. This explains why there are four main HIV-1 strains
within HIV-1 type 1: group M (main), O (outlier), N (not-M-not-O) and the most
recently discovered group P16. Group M has by far the highest prevalence. With
more than 90 % of t o d acgsésst is responsible for the global pandemic of HIV-
1. Group O can be found in about 100 000 people in Central-West-Africa. Group
N and P are only represented by a handful of individuals in Cameroon7:18,
Because HIV-1 group M is so dominant, almost all of the worlds scientific research

is focused on this group, as is this manuscript.
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1.4. Classification and genetic variability

Retroviruses. HIV-1 belongs to the family of the retroviruses or Retroviridae

(order Ortervirales). 6 Re t r ab@ckwardso refers to the unique way of
transcription. Most viruses genetically consist of DNA that is transcribed in the

host cell into RNA, eventually leading to the production of proteins. Retroviruses

however, are enveloped viruses with a (positive stranded) RNA genome. Via their

own enzyme, reverse transcriptase (RT), they convert their RNA genome into

DNA that is subsequently integrated into the genome of the host. Only then, the
conventional transcription pathway is started for the production of viral proteins.
Lentiviruses. HIV-1 is taxonomically assigned to the subfamily of the
Orthoretrovirinae and the genus Lentivirus. The genus name | iteral/l
virusbé, because of the | ong period betwee
symptoms, which can last for years. The genus is characterized by their complex

genomes and cone-shaped capsid core particles!®. One can observe the five

serogroups of Lentiviruses in cows, cats, sheep and goats, horses and primates.

Subtypes. HIV-1 type 1, subgroup M is the dominant HIV-1 group in the world.

This HIV-1 subgroup has been spreading since the early 1920 from Kinshasa to

other areas in Sub-Saharan Africa and the rest of the world. The spread is

genetically defined by a certain geographical distribution of nine subtypes (A-K)20.

Subtype B is for example predominantly found in Europa, America, North Africa

and the Middle East. Whereas other regions have other predominant subtypes:

South of Africa (C), Russia (A), India (C), Central Africa (C, A and D)2. The

genetic distance between subtypes ranges from 25 % to 35 %, the distance within

the subtypes lies between 15 % and 20 %321,

Recombinant circulating forms. If an individual gets infected by more than one

subtype, crossover reading by reverse transcriptase can occur. This process

generates a genome that is a patchwork of both subtypes?2. When such an inter-
subtype virus becomes a circulating strain

recombi nant fo®m (CRF)
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Genetic variability. Retroviruses evolve faster than other viruses because of
their high mutation rate. Partly responsible for this high mutation rate is the
enzyme reverse transcriptase. While performing the conversion from RNA to
DNA, the enzyme sometimes makes an error that is incorporated into the genome
as the enzyme doesndt hAdditienallp, RD aténrskips d
few nucleic acids, creating deletions and insertions2425, Cuevas et al.2® measured
the HIV-1 mutation rate in vivo in peripheral blood mononuclear cells (PBMCs).
They reported an extremely high mutation rate of 4.1 * 103 mutations per base
per cell, the highest ever observed for a biological entity. Only 2 % could be
allocated to reverse transcriptase activity. The remaining 98 % were induced by
host cytidine deaminases that use mutagenesis as a host defense mechanism?’,
as hypermutation can cause HIV-1 to lose vitality. On the other hand, the high
mutation rate can aid HIV-1 to swiftly escape selection pressures like ART,
causing drug resistance?®. Within an HIV-1 patient, multiple mutant strains or
@uasispeciesd can occur due to the high mutation rate, with each their own

characteristics?°.

1.5. Genome

The genome of HIV-1 consists of two copies of a positive, unspliced, single-
stranded RNA molecule with a length of 9193 nucleotides®. -It is remarkable to
notice that this rather small genome, that would only fill three pages of a book,
comprises enough information to cause a global pandemic. And that for this
genome, of merely nine viral genes, no effective cure could be found in the last
four decades.HIV-16s secret | ays i n t heThegemmé
contains nine open reading frames which produce a total of 15 proteins3! (figure
5).

Long terminal repeats. Also essential for the viral replication cycle are structural
landmarks comprised in the RNA genome. At either side of the genome two

identical sequences are situated: the long terminal repeats (LTRs). The 56
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a segments of about 640 base pairs that acts as a promoter during viral
transcription (see part 1.7.). The LTR promoter can be further subdivided in the
U3, R and U5 region. The U3 region has modulatory, enhancer and basal/core
regions with high concentrations of transcription factor binding sites. The R region
is marked by a trans-acting responsive element (TAR) that interacts with the HIV-
1 protein Tat during transcription activation (see part 1.7.).

Other essential structural landmarks in the RNA genome are the primer-binding
site (for cellular tRNAYs3 binding as primer for reverse transcription), the
packaging element Psi (for the incorporation of the RNA genome in the virion), a
major splice donor site (to generate spliced RNA transcripts), the Rev response
element (RRE) (to bind the HIV protein Rev for unspliced nuclear export) and a
polyadenylation signal32.

Antisense strand. Aside from the nine open reading frames being transcribed in
the direction from 56LTR to the 36LTR side
in the antisense strand33. The transcription rate of the antisense open reading is
about a factor 25-100 lower than that of the sense transcript and is expressed
more abundantly in monocyte-derived cells34. The antisense transcript functions
acts as a long non-coding RNA (IncRNA). It epigenetically regulates the promoter
region of the sense RNA by recruiting the polycomb repressor complex 2 (PRC2),
which accumulates the suppressive epigenetic mark H3K27me3 and is so
reducing LTR-based transcription. The modulation of transcription by this
antisense HIV-1 transcript is considered one of the (epigenetic) ways HIV-1 can

maintain a transcriptionally silent, latent state (see part 1.11).
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1.6. Structure

HIV-1 has a spherical shape with a diameter of approximately 100 nm. For
reference, a host T-cell has a diameter of about 5-7 um or is thus about 50-70
times larger. Outside of a host cell, HIV-1 is unable to replicate and can only
survive as virion to migrate to another host cell. HIV-1 proteins can be categorized
in three types: viral structural proteins, essential regulatory elements and
accessory regulatory proteins (table 1).

Structural proteins. The structural proteins shape the virion and provide
protection for the RNA genome. The outer shell of the virion is composed of a
matrix of p17 (numbers refer to the size of the protein in 1000 kDa) proteins and
is surrounded by the viral envelope. This viral envelope is in fact a remnant of the
lipid bilayer of the host cell the virion budded from. On the envelope 72 knobs of
Env trimers stick outwards like antennae. Each Env protein of the trimer consists
of a transmembrane part represented by the GP41 protein that anchors the trimer
in the viral envelope and a GP120 protein that points outwards3. Inside this outer
shell, a second conical (or sometimes more ring or ellipse shaped) fullerene
capsid composed of about 2000 p24 capsid proteins (250 hexamers and 12
pentamers) enclose the viral genome®”:38, Inside the capsid, the two strands of
the RNA genome are in complex with the p7 nucleocapsid protein that protects
the RNA from degradation. Nucleocapsid also has a role during dimerization of
the two RNA stands3® and during the initiation of reverse transcription*®. The p17
matrix, p24 capsid and p7 nucleocapsid proteins all originate from the single gag
gene. After translation, the Pr55Gag precursor protein is proteolytically cleaved
by the HIV protease into the corresponding domains. At the C-terminal side, the
p6 protein is also sliced from the Pr55Gag precursor protein. This small protein is
involved in the incorporation of the HIV protein Vpr during viral assembly4! and
facilitates efficient release of the virion at the end of the replication cycle®?. Two
spacer peptides, Spl and Sp2, in between the CA and NC domain may help

control the rate of proteolytical cleavage and infectivity2.
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When the gag gene is translated by a ribosome, in about 1 out of 20 cases*3, a
frameshift is forced on the ribosome by the HIV ribosomal frameshift signal. This
fisli ppery siteo is | ocagagdenai*eBacausedithke-Sp2 do
1 frameshift, translation continues in the open reading frame of the pol gene,
resulting in the translation of the Pr160GagPol precursor protein. After cleavage
by the HIV protease four enzymatic domains are released: the protease (PR)
itself, reverse transcriptase (RT), RNase H and integrase (IN)32. Protease is an
essential protein for HIV as cleavages along 11 sites of the Pr160GagPol are

needed to produce all essential structural and enzymatic proteins (figure 7).

P66 (p51 + p15)

RT/p51 Functional RT
heterodimer

gag

A
1

Frameshift product:

Gag-pol NC TFP 6~ PR RT/p51
AA A A A A
23 6 7 8 9

a4

Figure 7: Translation of the gag and gag-pol precursor genes. PR cleaves these precursor
genes at 11 cleavages site (indicated 1-11), releasing structural proteins and functional
enzymes. RT is active as a heterodimer of p51 and p66 (uncleaved p51-p15). TBP:
transframe peptide. Adapted from Konnyu et al.**

Essential regulatory elements. In addition to the structural proteins and
enzymes, the HIV genome encodes for six more proteins. Rev and Tat are
considered essential regulatory elements. Rev contains both nuclear export and
import signals, providing Rev the tools to serve as a shuttle for export of unspliced
MRNA to the cytoplasm*546, Tat plays a role as activator of transcript elongation
during the HIV life cycle (see part 1.8).

Accessory regulatory proteins. The remaining four proteins (Vif, Vpr, Vpu and
Nef) are called accessory regulatory proteins, as their presence seems to be
nonessential for HIV replication in vitro*’. Although they are in itself not essential,
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they play an important role in HIV pathogenesis by dysregulating the hosts
immunity and they can boost HIV replication substantially. Nef for example, is
abundantly expressed early in infection*® and downregulates host factors (CD4,
CD8, CD28, CD3, SERINC3, SERINCS5) by sequestration and degradation via the
endocytic and secretory pathways#®. Nef also enhances HIV infectivity and
replication though numerous routes®%51, Vif is an important antagonist of the host
restriction factor apolipoprotein B mRNA editing enzyme, catalytic subunit 3G
(APOBECS3G) hy triggering polyubiquitination, which targets the cellular restriction
factor for proteasomal degradation5253, APOBEC3G is one of the main cytidine
deaminases that cause hypermutation of the viral genome®. Vpu has two main
functions: the degradation of newly synthesized CD4 molecules in the
endoplasmic reticulum®® (while Nef targets pre-existing CD4 receptors on the cell
membrane) and enhancement of virus release through antagonizing the
restriction factor BST2 (Tetherin)%¢ and inducing changes in ionic current of the
cell membrane, affecting the cells permissiveness towards HIV infection57:%8. Vpr
has a role as transporter of the pre-integration complex into the nucleus, prior to
the integration of the proviral DNA into the host genome®°. Other roles attributed
to Vpr are: the activation of LTR transcription, T-cell dysfunction and cell-cycle

arrests9-62,
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Table 1: Overview of all HIV proteins and their viral functions. Numbers correspond to the
size of the proteins (p) or glycoproteins (gp) in kDa.
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1.7. Transmission

HIV can only be transmitted from human to human through the exchange of body
fluids like blood, sperm, precum, rectal fluid, vaginal fluid or breastmilk. It is
absolutely impossible to transmit HIV by skin-to-skin contact or sharing a toilet.
But activities in which these fluids come into contact with mucous membranes or
damaged tissue are however hazardous for transmission.

The likelihood of transmission of some activities can be quite low, but if repeated
many times, the overall chances of becoming infected can become much higher.
The routes of transmission from most risky to least are: blood transfusion with HIV
infected blood (92.5 % chance of transmission), receptive anal sex without
condom (1.4 % chance per contact), the shared use of needles for drug
preparation or drug injection (0.6 % chance per use), insertive anal sex without

condom (0.11 %), receptive penile-vaginal intercourse (0.08 %) and insertive
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penile-vaginal intercourse (0.04 %)%. For other activities like oral sex, biting or
spitting, the risk is too low to estimate a precise number.

Undetectable = Untransmittable. One has to mention that people retrieving
proper antiretroviral therapy (ART) that have an undetectable viral load are not at
risk of transmitting the virus®*. This major breakthrough in the battle against HIV
does not only constraints transmission, but also helps lower HIV stigma and gives
people living with HIV the chance to safely conceive children. UNAIDS runs a
campaign since 2018, na me d A Un d e Udtransnaittalbled to mnform the
general public about this fact.

Mother-to-child transmission. A mother living with HIV can transmit the virus
during pregnancy, during delivery or while breastfeeding. However, ART also has

reduced mother-to-child transmission chances from 25 %-42 % to 1 % or less®®.

1.8. HIV-1 life cycle

Cell binding, tropism and T-cell lines. HIV is an obligatory intracellular parasite,
meaning that the virus can only survive for a short period of time outside a host
cell. A virion thus has to make a rapid entry into a new host cell through the fusion
with the cell membrane. HIV-1 uses the gp120 part of the viral envelope protein
Env to bind to the CD4 (cluster of differentiation 4) receptor of a target cell®6:67,
Without this binding it is impossible for an HIV-1 virion to attach to a cell and
therefor the tropism of HIV is restricted to CD4+ cells. Cells expressing CD4+
include T-cells, monocytes, macrophages and dendritic cells. CD4 normally
functions to enhance T-cell receptor mediated signaling®. The outer domains of
the gp120 subunit contains five variable loops (V1-V5). Binding to a CD4 receptor
will cause conformational changes, in part in the V1, V2 and V3 loops®8, that will
allow subsequent binding to a coreceptor on the cells membrane, which will really
trigger membrane fusion®. HIV-1 can either use CCR5 or CXCR4 as co-receptor.

In the beginning of the infection, virus that
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Figure 8: Schematic representation of the HIV-1 life cycle. Adapted from Engelman and Cherepanov?®
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binds the CCR5 co-receptor (R5-tropism) dominates, but during the course of the
infection the preferential binding can change to the CXCR4 receptor (X4-
tropism)®¢.71. Viruses that can use both co-receptors are called R5X4 viruses. Co-
receptor binding induces the injection of a fusion peptide into the membrane of
the host cell. Confirmational changes in the gp41 subunit, forming 6 helical hairpin
structures, eventually lead to the fusion of the two membranes.

As T-cell are one of the major target cells of HIV, T-cell lines were developed that
allow HIV research without the continues need for fresh, primary, patient-derived
CD4+ T-cells, as immortalized cell lines expand without limitation. The research
in this doctoral thesis includes the usage of the immortalized SupT1 and Jurkat
T-cell lines. SupT1 cells were derived from a malignant pleural effusion of an 8-
year-old child with T-cell lymphoblastic lymphoma, while Jurkat cells originate
form the peripheral blood a 14-year-old boy with T-cell leukemia. Cell lines may
however differ genetically and phenotypically from their cognate primary cells, due
to their adaptation to the two-dimensional culture environment. So, although cell
lines are a convenient way to perform large-scale experiments and screens, it is
essential to validate these findings in primary cells that are biologically more

relevant to the in vivo situation.

Reverse transcription. With the fusion, the content of the virion is released in

the cytoplasm of the cell and reverse transcription can start. As any DNA
polymerase, RT needs a primer that hybridizes to the template, the RNA genome,

to start reverse transcription. In the case of HIV-1, the host tRNAYs3 binds the

primer binding site (pbs), about 180 nucleoti deRNAfrom t
genome?? (figure 8A). While RT adds nucleotidesi n t-8é& 8 0 rtevardsi o n

t he 5 ,0a DBIA/RNA complex emerges. The RNase H activity of the RT (or

another RT molecule) degrades the RNA, freeing the newly synthesized minus-

strand DNAstrandat t he 5 0-nmvrpaltially legradede RNA genome??

(figure 8B). The identical R regions on both sides of the genome allow the transfer

ofthenewl y synthesized DNA fragment to(tot he 36
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either of the two viral RNA genomic copies)’®7* (figure 8C). Now RT can
synthesize the complete minus-strand DNA reverse complement, whereafter
RNase H degrades the last part of the RNA genome (figure 8D). During minus
strand synthesis, sometimes a template switch to the other viral genomic RNA
copy occurs, contributing to recombination of the genome. Within the HIV genome
lie two purine-rich regions that cannot be degraded by RNase H, called the
polypurine tract (ppt). These persisting RNA fragments serve as primer for the
generation of the DNA plus strand, based on the DNA minus template (figure 8E).
This includes the complement of the first 18 nucleotides of the tRNA, allowing
RNase H cleavage to remove a large part of the tRNA72. Subsequently a second
transfer occurs where the tRNA complement, incorporated in the plus strand,
bindstothet RNA sequence on t he 3 6(figerer8F). ot
the complete DNA plus strand can be formed. When the DNA minus and plus
strand anneal, the proviral DNA is complete, which is now longer than the original:
the reverse transcription created U3-R-U5 LTRs on both sides of the genome
(figure 8G).
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Figure 9: Schematic representation of HIV-1 reverse transcription with the RNA
genome in light-blue and DNA complement represented by dark-blue arrows. The
tRNAYs3 is a light-blue arrow. Source: Hu and Hughes™.

Integration. Integration of the proviral DNA into the cells genome is performed by
the viral protein Integrase, that was released from the virion. Actually, the
integration is done by a multimer of the enzyme (the intasome) in the
preintegration complex (PIC)7576, The intasome holds both ends of the proviral
DNA together and migrates through nuclear pores to the nucleus. First the PIC
removes a dinucleotide from each end, resulting in CAon 3 -ftydroxyl groups™. In
a second step, these hydroxyl groups are used as nucleophilic groups to cut the

hosts chr omosomal DNA -aydroxwyneeindt he «ihrea
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phosphate groups’®78. The break in the genome is eventually repaired by host
factors, finalizing the full integration of the HIV-1 genome. There is also evidence
that integration can occur independent of HIV-1 Integrase catalytic activity, by
integrating in pre-existing double-stranded DNA breaks in the genome™®.
Transcription initiation and elongation. After integration, the integrated
genome behaves like a regular gene with the promoter | ocat ed ilm
fact, HIV-1 depends completely on the hosts transcription apparatus for
transcription, as it does not possess its own RNA polymerase, nucleotides or
transcription factors. The LTR does however possess transcription factor binding
sites that interact with host transcription factors®%8l. The balance between
activating and repressing transcription factors can push HIV-1 in either an active
state or a latent, dormant state®. In the case of an active state, the transcription
factors (NF-a B, N F A Tonly ®iggdr )low level transcription of full-length
transcripts, as the elongation by host RNA polymerase Il is often paused by
Negative elongation factor (NELF) shortly after reaching the transcription start site
(TSS)83-85, Only when the few RNA transcripts transcribed are spliced, transported
to the cytoplasm and translated into sufficient levels of the viral protein Tat, does
transcription increase. Tat namely recruits the super elongation complex (SEC)
to the trans-activation response (TAR) element: a stable stem-l oop at t
of the nascent HIV-1 mRNAs comprised of the first 57 nucleotides of the
transcript. The SEC consists of eleven-nineteen Lys-rich leukemia (ELL) proteins,
positive transcription elongation factor b (P-TEFb) and several mixed lineage
leukemia (MLL) translocation partners®s, It is P-TEFb, a complex of CDK9 and
cyclin T1, that phosphorylates NELF as well as the stalled RNA polymerase I,
causing transcript elongation that will lead to mature viral mMRNAs86.87, P-TEFb
accessibility for Tat is dependent on the 7SK snRNP (7SKRNA). Tat has to
release the sequestered P-TEFb from the 7SKRNA to recruit it to the TAR region
of the nascent mRNAs.

Splicing and RNA export. Through the mechanism of complex alternative

splicing, transcription produces a multitude of different MRNAs®#:89, Short, spliced
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mRNAs can diffuse passively to the cytoplasm. Unspliced cellular RNAs are
normally degraded in the nucleus. Therefore, HIV-1 uses its protein Rev to
actively transport unspliced RNAs to the cytoplasm®. Rev binds the Rev-
responsive element (RRE), a stem-loop of 351 nucleotides, and transport the
RNAs via nuclear pore complexes®°.

Translation. Translation is initatedby t he scanning of t
AUG is recognized and ribosomal translation starts®. As described in part 1.6,
while the Gag gene is translated, a -1 frameshift occurs in 5 % of the cases,
resulting in the translation of a Gag-Pol precursor protein instead*s. Also
translation of the Env glycoproteins and the regulatory and accessory viral
proteins happen at this stage.

Assembly, release and maturation. The last step in the life cycle of HIV-1 is to
form new virions. To form virus-like particles, the Gag precursor protein is
sufficient, it contains all domains required for virus assembly®!, The Matrix domain
guides the polyprotein precursor Gag towards the plasma membrane, while Gag
multimerization occurs. Meanwhile, the NC domain packages viral genomic RNA
into the virion. Env reaches the membrane through the secretory pathway (via the
rough endoplasmic reticulum, Golgi and its vesicles)®l. The multimer of Gag
proteins start forming lipid rafts that become viral particles. Through binding via
the p6 domain, the host endosomal sorting complex required for transport |
(ESCRT-1), ESCRT-IIl and vacuolar protein sorting 4 (VPS4) complexes are
recruited that drive particle release, called budding®2. It is only after budding that
maturation occurs where the virion becomes an infective particle®l. Protease
cleaves the Gag and Gag-Pol precursor proteins inducing major morphological
changes in the virion and releasing the viral enzymatic proteins, ready to infect a
new host cell®2,

1.9. Natural course of an HIV infection

There are three stages of HIV infection: acute HIV infection, chronic HIV infection

and acquired immunodeficiency syndrome (AIDS).
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Acute HIV infection. After initial infection, the virus replicates at a rapid rate and
spreads throughout the body. While replicating massively, the virus depletes
CD4+ T-cells causing a peak in HIV-1 RNA plasma levels and a drop in CD4+ T-
cells in the blood. After two to four weeks, this often causes the acute infection
syndrome, including non-specific symptoms like fever, enlarged lymph nodes,
pharyngitis, muscle pain and rash%%4. As these symptoms resemble other viral
infectious diseases and as not all people experience symptoms, diagnosis of HIV
is not always made directly. But in case of clinical suspicion of acute HIV-1
infection, several tests can provide confirmation. Depending on the stage of the
infection, subsequently plasma viral RNA, Gag p24 antigen, ELISA for HIV
antibodies and western blot confirmation can be used to detect HIV, known as the
first five Fiebig stages®. The period of time even no HIV RNA can be detected is
called the eclipse phase, which lasts about 10 days. At the peak of acute infection,
the risk of transmission to other individuals is at its maximum. Seroconversion
(Fiebig stage lll) happens usually around three weeks after initial infection.
Dendritic cells that captured HIV-1 particles present these antigens to B and T
lymphocytes to trigger an adapted immune response, starting the production of
anti-HIV antibodies and CD8+ cytotoxic lymphocytes. This will partially control the
infection by lowering the HIV viral load and restoring CD4+ T-cell counts. At the
balance between ongoing HIV-1 replication and the adaptive immune response,
the viral load set point is reached where the body settles for a stable viral load,
the start of a long period of chronic, asymptomatic infection.

Chronic HIV infection. Western blot detection of p31 (around 3 months after
infection) initiates the early chronic infection phase (Fiebig stage VI)%. The
immune system controls most of the virus, but the virus that can escape the hosts
immune response, replicates and causes a steady decline in the CD4+ T-cell

population and a small, constant increase of the HIV-1 viral load over multiple
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years or decades. Another effect of the constant HIV-1 replication is the

exhaustion of HIV-1 specific T-cells due to continuous activation®.

Figure 10: Natural progression of HIV viral load without ART treatment (red) and
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AIDS. Clinically, one speaks abouts AIDS when the CD4+ T-cell population
decreases under the threshold of 200 cells/mm? blood®*. The median time from
infection to AIDS is approximately 8-10 years®. At this stage, the person living
with HIV is very susceptible to opportunistic infections that, due to the weakened
immune system, form now a threattothe p e r s bifen Bhe life expectancy without
treatment of a person living with AIDS is about three years. Fortunately,
antiretroviral therapy (ART) can control viral replication and avoid progression to
AIDS. Remarkably, some people (-5 %) can control the virus without the help of
ART, we distinguish: elite controllers (plasma HIV RNA levels of < 50 copies/mL;
prevalence 0.55 %), viremic controllers (plasma HIV RNA levels of 50 i 2000
copies/mL; prevalence 3.34 %) and long-term non-progressors (people with no

disease progression for at least 10 years; prevalence 2.04 %)9%9,
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1.10. Antiretroviral Therapy

To control the virus, antiretroviral therapy was developed that can interfere in
several steps of the HIV-1 replication cycle. Antiretroviral drugs can be divided in
six classes based on their working mechanism: Nucleoside-analog Reverse
Transcriptase Inhibitors (NRTIs), Non-Nucleoside Reverse Transcriptase Inhibitor
(NNRTIs), protease inhibitors (Pls), fusion inhibitors, co-receptor antagonists and
HIV Integrase strands transfer inhibitors (INSTI)100,

History. As HIV-1 infection was a certain death in 1983, a race for the discovery
and production of antiretroviral drugs started. Only four years later, in 1987,
Zidovudine was approved as the first antiretroviral drug!®’. This NRTI delayed
disease progression but could not completely suppress the virus. But in the mid-
1 9 9 OCormsbination Antiretroviral Therapy (CART) arrived with the approval of
three HIV protease inhibitors. CART combines three drugs, for example 2 NRTIs
and 1 PI, so it can control the viral load long-term192, This transformed an HIV-1
infection from a deathly virus into a chronic disease. An additional advantage of
CART is that the chance of developing HIV-1 resistance against three antiviral
drugs is a lot smaller than in the case of antiretroviral monotherapy, although drug
resistant HIV-1 strain still evolvel®s,

Working mechanism. NRTI are analogs of naturally occurring dNTPs
(deoxynucleoside triphosphates) thatl ack a 36 hydr oxyl
lack, chain termination occurs when they are incorporated during the reverse
transcription step in the HIV-1 replication cycle. NNRTIs also block reverse
transcription, but by binding the reverse transcriptase enzyme directly. Pls bind
the active site of the viral protease to prevent the cleavage of the HIV-1 precursor
proteins Gag and Pr160GagPol. Integrase inhibitors block the integration of the
provirus in the genome by binding the catalytic site of the viral Integrase enzyme.
Fusion inhibitors bind gp41, preventing conformational changes needed to fuse

with the host membrane during entry. And co-receptor antagonists compete with
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CCR5 or CXCR4 to inhibit the binding of the HIV gp120 (Env) with the co-
receptors and prevent viral entry.

Limitations. While ART has saved millions of lives in the past decades, it has its
limitations. The major drawback is that each drug in the ART arsenal blocks a
step during HIV replication, but is therefore ineffective against latent,
transcriptionally silent, integrated virus that does not replicate. Latently infected
cells can persist for a very long time under ART treatment, so whenever ART is
stopped this persistent latent reservoir can reactivate and cause viral rebound.
The consequence is that people cannot be cured completely with ART, it only
controls the virus. They will have to live with HIV and will have to take their
medication for the rest of their lives, preferentially very strict, to keep the virus
undetectable. In practice, ART consists of a single pill containing the triple CART
regiment that has to be taken daily. Although ART gives life back to the people
for a large part, a majority of people living with HIV indicates the virus still bothers
them, mainly caused by the stigma surrounding HIV.

Another drawback is the extreme cost of ART. In 2021, Tran et al. estimated a
median global lifetime cost for managing HIV for one person living with HIV,
ranging from $5221 per person in low income countries to a median of $377.820
in high income countries'%4. A high cost, even compared to other chronic diseases
like diabetes for which lifelong treatment of a person diagnosed at age 40 was
estimated at $124.600 in the USA1%. Knowing 1.2 million people are living with
HIV in the USA, one can calculate the dazzling total cost of about 453 billion US
dollars for the USA. Besides the cost, it is a logistically very challenging to test
and provide medicine for everybody living with HIV, especially in low-income
countries. ART was only accessible for 73 % of the people living with HIV in 2021°,
leaving a large group of people vulnerable for AIDS-related death. It is clear that
in order to end the global epidemic mankind needs to find an HIV cure. We came

a long way, but the last hurdle might be the toughest one: the latent HIV reservoir.
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1.11. HIV-1 latency

6Viral latency is a st ateectoifomrr eowferisfdilwi diuo
It was Folks et al. who discovered in vitro that when a human T-cell line was
infected by HIV, most cells died, but a small number of cells remained alive. These
cells did not produce any virus, but when treated with 5-iodo-2 -Ngoxyuridine, virus
production could be induced up to three months after initial infection?. A similar
process seems to happen in vivo: HIV antigens activate resting CD4+ T-cells,
making them proliferate and differentiate. Activated CD4+ T-cells are infected
very efficiently by HIV, causing the majority to die by the HIV replication process
itself or by the actions of the immune system. A small part of the infected
population survives long enough to convert back into resting CD4+ T-cells. The
hypothesis is that the reconversion of the cell to a transcriptionally more silent
resting memory state, also silences integrated HIV transcription%, Direct
infection of CD4+ T cells with a memory phenotype is less efficient, but can also
generate latently infected cells1%. The consequence of latency is that HIV does
not produce antigens anymore, making the infected cells invisible for the immune
system. The latent HIV-1 reservoir (the totality of all latently infected cells) has an
estimated half-life of about 44 months'%®, making natural eradication impossible.
The HIV Reservoir. The majority of the HIV reservoir consists of resting CD4+ T-
cells, more particularly cells of a memory phenotype. For all other cell types, it
remains debatable whether or not they are a part of the persistent HIV reservoir.
Other lymphoid cells can be latently infected, including naive CD4+ T-cells, stem
memory T-cells, transitional memory CD4+ T-c e | | s  aceld 08 ibutT is
not clear how durable this latent infection is. HIV can also infect non-lymphoid
cells like macrophages, dendritic cells, astrocytes and follicular cells'!?. Again, to
which extent they are part of the long-lasting HIV reservoir is unclear1®. Only 2 %
of lymphocytes reside in peripheral blood, rather the main anatomical
compartments or the reservoir are lymph nodes, the central nervous system, the

gut (mucosa) and the genital tract!'?2. Remarkably, it is estimated that more than
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95 % of the HIV reservoir (in peripheral blood in patients under cART) is defective,
meaning the genome has large internal deletions or lethal genetic mutations that

prevent it from forming replication competent virions13.
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Figure 11: Establishment of the HIV reservoir when activated CD4+ T cells are
infected and survive long enough to revert to a resting memory cell state.
Alternatively, but less efficient, memory T cell can be infected directly. Created
using BioRender.

Molecular mechanisms of HIV latency. The latent reservoir is established very
early after initial infection!!4. Different molecular mechanisms and factors play a
role in the establishment and maintenance of HIV-1 latency: the integration site,
the epigenetic state of the LTR, transcriptional interference (Tl), the abundance
of HIV Tat protein and transcription factors in the cell and RNA interference by
certain miRNAs108.115116_None of these mechanisms seem to be dominant, HIV
latency is probably a complex interplay between multiple processes that keep HIV
silent17,

The human genome is very heterogeneous in terms of chromatin density and
transcriptional activity. HIV protein Integrase exploits the host cellular coactivator
lens epithelium-derived growth factor (LEDGF/p75) to direct integration to more
transcriptional active genes'!8, Nevertheless, some LEDGF-independent

integration can occur into random, inactive regions of the genome, into the favor
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of latency. Also integration in the opposite direction of the host gene might further
repress HIV expression (transcriptional interference)!'®. Epigenetically,
methylation of 2 CpG island close to the TSS of the HIV genome can have a
strong inhibitory effect on transcription'?%121. This process probably is more
involved in latency maintenance than establishment!®. Also histone post-
translational modifications such as deacetylation (of nucleosomes Nuc-0 and
Nuc-1)122123 methylation!?4125> and crotonylation’®t r ansf or ms t he 506 L

to a more heterochromatic state.

1.12. HIV-1 cure strategies

The Berlin patient. In the 40 years of the HIV-1 pandemic only three people have

ever been cured from HIV. Timothy Brown, known as 6t hvastBeer | i n
very first. In 1995 he got infected with HIV, receiving ART immediately after
detection. When he was also diagnosed with acute myeloid leukemia in 2006,

Hutter et al. performed a stem-cell transplant with donor stem-cells from a donor

with a homozygous 32 basepair deletion in the CCR5 genel?’, This 3ZCR5 @
mutation causes a non-intact CCRS5 protein, inhibiting viral entry of R5 tropic virus

into the cell, therefor creating (R5 tropic) HIV resistant CD4+ cells. After a second

stem-cell transplantation in 2008, Timothy Brown was cured from leukemia.
Moreover, discontinuation of ART did not cause viral rebound. For years, no (or

very little) HIV could be detected, making him for a long time the only HIV cured
person in the world, until Aeaecwmed@aimilari | | ej o
transplant in 2016. Adam Castillejo was declared HIV cured in 2019, as was a
mixed-race woman in 2022 with a transplant method involving umbilical cord

blood. This transplant proofed no graft versus host disease is needed to achieve

cure. Also in 2022, the 66-year-ol d man named the 6City of
declared cured after a blood stem cell transplant in early 2019. Unfortunately,

stem-cell transplants are associated with high mortality and are thus only

performed as a last resort for people that were diagnosed with cancer.
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Functional Cure. HIV cure research distinguishes two options to come to an HIV
cure: either all virus is killed or removed from the body. In this case we talk about
a sterilizing cure. This option would be ideal but on the other hand will be
extremely hard to achieve, as the reservoir is scattered across the body, from the
central nervous system to the gut mucosa. A more realistic option (on a shorter
time frame) might be a functional cure. This type of cure does not require a
complete elimination of the virus, but rather comprises a host mediated long-term
control of the virus in the absence of ART. So the virus remains present, but is
unable to replicate to an extent that CD4+ counts drop. This type of control is
already seen i nabduelin20@HI\Cirfattedrpeoplé. €herefdre,
they are heavily studied!?812°, If we could adaptp e opl eds i miatante sy st
reservoir characteristics, genetic polymorphisms and/or HIV restriction factor
levels to that of elite controllers, we might be close to a cure?s.

Some strategies for a functional cure might be: (i) boosting the immune response
against HIV (e.g. passive or active immunotherapy), (ii) reducing the size and/or
complexity of the viral reservoir (e.g. by shock-and-kill i see part 1.12.1) or (iii)
reducing the number of target cells (e.g. by gene editing)*3. But to really speak
of a cure, one will have to achieve an efficacy of over 99.9 %, far above current
attempts. The goal with a combination of current or new approaches however
remains: delay viral rebound as long as possible and if rebound would occur,

control the rebound to a minimum so that no pathogenesis can be observed!®,

1.12.1. Shock-and-kill

HIV reservoir reduction. There is some evidence that reducing the size of the
viral reservoir is (unsurprisingly) an effective way to delay viral rebound after
treatment discontinuation. For example, very early ART treatment after HIV
infection often gives rise to a small reservoir correlated with a (very) small delay
in viral rebound®®>, Amore drastic delay was observed

that received a bone marrow transplantation while they were under ART
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treatment. The procedure removed most of the latent reservoir, resulting in a
delay of viral rebound of 3 to 7 months®2. This delay responds to an estimated
20-fold reservoir reduction!®. For a baby (a case report named the Mississippi
baby) that received very early ART treatment an estimated 100-fold reservoir
reduction corresponded with a two year delay in viral rebound?*33. In line with these
reports, a 1000-fold reduction (or 99.9 %) will be required to achieve a clinically
relevant HIV remission of 20 years!®,

Shock-and-kill. One possibility to reduce the size of the reservoir is to activate
as much latent HIV as possible (shock). Once activated, the infected cells can die
from cytopathic effects or can be killed by the immune system (kill), all while ART
prevents HIV from infecting new cells. This technique will require a very potent
latency reversing agent (LRA) that induces reactivation of latent HIV but
minimizes off-target side effects. The search for the ideal LRA has been
cumbersome, although molecules like vorinostat!®4, romidepsini®® and
Panobinostat!3® have shown some effects. To achieve 99.9 % reservoir reduction,
mo st l' i kely multiple fishockd rounds will
reactivation of 50 %, 20 % or 10 % of the reservoir would respectively need 8, 30

or 65 administrations, underlini®hg the i mp
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Figure 12: The Shock-and-kill strategy. Created using BioRender. Adapted from
Deeks!¥,

Latency reversing agents. Several classes of LRAs exist based on their working
mechanism. Protein kinase agonists (PKCs) activate T-cells by boosting protein
kinase C isoforms in the cell. This stimulation leadstol e B phosphoryl ati
furtherNF-e B signaling that t byibigdingtheviraHITRA8 .t r ans c
The most investigated PKC subclasses are phorbol esters, macrocyclic lactones
and diterpenes. For in vitro studies, the phorbol ester phorbol 12-myristate 13-
acetate (PMA) is often used in combination with the antibiotic ionomycin3®. PMA
is a very strong inducer of T-cells but is unfortunately not suitable for clinical use
due to its oncogenic characteristics'4%, Bryostatin-1, a natural macrocyclic lactone
found in a marine sponge, was clinically tested and although no adverse effects
were observed, neither was there a change in the cell-associated viral RNA138,
The FDA-approved (for actinic keratosis treatment) ingenol-3-mebutate has
proven effective in vitro in reactivating HIV-1 in primary CD4+ T cells from HIV
patients under ART!4l. However, ingenol B administration to two rhesus
macaques lead to systemic inflammation of the central nervous system, besides
increased viral loads, indicating significant reverse effects of these kind of LRAs.
Other LRAs like histon deacetylase inhibitors (HDACI), histone methyltransferase
inhibitors and DNA methylation inhibitors try to reverse the epigenetic silencing of

HIV transcription. Clinical use of HDACis could be fructuous, as multiple (e.g.
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vorinostat or panobinostat) are already FDA-approved for cancer treatment,
facilitating the use in clinical trials?42. Indeed, few side effects have been seen in
the first clinical trials. But although some levels of HIV transcription in vivo were
observed, this did not lead to a large reduction of the viral reservoir36.143,
Bromodomain and extra-terminal motif protein inhibitors (BETis) regulate the
availability of P-TEFb for Tat, by freeing P-TEFb from the association with
euchromatin#4 and the 7SK small nuclear ribonucleoprotein inactive complex4°
(see part 1.8). The results of BETis stimulation experiments are not convincing#4,
which could be explained by the low P-TEFb levels in resting CD4+ T-cells. In a
human mouse model, I-BET151 showed a preferential reactivation of HIV-1 in
monocytic cells'#6, suggesting BETis might be used in an LRA cocktail to cover
the different cell types of the reservoir.

TLRs are pattern recognition receptors that specifically recognize pathogen
associated molecules. Toll-like receptor (TLR) agonists could enforce the
pathways triggered by these receptors, improving the innate immune response
against HIV-1. Besides the advantageous immune response, TRLs have also
been proven to be able to reactivate HIV latency in resting CD4+ primary T-cells
isolated from aviremic patients through increased NF-a B a n dl leyeBR.
Clinical trials with TLR agonist Vesatolimod were however disappointing as it did
not decrease the viral reservoir4s.

Summarized, although some LRAs show promising effects in in vitro or
humanized mice models, the in vivo situation seems much more complex and
difficult to target. Probably a cocktail of LRAs will be needed that targets several
of the latency mechanisms in multiple cell types to really reduce the size of the
reservoir with the shock-and-kill strategy.

Immune boosting. Besides a potent reactivation, the shock-and-kill strategy
requires an efficient killing of the activated infected cells. In chronically infected
people, the constant exposure of antigen to the cytotoxic T-cells can lead to
exhaustion, a dysfunctional state that is characterized by the expression of

exhaustion markers (e.g. PD-1, Lag-3, TIGIT)®. Therefore, probably
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also have to be enhanced, either by apoptosis inducing components*® or by
boosting the immune system with broadly neutralizing antibodies or CAR-T cells
(see part 1.12.3).

1.12.2. Block-and-lock

An alternative and a sort of opposite approach to the shock-and-kill strategy is the
block-and-lock strategy. As the goal of a functional cure is to achieve a long-term
control of HIV replication in the absence of ART, we might not need to eliminate
HIV, but rather push it towards a deep latent state that is not able to reactivate
stochastically (block/lock). Methods to achieve deep latency include: (i) the Tat
inhibitor didehydro-cortistatin A (dCA)%9, (ii) LEDGF/p75 inhibitors (LEDGINS)
that redirect HIV to more inactive integration sites (a strategy that will have to
focus on new infections as it does not effect a mature viral reservoir)152, (iii) short
hairpin RNAs (shRNAs) that target HIV RNA52 and (iv) BRD4 modulators that
induce a BRD4-dependend repressive chromatin environment and competes with
Tat for P-TEFb binding?23.

Throughout the human genome epigenetically silenced human endogenous
retroviruses (HERVS) exists that are ancient examples that retroviruses might be
transcriptionally blocked indefinitely54. Although several block-and-lock therapies
have been proposed, one has to await clinical trials to assess if the block will be
durable enough to lock HIV completely.
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Figure 13: The Block-and-lock strategy. Created using BioRender.
1.12.3. Other HIV cure strategies

Vaccination. As for any virus, vaccination is the first thing that comes to mind to
enda pandemic. However , HI ivVitbeviraeervelope (Ere)
glycoprotein -the main vaccination target- makes the development of an effective
vaccine extraordinary hard. An HIV vaccine will probably have to target a very
conserved region of the viral envelope or a multitude of regions to avoid vaccine-
escape by the numerous variants that occur throughout the world and even within
patients. All classic HIV vaccines that have been through clinical trials have shown
very modest or poor efficacies!55156,

Broadly neutralizing antibodies. A leap forward in HIV vaccinology might be the
observation that in rare HIV-1 infected individuals, antibodies are produced that
have a very broad binding capacity and strong neutralizing potency!®’. These
broadly neutralizing antibodies (bnAbs) all target very conserved regions of the
envelope protein Env and could be used for passive immunization for HIV-1
infection prevention or HIV-1 treatment!5815°, Moreover, we could introduce a
bnAb construct in vivo to maintain therapeutic concentrations. Indeed, the adeno-
associated viral delivery of anti-HIV monoclonal antibodies to an SHIV infected
rhesus monkey provided o n e monkey (At he Mi a mi

undetectable viral load!6%161, Three other monkeys however had strong anti-drug
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antibody responses that eliminated bnAb expressionl6l, Alternatively, one could
try to evoke the production of bnAbs by active immunization. However, the natural
generation of bnAbs by HIV-1 infected people is a slow process of intense affinity
maturation in the germinal center of B cell follicles that requires years of infections
and exposure to a different HIV-1 variants'2. Thus, to achieve bnAb generation
by active vaccination, multiple rounds of immunization with different immunogens
to trigger bnAb maturation might do the job, although this strategy needs more
research insights163,

CAR-T cells. Cytotoxic T-cells have specific T cell receptors (TCR) that are used
to recognize antigens presented by the major histocompatibility complex class |
(MHC-I). After engagement with the antigen, the CD8+ T cell is activated, matures
and undergoes clonal expansion. If the activated CD8+ T cell encounters a cell
carrying the antigen, the cytotoxic T cell will kill this target cell. Chimeric antigen
receptor T cells (CAR-T cells) are T cell that are isolated froma p e r s blood
and transduced with a gene encoding a specific engineered TCR or CAR. This
technology has been successfully applied in the cancer field with CAR-T cells
recognizing specific cancer antigens. HIV-1 specific CAR-T cells could be used
to enhance the killing part of the shock-and-kill approach, specifically killing
reactivated HIV infected cells. Several generations of CAR-T cells have been
generated, based on different co-stimulatory signals included in the construct to
enhance the cytotoxicity64. Liu et al. performed a clinical trial in 2021 with a bnAb-
derived CAR-T cells administrated to 15 ART-suppressed HIV-1 infected
peoplel®s, The construct contained both CD28 and 4-1BB costimulatory domains
and was cotransduced with shRNAs that downregulate exhaustion markers PD1,
TIM3 and LAG3. Liu et al. showed safety of the CAR-T administration as well as
a significantly delayed viral rebound (up to 10 weeks) for 6 of the 15
participants165166, These results are promising, but CAR-T cell therapy is often
used as a last resort in cancer treatment, while people living with HIV with a strict
ART adherence can have a relatively normal life. Therefore, performing clinical

trials (and potential future therapy) might be considered unethical for now, as the
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risk-benefit tradeoff is still high, because CAR-T administration needs the
expression of antigen and thus either LRA-mediated activation or ART
interruption”. One also has to take into account that this kind of personalized
therapy is very expensive at this moment.

Gene therapy. Gene therapy beholds the transfer of a therapeutic agent into the
cell in order to block or inhibit the expression of HIV genes%8, These agents
include shRNAs, ribozymes or aptamers, which all have demonstrated in vitro
effects on HIV transcription and sometimes some limited efficacy in vivo. This
approach will never lead to a reservoir reduction, but it might be used to control
transcription in a long-term functional cure in combination with other
strategies168.169,

Genome editing with CRISPR/Cas9. Instead of targeting HIV RNA, HIV DNA
could be precisely targeted with the revolutionary technology CRISPR/Cas9.
CRISPR, an acronym for clustered regularly interspaced short palindromic
repeats, are sequences derived from bacteriophage DNA found in the genome of
bacteria and archaea as part of a defense mechanism against bacteriophages7°.
The sequences (single guide RNAs - sgRNAs) guide the endonuclease CRISPR-
associated protein Cas9 to introduce a double-stranded break on a precise
location in the target DNA. The break is repaired by the cells machinery, often
introducing insertions or deletions (indels). This natural system is now widely used
by researchers in an adapted form to precisely introduce mutations in the genome
in a variety of species. Herskovitz et al. used this technology successfully to target
integrated HIV in vitro with multiple sgRNAs with the goal to either introduce
mutations in the viral genome that make HIV defective or to completely cut HIV
out of the genome!’.. The bottleneck of this technology to proceed in vivo will be
the delivery of the CRISPR/Cas9 system to all target cells of the reservoir and the
variability of the HIV genome that has to be targeted with sgRNAs. Alternatively,
one could also use the technology to knockout CCR5, the HIV co-receptor, to
reduce the pool of HIV host cells. This has been shown in cell lines!’? and in

macaques embryos!’. Additionally, in a world-shocking announcement on
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November 25" 2018, He Jiankui reported that he had used the CRISPR
technology to edit the CCR5 gene of human embryos. Two of these embryos
became |living babies and t he wobeihgd,dath f i r st

ethically and legally very controversial?.

A Genome editing
CXCR4 __ (CRISPR/Cas9)
of CCR5
CCRS _ ——>
CD4+ T cell Resistance against
RS5-tropic HIV
B Genome editing
CXCR4 CR'SPR/C&SQ)

of HIV
e
CCRS

Latently infected

resting CD4+ T cell Uninfected cell

Figure 14: Genome editing HIV cure strategies: (A) CRISPR/Cas9 technology

can be used to excise the CCR5 and/or CXCR4 genome from the genome to

render HIV resistant cells. (B) one can edit the HIV genome directly, inserting

mut ati on or remove t he s e g u eCreated, usinfc ur i ng
BioRender.
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1.13. Innate immune response against HIV

The human immune system exists of two distinct parts: the aspecific, innate
immune system that forms the first line of defense against all antigens and the
adaptive immune system that is built ov er t i membbeyr i hrgdmepr evi
infections through the formation of memory cytotoxic T-cells and memory antibody

producing B-cells.

1.13.1. Leukocytes of the innate immune system

The cells of the innate immune system derive from hematopoietic stem cells that
are present in the bone marrow. The natural killer (NK) cells derive from the
lymphoid lineage, and function analogue to cytotoxic T cells by killing virus
infected cells, but without the need for the presence of antibodies or MHC-
presentation of antigens. The myeloid lineage produces the other innate immune
cells: mast cells, eosinophils, basophils and phagocytic cells including
macrophages, neutrophils, and dendritic cells. Neutrophils represent 60 % of
leukocytes and phagocyte mainly bacterial and fungal pathogens. Dendritic cells
process antigen material and present it to T-cells in the lymph nodes to initiate an
adaptive immune response.

Macrophages. Macrophages derive from monocytes (or embryonic precursors)
that leave the blood stream to differentiate into tissue-resident macrophages that
can be found in virtually every tissue!’>. They phagocyte a large variety of
pathogens, including micro-organisms, cancers cells and cellular debris by
engulfing everything that lacks specific surface proteins that are normally present
on healthy cells. Just like dendritic cells, they can present antigens to T-cells to
induce an adaptive immune response. Additionally, macrophages play a role in
the initiation of inflammation, maintenance of tissue homeostasis and repair, by
the production of immunological mediators and effector molecules'’™. As

inflammation can be more harmful than an infection itselfl’¢, the dual role of
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macrophages in both inflammation initiation and resolution is of utmost
importance. Macrophages therefore exist in two opposite functional states
depending on their microenvironment: M1 macrophages are pro-inflammatory
and are primarily involved in the response to pathogens and tissue injury. They
produce cytokines and chemokines that promote inflammation (e.g. IL-1 b, -ONF
and IL-6), and they also generate reactive oxygen and nitrogen species that can
kill pathogens. M2 macrophages, on the other hand, are anti-inflammatory and
are involved in tissue repair and remodeling. They produce cytokines and growth
factors that promote tissue healing (like Arginase-l, IL-10 and TGF-b ) but M2

macrophages have also proven to favor tumor growth and angiogenesis?7-179,
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Figure 15: Lineage tree of immune cells. Hematopoietic stem cells give rise to a
myeloid and lymphoid lineage contributing to innate and adaptive immunity. From
Torang et al.*®

Macrophages in the context of HIV. CD4+ T-cells are the major target for HIV

infection, whereas cells from the myeloid lineage like macrophages express lower

49



levels of CD4 and CCR5 or CXCR4, making them less efficiently infected by cell-
free HIV virions!®l. However, tissue-resident macrophages can be more efficiently
infected through cell-to-cell spread including the selective uptake or fusion of
infected T cells by macrophages'®. And at a later stage of disease, when CD4+
T-cells are depleted, macrophages even take over as the main source of
viremia83.184, Because macrophages have the ability to migrate into tissues, they
contribute to the spread of the virus to a very large variety of tissues, including the
central nervous system, lymph nodes, gut, lungs, liver and urethral®,
Macrophages can be part of the HIV reservoir, especially by their ability to survive
for months to years!86, |t has also been reported by Clayton et al. that
macrophages are less efficiently killed by CD8+ cytotoxic T lymphocytes, which
might be a significant concern regarding long-term control in a potential functional

cure and could drive chronic inflammation187.

1.13.2. Interferon mediated immune response

Pattern recognition receptors and interferon induction. Although the innate
immune system is aspecific, it contains three classes of pattern recognition
receptors (PRRs) on the surface of innate immune cells that enables these cells
to differentiate between pathogen-associated molecular patterns (PAMPS) or
carbohydrates, proteins or nucleic acids from human origin: RIG-I-like receptors,
toll-like receptors and nucleotide oligomerization domain (NOD)-like receptors88,
The recognition of HIV RNA and reverse transcribed HIV DNA by for example a
RIG-I like receptor on a target CD4+ T-cell will trigger a signaling cascade89-191;
RIG-I will migrate and bind to the mitochondrial antiviral signaling protein (MAVS)
and trigger MAVS dimerization, allowing MAVS association with several adaptor
proteins (TRAF-2, TRAF-6 and TRADD). They recruit TRAF-3 and TANK proteins
that will activate Tank binding kinase-1 (TBK1) and | kappa B kinase epsilon (IKK
epsilon). These kinases phosphorylate interferon regulatory factors (IRF) IRF3

and IRF7 that translocate to the nucleus to eventually induce transcription of a
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series of proinflammatory cytokines, chemokines and soluble factors, including
type | and type Ill interferons (IFN)'°l. Two additional PRRs that have been
identified to recognize HIV reverse transcription DNA products are interferon
inducible protein 16 (IFI16) and cyclic GMP-AMP synthase (cGAS)°1-193, Both
PRRs also induce activation of IRF3and NF-ae B t ranscri ption
STING (stimulator of interferon genes) adaptor protein.

Interferons. Interferons are signaling proteins or cytokines that are released from
an infected cell upon PAMP recognition to alert nearby cells that a pathogen is
present. Often, interferons increase the expression of PRRs, creating positive
feedback loop that increases the inflammatory environment!®!. There are three
types of interferons based on the type of receptor on the cell surface that can
recognize them%. Interferon type | (including IFN-U , b, 0, ae
recognized by the IFN-U/ b receptor complex | FNAR

IFNARZ2 subunits. Interferon type Il (IFN-0 pinds to the interferon gamma receptor
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Interferon signaling pathway. By interacting with their specific interferon
receptor, a new molecular signaling cascade starts in the cell to create an antiviral
state. This cascade involves the JAK/STAT pathway for all types of interferons.
Before stimulation, an IFN receptor is bound to inactive Janus kinases (JAKS),
which are phosphorylated and activated upon receptor binding. Phosphorylated
JAKs will in their turn phosphorylate 6 si gnal transducer and
transcription (STAT) proteins that will homo-, heterodimerize and/or associate
with IRF9 (depending on the type of interferon) to form the active transcriptional
complex ISGF3. This complex will transfer to the nucleus to bind to specific
genomic regions called IFN-stimulated response elements (ISREs) in the
promoter region of interferon stimulated genes (ISGs)19419%,

Interferon stimulated genes. The binding of ISGF3 induces the transcription of
about 900 ISGs that can have a variety molecular functions. For example, most
genes involved in interferon induction, recognition and signal transduction (e.g.
PRRs, JAKs, STAT, IRF9) are also ISGs, reinforcing the interferon response with
positive feedback. Many ISGs have a direct inhibitory effect on the pathogen by
interfering in its replication cycle. Other ISGs promote cell communication
(chemokines and chemokine receptors) or induce apoptotic cell death. Negative
regulators keep the interferon response within a certain range to allow for a

homeostatic return once the infection is eliminated?9s.

1.13.3. Interferon mediated immune response to HIV

In an HIV context, it is controversial to what extent (type 1) interferons have a
positive or negative effect on disease progression. On the one hand, interferons
induce a set of antiviral ISGs that impair HIV replication and protect against
mucosal HIV acquisition?®1® | FNU protects macrophages an:
CD4+ T-cells in vitro from HIV infection2. In vivo studies in rhesus macaques
showed that bot h i ntdr avraugsicnualla r| ANDBNU2damianni

prevent systemic simian/human immunodeficiency virus (SHIV) infection after
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rectal or vaginal challenge, due to elevated ISGs levels1919, Additionally, there
is data that suggest IFN signaling has a beneficial effect during acute infection,
expediting the RNA set point'®® and during chronic infection, decreasing HIV RNA
and p24 antigen?®. On the other hand, it has been shown that ISGs expression
remains elevated in chronic (SIV) infection compared to pre-infection levels in
rhesus macaque studies, even under ART, which is correlated with chronic,
systemic inflammation and corresponding comorbidities including cardiovascular
disease, lipodystrophy and reduced neurocognition197.202,

HIV restriction factors. The human genome comprises a set of proteins that
have an HIV inhibitory effect as a first line of defense against an HIV infection?°3.
Most of them can also be classified as interferon stimulated genes!%.
APOBECSG is a cytidine deaminase that transforms cytosine nucleotides into
uracil during reverse transcription, leading to (up to 10 %) G-to-A hypermutations,
and thus defective HIV proteins. APOBEC3G can also inhibit HIV through
enhancing the recognition of HIV-infected cells by natural killer (NK) cells2%4, The
HIV protein Vif can neutralize the action of APOBEC3G by polyubiquitination and
subsequent proteosomal degradation of APOBEC3G?33,

In 2008, Neil et al. discovered the HIV restriction factor Tetherin (also known as
bone marrow stromal antigen 2 i encoded by the BST2 gene)?%. This membrane
protein was named after itdinsanchotsbuddingviralngd f u
particles on the surface of infected cells, preventing the release of HIV virions2°6,
Tetherin has a unique molecular structure to retain HIV virions: an N-terminal
transmembrane domain allows anchoring in the ¢ e | rhetnbrane, while a C-
terminal glycosyl-phosphatidylinositol group anchors the viral envelope203.207,
Again, HIV has a counteracting protein Vpu that counteracts Tetherin by targeting
it for proteasomal and lysosomal degradation2°s,

The tripartite motif (TRIM) family of ligases contains several antiretroviral
me mber s, of whi c Harg@sRantMil(poteney sHowebhee proteins
of the TRI Mbguite ineffeciive ggairstrleativiruses that are naturally

found in the same host, but highly effective against lentiviruses from other
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species. For exampl e, the TRIM5U protein

moderately effective against HIV, but forms a real barrier against SIV strains2°s3,

After fusion of the vir recognizesihé CGapsidpretein ar get

and break down the virion rapidly and prematurely, inhibiting typical reverse
transcription208, Further more, the wubiquitin
proteasomal involvement during the inhibition209.

SAMHD1 is a deoxynucleotide triphosphohydrolase that depletes the pool of
dNTPs in the cytoplasm, thereby inhibiting the activity of HIV reverse
transcriptase?10. Additionally, SAMHD1 possesses RNase activity which might
contribute to HIV RNA degradation prior to reverse transcription?'1,

Other interferon induced HIV restriction factors include Schlafen 11212, MX2212.213
and IFITM214,
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CHAPTER 2:
NON-CODING RNA AND
PROTEIN-RNA INTERACTIONS
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2. Non-coding RNA and protein-RNA interactions

2.1. The central dogma

The central dogma of molecular biology. The chemical structure of DNA was
determined by James D. Watson and Francis Crick in 1953216, The DNA of every
(nucleated) cell of an individual comprises the exact same genetic information,
the genome, which contains all the instructions to generate a functional human
being from a single fertilized egg cell. The information comprised in the genome
is processed in a particular sequential order, as stated by Crick int he fcentr a
dogma of molecular b i o | : ®§AiDfirst transcribed by polymerases into RNA
molecules, which can be translated by ribosomes into proteins?'” The sequence
information can never return in the opposite direction (i.e. from protein to DNA).
The genome. It took another fifty years before a first 6 ¢ 0o mp Versibneob the
human reference genome was published in 2001%. Although this was a gigantic
achievement, an even harder task remained: making sense of the 3 billion
basepairs. To do so, the RNA transcribed by the polymerase from the genome
was explored. About 19,000 protein coding genes were discovered that follow the
central dogma: the DNA is transcribed into RNA, which matures into messenger
RNA (mMRNA) by cutting out some pieces (introns) in a process called splicing.
mMRNAs migrate to the cytoplasm where r i bos omes 6readd thei
information to add the correct amino acids to a newly formed protein. As RNA
sequencing techniques improved, large projects like the ENCODE (Encyclopedia
of DNA Elements) project proved that a very large part of the genome is
transcribed in at least one cell type (estimates ranges from 76-93 %)218.219,
However, the protein coding genes, only correspond to 1-2 % of the genome.
Therefore, there is a very large portion of the genome that do not code for a
protein. For a long time, these transcripts were considered transcriptional noise.
But in the last decade it has become clear that, although they do not code for a

protein, these non-coding RNAs can play important regulatory roles.
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2.2. Non-coding RNAs

Non-coding RNAs can be categorized based on their various functions. They
include transfer RNAs (tRNAs), that serve as a bridge between RNA and proteins
by providing the ribosomes with the correct amino acid during translation based
on the mMRNA sequence; and ribosomal RNAs (rRNAs), that are a functional
element of the ribosomes. Other small non-coding RNAs are microRNAs, small
interfering RNAs (siRNAs), piwi-interacting RNAs (piRNAs), small nucleolar
RNAs (snoRNAs), small nuclear RNAs (snRNAs) and small Cajal body-specific
RNAs (scaRNAs). These small RNAs play a role in, among other things: RNA
silencing, posttranscriptional gene expression, epigenetics, RNA modifications
and processing pre-messenger RNA220, However, the great majority of the non-
coding landscape consists of longer transcripts that have little to no protein coding

capacity, the long non-coding RNAs (IncRNAS).

2.3. Long non-coding RNAs

2.3.1.Characteristics

A minimum length of 200 nucleotides distinguishes IncRNAs somewhat arbitrarily
from small RNAs. Estimates for the number of human IncRNAs range from 16.000
to more than 100 000 IncRNAs?21.222 making them by far the largest class of
human RNA transcripts in the context of diversity. In the context of abundance,
IncRNAs are typically transcribed a factor 10 to 15 lower than their coding mMRNA
counterparts, but more cell-type and disease state specific, which could make
them perfect as biomarkers or therapeutic targets?23-225,

INcRNAs are often processed similar to mRNAs: transcription occurs via
polymerase Il (or other polymerases), o f itcapped With 7-methyl guanosine

a n d -pddyédenylated, although a lot of non-polyadenylated IncRNAs also
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exist?26, Numerous IncRNA genes also possess multiple exons that can give rise
to several alternatively spliced IncRNA isoforms??3. IncRNAs are predominately
localized in the nucleus, rather than cytoplasm??7.

While IncRNAs are by definition non-coding, ribosome profiling sometimes shows
ribosome footprints that point to the translation of small open reading frames
within the IncRNA, which suggests a potential dual coding and non-coding
function?28-230,

In general, IncRNAs have an evolutionary poorly conserved DNA sequence,
rather, conservation across species seems to be -to some extent- centered

around the 2D structure and function of the IncRNA231.232,

2.3.2.Classification

Genomic location. IncRNAs can be classified based on several characteristics,
one is the relative position to the nearest protein coding gene. As protein coding
genes only make up 1-2 % of the human genome, most INCRNAs are intergenic
IncRNAs (lincRNAs), located outside of any protein coding region. In contrast,
intronic INCRNAs are situated completely in an intron of a protein coding gene,
while sense overlapping or antisense overlapping INcRNAs (representing ~32 %
of the human IncRNAS) overlap at least part of a protein coding exon. lincRNAs
are in general more conserved?®® and more stable?3* than other IncRNAs,

suggesting important functionality.

2.3.3.Function

Only a very small fraction of IncRNAs has been functionally characterized so far,
often INcCRNAs that are well-expressed and highly conserved, so chances are high
that we still have to discover new functions and modes of action among the
thousands of non-characterized IncRNAs. What we do know from the few

characterized IncRNAs is that IncRNAs can form complex, stable secondary and
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higher structures by natural folding, including hairpins, inner loops, bulge loops,
stem loops and more?%. This enables them to bind RNA, DNA and proteins and
to participate in divers cellular processes. Their functions can be broadly
categorized in: (i) chromatin and DNA modification leading to epigenetic
regulation, (ii) transcription factor and DNA interaction leading to transcriptional
regulation, (iii) post-transcriptional processing of mRNAs and (iv) interaction with

proteins for translational regulation and post-translational modifications235.

Figure 18: Overview of (some of) the known mechanisms of action of InCRNAs.

Chromatin
remodeling

Scaffoldin
Sponging g
miRNAs

Y o W

IncRNA mechanisms of action

Decoy of
transcription

factors Guiding \
/ transcription

! ; factors

Created with BioRender.

Epigenetic chromatin modification. Chromatin exists in a more open state,
euchromatic state that allows for active transcription or a dense, heterochromatic
state that inhibits transcription by polymerases. DNA methylation and
trimethylation of histon 3 favor an heterochromatic state, while acetylation of
histones favors the euchromatic state. Several IncRNAs are characterized to
recruit epigenetic modifiers to specific genes to alter their transcriptional levels?*.
For example, KCNQ1OT1, ANRIL and HOTAIR can all bind PRC2, a histon
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methyltransferase complex to guide it to specific regions238, HOTAIR also has a
scaffold function, bringing PRC2 in close contact with the demethylase LSD1 that
mediates demethylation of histone 3 lysines 4 and 9. By tethering both complexes,
HOTAIR aids in specific histone modification patterns on target genes for
epigenetic regulation of transcription?39,

Guiding and decoy of transcription factors. Besides epigenetic alterations,
IncRNAs are involved in the direct guiding (or decoy) of transcription factors to
promoter regions to regulate gene transcription. The INcCRNA Evf2 is for example
transcribed from a conserved, distal enhancer and promotes transcription of
genes influenced by that same enhancer by binding and recruiting DIx224°.
Sponging and post-transcriptional processing of mRNAs. IncRNAs can also
serve as a sponge for transcribed miRNAs that normally have an inhibiting effect
on the translation of a target gene. For example, the IncRNA TRPM2-AS is found

to be a sponge for the tumor suppressive microRNA miR-612. miR-612 normally

suppresses translation of IGF2BP1 and FOXM1 by base pairingt he 306 UTR

of their mRNA transcripts. The upregulation of TRPM2-AS therefore triggers
increased levels of IGF2BP1, a protein involved in gastric cancer cell
progression?*l. The potential miRNA sponging function of IncRNAs has however
gained skepticism in recent years, as models show that the transcriptional levels
of INcRNAs are most likely to low to successfully counteract highly expressed,
active miRNAs?42. Besides miRNA sponging, IncRNAs can have an effect on post-
transcriptional level by, among other things, the regulation of alternative
splicing?43, controlling RNA stability?*4, RNA decay?*> and RNA methylation236.246,
IncRNAs also can have a direct impact on mRNA translation. For example,
lincRNA-p21 stability is controlled by the RNA-binding protein HuR. Upon
knockdown of HuR, lincRNA-p21 accumulates in HelLa cells, binds and blocks
translation of the mRNAs of JUNB and CTNNB1247.

Post-translational regulation and modifications.

Lastly, IncRNAs are involved in the regulation of post-translational modifications

of proteins. Post-translational modifications of proteins play a role in the activity,
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spatial conformation, stability and interaction with other molecules?®. They
include protein phosphorylation, ubiquitination and acetylation. Phosphorylation
is mainly involved in cell signaling. The IncRNA OLA1P2 is upregulated in
colorectal cancer and blocks the phosphorylation of STAT3 (a transcription factor)
by direct binding as it shares the same conservative STAT3 transcription
response element as STAT3 targets?#8. Ubiquitination marks proteins for
proteasomal degradation. For example, IncRNA HOTAIR acts as a scaffold for
ubiquitin ligases (Dzip3 and Mex3b) and their substrates (Ataxin-1 and
Snurportin-1) to enhance the ubiquitination process and thus degradation,

thereby keeping cells in a senescent state?4°.

2.3.4.IncRNAs during HIV-1 infection

A few IncRNAs have already been identified to play a role in mediating HIV viral
replication or latency. As this research field is still quite new, and IncRNAs are
often only expressed in very specific cell types or cellular states, one can expect
that more IncRNAs implicated in the HIV life cycle remain to be discovered.
Especially because HIV, with its rather small genome, depends heavily on the
manipulation of host factors, including IncRNAs, for its replication cycle and the
evasion of the immune system.

HIV transcribed antisense IncRNA. As described in part 1.5, HIV-1 encodes a
INcCRNA in its antisense strand near the Nef region. This IncCRNA recruits a
complex consisting of EZH2, DNMT3aand HDAC-1 t o t he 56 LTR for
silencing of the HIV promoter. Knockdown of this IncCRNA in latently infected CD4+
T-cells indeed showed reactivation of HIV-125°, The IncRNA is detected mainly in
active CD4+ T-cells, while almost undetectable in resting CD4+ T cells, which
suggests involvement in latency establishment rather than latency
maintenance?s1,

NEAT1. The IncRNA nuclear-enriched abundant target 1 (NEAT1) is known to be

involved in the temporary storage of unspliced HIV RNA in paraspeckle nuclear
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bodies. By retaining the RNA transcripts it coordinates the available of HIV RNA
during the viral life cycle by transporting it to the nucleolus that either degrades it
or transports it to the cytoplasm?%2. In resting CD4+ T cells it seems to have a
different function as NEAT1 is downregulated during reactivation of the resting
cell, leading to increased production and dissemination of HIV253.254, The exact
mechanism behind this increase is not clear.

NRON. The non-coding repressor of NFAT (NRON) is a IncRNA that controls HIV
transcription by regulating the nuclear trafficking of NFAT. A downregulation of
NRON (whose expression levels seem to be controlled by Nef and/or Vpu levels),
increases the activity of NFAT and the viral LTR, leading to higher viral
replication?%5, Like, NEAT1, NRON has a dual function depending on the cell and
viral status. In a latency context, NRON binds Tat and guides it towards
proteasomal degradation by  recruiting cuL4B and PSMD11
(ubiquitin/proteasome processing proteins). The degradation of Tat silences HIV
transcription in an NFAT-independent manner254256,

HEAL.Thee x p r e s sHiVdl enclmaficedincRNA&HEAL)is-wh at 6 s i-n a na
enhanced in HIV infected cells (both CD4+ T-cells and macrophages), while the
levels in bystander cell remain the same. Upon infection, the upregulated HEAL
acts as a scaffold between FUS, p300 (a transcriptional co-activator) and either
the promoter of the human CDK2 gene or the HIV promoter region. So HEAL
controls HIV transcription by directly altering the HIV promoter and indirectly
through CDK2, as this protein is phosphorylated and activates multiple proteins
involved in the HIV replication cycle (Tat, RNA polymerase Il and CDK9, which is
a part of P-TEFb)254257,

LINCO01426. LINC01426 (also named uc002yug.2) mediates a shift in the splicing
of the host gene RUNX1 from RUNX1b/c towards the RUNX1a isoform. The
increased |l evels of RUNX1la cexpressionandsot he 56
enhance viral replication. HIV seems to upregulate LINC01426 in its advantage
upon infection and LINC01426 is also observed to reactivate latent HIV-1 through

this mode of action254.258,
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GASb5. Growth arrest-specific transcript 5 (GAS5) is downregulated upon HIV
infection, which is in favor of HIV replication as GAS5 acts as a competing RNA,
inhibiting the role of miR-873%%°. How miR-873, in the absence of GAS5, enhances
HIV transcription is unknown.

MALAT1. MALAT1 (metastasis associated lung adenocarcinoma transcript 1) is
a highly and widely expressed IncRNA that has been associated with multiple
cancer types. In an HIV context, Qu et al. described that MALAT1 enhances viral
transcription by retaining EZH2 from the polycomb repressive complex 2 (PRC2),
which blocks repressive methylation of the HIV LTR269,

LincRNA-p21. As an example of the cell-type dependent character of INcCRNAs,
the INncRNA lincRNA-p21 is specifically dysregulated in macrophages upon the
initiation of viral infection?61. As early upon HIV entry, HIV sequesters the protein
HuR in the nucleus, which binds and induces lincRNA-p21 degradation. The
degradation of lincRNA-p21 causes the dissociation of the pro-apoptotic complex
of lincRNA-p21 and the protein hn-RNPK. As this complex is dissociated, hn-
RNPK is sequestered in the cytoplasm, triggering an increase in pro-survival
genes in the nucleus of macrophages upon HIV infection, evading apoptosis
induced by the double stranded breaks generated during viral integration in the
genome?254.261,

This last example shows again how the relatively simple HIV virion can hijack
complex cellular processes, involving both proteins and non-coding genes, to
force the human microbiological machinery to establish a favorable environment
to produce as many new virions as possible. To defeat HIV, it will be crucial to
build a complete understanding of this manipulation, so we can counteract. For
example, the discoverers of the IncRNA-p21 dysregulation in macrophages used
a small molecule to prevent hnRNP-K sequestration in the cytoplasm and were

so able to reverse the HIV induced anti-apoptotic effects?54.261
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Figure 19: Mechanism of action of four IncRNAs involved in the viral replication cycle or HIV-1 latency: (NEAT1), noncoding repressor of
Nuclear Factor of Activated T cells (NRON), HIV-1 enhanced IncRNA (HEAL) and LINC01426. See main text for details. Figure as presented
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2.3.5.IncRNAs in interferon response

LncRNAs are also included in the diverse repertoire of interferon stimulated
genes?2, The majority has not yet been functionally explored, but the few that
have been characterized demonstrate that they are involved in interferon
induction, signaling and in building or controlling an antiviral cellular state263-265,
IncRNASs involved in IFN production and signaling. Several IncRNAs have
been described to play a role in the detection of infection through interaction with
PRRs or through the regulation of PRR expression. For example, NEAT1, whose
downregulation increases HIV infection (see part 2.3.4), has also been found to
facilitate RIG-1 expression and thus IFN production in the context of an Hantaan
virus infection?%8. If this regulatory pathway is also involved during HIV context
has not been explored, but this exemplifies that IncRNAs can have multiple
synergistic methods to achieve a goal. Additionally, IncRNAs can boost IFN
production by modulating the synthesis pathway, like the IncRNA MalL1l that
boosts IRF3 phosphorylation and activity263.267, Also further down the line, upon
IFN detection, some IncRNAs have been shown to be involved in signaling, mostly
through the regulation of STAT transcription factors?63,

Modulator of specific ISGs. Upon IFN stimulation, several deregulated INCRNAs
are located very close to coding ISGs in the genome?53, Their co-expression hints
that the IncRNA could regulate the expression of its coding neighbor in cis.
Although, a bidirectional promoter could also cause co-expression. Still, multiple
examples of in cis regulation of an ISGs by a IncRNA have been observed. The
expression levels of the HIV restriction factor Tetherin (see part 1.13.3) are
(positively) controlled by the IFN-induced IncRNA BISPR (bone marrow stromal
cell antigen 2 (BST2 - Tetherin) interferon-stimulated positive regulator) that is
transcribed from a shared bidirectional promoter268,

General modulators of ISGs. Besides regulating specific ISGs, IncRNAs can
acts as general regulators of the transcription of ISGs. The first and best-known

example is NRIR (Negative regulator of interferon response)?°. This IFN induced
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IncRNA inhibits the expression of a whole subset of genes near its genomic
location (including CMPK2 and viperin). But NRIR also downregulates genes in
trans. Depletion of NRIR increases ISG expression, independent of IFN
stimulation, indicating the strong independent capacity of NRIR to control

hyperinflammation?263.270,

2.3.6. HIV protein i RNA interactions

Physical HIV protein T human protein interactions. HIV, like any virus, is highly
dependent on the host® cellular machinery to replicate (e.g. polymerase or pTEF-
b), often with a direct interaction between HIV proteins and host proteins. In 2012,
Jager et al. used affinity tagging and purification mass spectrometry to assess the
physical interaction partners of all 18 HIV-1 proteins in both HEK293 and Jurkat
cells?’1, In total, they determined 497 high confidence HIV protein i human protein
interactions. Several of them have a validated, directimpact on the HIV replication
cycle. The HIV protease cleaves for example the human elF3d protein, a protein
that, when uncleaved, inhibits HIV replication?71.

Beside host proteins, also some non-coding RNAs have proven to be essential
for the HIV life cycle, with the human tRNAYS® as the prime example, as this is
used as primer during reverse transcription. Other non-coding RNAs are also
hijacked by HIV in its favor (e.g. HEAL or LINC001426), but to what extent non-
coding RNAs have physical contact with HIV proteins is not clear yet. However,
several HIV proteins are known to have RNA binding capacity, including Gag,
Nucleocapsid, Matrix and Integrase.

HIV Gag RNA interactions. As Gag needs to package the viral RNA genome
into the virion before budding occurs, it needs to specifically bind HIV RNA during
virion assembly. For RNA binding Gag is mainly dependent on its Nucleocapsid
and Matrix domains, rather than its capsid or p6 domains?’2.

Nucleocapsid domain RNA binding during packaging. The Nucleocapsid
domain is the primary RNA-binding domain of Gag during packaging. Kutluay et
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al. showed in 2014 by performing crosslinking-immunoprecipitation sequencing
(CLIP-seq) for the Gag protein that HIV packaging seems two happen in a two-
step process: while Gag is present as a monomeric protein in the cytoplasm of
the cell, prior to virion assembly, the Nucleocapsid domain preferentially binds to
the Psi and RRE region in the viral genome, and GU-rich host RNA
seqguences?’3274, Membrane-associated Gag multimerization at the start of virion
assembly causes an affinity change, shifting RNA binding towards many site on
the HIV genome and to host RNAs with an HIV-like adenosine-rich nucleotide
composition.

Selective initial packaging of HIV thus happens through Nucleocapsid binding of
a cis-acting packaging element, Psi, located just upstream of the Gag initiation
codoni n t h e of5hé fulklehdh HIV RNA genome. Psi contains four G-rich
stemloops (SL1-SL4) that can bind with two Cys-Cys-His-Cys-type zinc finger
motifs in the Nucleocapsid domain?72275.276_ The associated viral RNA serves as
a scaffold for Gag monomers during the initial multimerization by balancing
external forces acting on the assembly environment?’’. There is also some
evidence that non-specific Nucleocapsid-RNA interactions serve as a scaffold
during assembly. However, when Ott et al. deleted the nucleocapsid domain from
the lab-strain NL4.3 HIV genome, they were still able to produce (four- to sixfold
fewer) virions, suggesting that viral RNA and host RNA interactions are not
absolutely essential during assembly. However, the virions did lack viral RNA to
a great extent, making them noninfectious278.

Less than 1 % of the total RNA in an infected cell is represented by HIV RNA,
while a virion contains 60-75 % HIV RNA. The CLIP experiments of Kutluay et al.
however, showed that only a few fold more viral RNA than cellular RNA is
associated with Gag?’3. The initial binding of Nucleocapsid to the viral Psi region
alone is thus insufficient to explain specific packaging of viral RNA in the virion?74.
The affinity switch after dimerization of Gag to A-rich RNAs can partly explain the
larger specificity of RNA packaging. The authors suggest that the HIV genome

might have been evolutionary enriched for A-rich motifs to accommodate for
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packaging specificity?’3. When the budded virion matures, the RNA affinity of Gag
shifts again towards a preference to GU-rich RNAs, probably due to the profound

configuration changes in the nucleocapsid domain?74.
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Figure 20: (a) Schematic representation of the HIV-1 Gag and Gag-Pol precursor
proteins. (b) Overview of Gag-RNA interactions during HIV packaging, budding
and maturation. Source: Paul Bieniasz and Alice Telesnitsky?274.

Matrix domain RNA binding. Kutluay et al. also foundthat Gagdés mat r
almost exclusively binds with human tRNAs in the cytoplasm (but not in virions).
While tRNAs like tRNAYS3 might be packaged into the genome to serve in the
replication cycle upon infecting a new host cell, the tRNA binding was
demonstrated to have a secondary role. Gag is known to interact with a plasma-
membrane-specific acidic phospholipid, phosphatidylinositol-(4,5)-bisphosphate
or PI(4,5)P(2), via the highly basic region (HBR) within the Matrix domain to
facilitate membrane binding?”°. RNA binding to Matrix was observed to block Gag

from interacting with intracellular membranes lacking PI(4,5)P2, while the
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PI(4,5)P2 plasma membrane can still interact with RNA-interacting Gag?7%-281, The
hypothesis is that tRNA binding redirects Gag towards the plasma membrane,
rather than intracellular membranes.

RNA binding by p6. The role of the p6 domain for Gag RNA binding is still under
debate. In 2018, Dubois et al. compared the RNA affinity of full-length Gag versus
Gagepb6, a truncated f or m naif, ushg Biffusioa lgght
Scattering?82. They reported that p6 is crucial for specific viral genomic RNA
( gRNA) binding, as Gagep6 binds IInexs
however, Sarni et al., using mass spectrometry, showed that Gag and
can bind with equal specificity to Psi-containing gRNA and that this binding mainly
occurs when Gag is present as a dimer rather than a monomer, supporting the
idea that Psi binding to Gag promotes early Gag-Gag nucleation events283,

RNA binding by Pol encoded proteins. No reports exist of RNA binding by the
HIV Pol protein. However, when the HIV virion matures, Pol is cleaved into
Protease, Reverse transcriptase, and Integrase, which do have some reported
RNA binding capacity. Analysis of a certain set of mutations within the Integrase
gene made clear that Integrase has roles outside viral DNA integration, as the
mutations affect virion morphogenesis. Kessl et al. showed that Integrase
specifically binds gRNA and that allosteric Integrase inhibitors (ALLINIS) impairing
Integrase-gRNA interactions cause mis-localization of the nucleocapsid-coated
viral RNA outside the capsid core?84285, The mechanism of Integrase-dependent
localization of gRNA in the virion is not completely known, although local structural
changes in the regions of the 5'-UTR have been observed recently upon Integrase
binding?28e,

Some data exists that suggests that direct RNA binding by protease enhances
the cleavage efficiency of Gag and Gag-Pol by Protease during maturation?®”.
Reverse transcription has an inherent RNA binding capacity, as it needs to bind
the viral gRNA to perform reverse transcription.

RNA binding by other HIV proteins. As described in part 1.8, Tat binds the TAR

region in HIV transcripts to promote transcription elongation. Besides viral RNA,

69

acki ni

gRNA

Gagephb



the interaction with 7SK RNA has been well described and in 2014 Bouwman et
al. reported that Tat binds a set of host RNA molecules that share a stem-loop
structural element?8,

Nef has been reported to bind RNA in a cell-free context, but very few is known
about the function in vivo28d,

Vif targets APOBEC3G for proteasomal degradation, but can also downregulate
the HIV restriction factor APOBEC3G at the post-transcriptional level by binding
its MRNA and inhibiting translation2°. Furthermore, Vif has RNA chaperone

activity through its unstructured C-terminal domain2°t,

2.3.7. High-throughput assays to detect protein-RNA interactions

To determine the RNA-interactors of a specific protein in a high-throughput
fashion, native RNA Immunoprecipitation with subsequent sequencing (nRIPseq)
can be performed. The general workflow consists of lysis of a large number of
cells, followed by a pre-incubation with magnetic beads that will be used for
specific immunoprecipitation of the protein of interest. The objective of this pre-
incubation is to allow aspecific binding of RNA with the beads to occur and remove
from the reaction prior to the actual IP of the protein. Next, specific antibodies are
added to the lysate that will bind to the protein of interest. For accurate results,
ideally, the protein is tagged with a peptide (e.g. FLAG) that allows for high affinity
binding of an antibody. The protein-antibody complex will then be
immunoprecipitation with magnetic beads that specifically bind the antibodies.
After several washing steps, the purified protein is treated with a proteinase to
release it attached interactors. With RNA extraction and subsequent whole RNA
sequencing, one can determine the RNA interactors of the protein of interest. To
differentiate with background, often background controls (with an aspecific or no
antibody condition) are included that allow differential expression with the actual
IP condition. In comparison to crosslinking immunoprecipitation sequencing

(CLIPseq) techniques, no crosslinking (chemically or with UV-light) is performed
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prior to lysis. This makes nRIPseq easier to operate and thus guarantees a high
throughput and good reproducibility. Because of the lack of crosslinking however,
nRIPseq will only detect strong protein-RNA interactions, while CLIP methods can
detect specific, but transient interactions?%2. CLIP methods also have the ability to
determine the direct interaction site of an interaction with high resolution,
information that is mostly missing from nRIPseq output. Another disadvantage of
nRIPseq over CLIPseq is the fact that the interactions might only occur post-lysis
during the protocol, while the interactions detected by CLIP will mainly present

crosslinked interactions that occurred in the natural cellular micro-environment.

2.3.8.RNA oriented therapies

A major hurdle in modern medicine is the imprecision of our current drug regimen,
very often causing undesirable side effects as the target of the drug is present in
all kinds of tissues and cell types that have nothing to do with the malignancy. The
restricted spatio-temporal expression of INcRNAs could provide a way to develop
more specific drugs. A IncCRNA that is for example only expressed in HIV infected
CD4+ T cells, would represent an ideal candidate to develop a drug only targeting
the infected cells, while keeping the healthy immune system unaffected. Likewise,
the interaction between an HIV protein and a host factor, like an RNA molecule,
is naturally not present in a healthy cell. The interaction itself could also be an
excellent target for development of very specific drugs.

Therapies targeting IncRNAs directly. The expression of IncRNAs can be
reduced through a set of silencing techniques, including antisense
oligonucleotides (ASOs), short interfering RNAs (siRNA) or CRISPR interference
(CRISPRI). ASOs and siRNAs both trigger degradation of their target RNA
molecule, but through different routes. An ASO is a single-stranded string of 15-
20 oligonucleotides. ASOs can work through the formation of ASO-RNA
heteroduplexes that are degraded by cytoplasmatic RNase H enzyme.

Alternatively, ASO binding can cause steric hindrance causing translation arrest
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or ASO binding can trigger (correct) exon skipping or inclusion. Unmodified, an
ASO would be susceptible to nuclease degradation, would have a low intake
efficiency by the cell and would not have a high affinity for serum proteins within
the circulatory system (from which its bioavailability can benefit)?®3. However,
several chemical modifications have improved these characteristics: (1)
phosphorothioate ASOs comprise a sulfur group instead of a non-bridging
oxygen, resulting in strong bound that increases resistance to degradation, (2)
locked nucleic acids (L(NAs)yhave met hyl ene bridges bet wee
carbon, giving them a higher binding affinity to their RNA target??3. Gapmers have
an LNA-DNA-LNA configuration that further promotes RNase H degradation of
the target. Gapmers have a half-life of 15 h, about 10-fold longer than unmodified
ASOs??4, In vivo delivery of ASOs has been challenging, most often tried to be
overcome by chemical modification of the ASO or nanoparticle formulation2s.
Fomivirsen was the first ASO-based drug to be FDA approved in 1998, to treat
retinitis caused by cytomegalovirus infection in immunocompromised AIDS
patients29, In 2020, 10 oligonucleotide therapeutics have been approved?®> and
with many clinical trials ongoing, oligonucleotide therapy could be a
gamechanger. siRNAs are small double-stranded RNA molecules that associate
with the RNA-Induced Silencing Complex (RISC). After binding RISC, the strands
separate, leaving a guide strand that can bind to a complementary region of a
target MRNA. The Argonaute endoribonuclease of RISC cleaves the target
MRNA, preventing translation into a protein2%. Like ASOs, delivery of sSiRNAs has
been the major challenge to apply it in humans, due to their relatively large size,
instability in the blood stream and their potential to trigger toll-like receptors2,
Nevertheless, through chemical modifications and siRNA-ligand conjugates this
could be overcome and in 2018, the FDA approved the first sSiRNA therapeutic.
ONPATTRO™ (Patisiran) is used to treat transthyretin-mediated amyloidosis. In
2022, already four drugs have been FDA-approved, showing the rapid expansion
of the siRNA drug regimen?®’. Alternatively, CRISPRI could be used to reduce
INcRNA expression. CRISPRI is an adaptation of the CRISPR/Cas9 editing
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system (see part 1.12) where the Cas9 protein is made defective Cas9 (dCas9)
through a mutation. When the guide RNA binds the genomic target region, the
associated dCas9 molecule inhibits transcription through a steric block of the
polymerase?®. Additionally, a repressor domain (e.g. Kriipel associated box
KRAB-MECP?2 fusion) can be fused to dCas9 to induce a heterochromatin state
of the DNA target region and further repress expression. For now, the technique
is mostly used in vitro, but some in vivo studies provide hope that also this
technigue could be used therapeutically?®®. The disadvantage of CRISPRI is that
for some target genes the genomic location mightbetoo 6 ¢ r o w d reighboribgy
genes to exclude off-target effects.

Small molecules targeting the protein-RNA interaction. Protein-RNA
interactions could be targeted with small-molecules to disrupt or modulate the
interaction. Several small-molecule protein-RNA interaction modulators have
already been discovered, including mRNA-protein interaction modulators and
IncRNA-protein interaction modulators3%, In 2015 for example, Fatemi et al. used
the AlphaScreen assay for high-throughput screening of small-molecule INCRNA-
protein interaction modulators, by which they identified the compound ellipticine
that could modulate the interaction between the IncRNA BDNF-AS (brain-derived
neurotrophic factor antisense) and the epigenetic enzyme EZH2 (Enhancer of
zeste homolog 2)3°1, Ellipticine ensures that BDNF-AS can 6t gui de EZH?
promoter region of BDNF, leading to less histon methylation and an upregulation
of BDNF, a protein that is down-regulated in several neurodegenerative disorders.
Small molecules have the advantage that they can commonly be administered
orally and that they can often pass-through cell membranes to reach target

tissues.
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CHAPTER 3: RESEARCH OBJECTIVES

HIV cure research seems to have hit its limits for now. Research involving shock-
and-kill, block-and-lock, vaccination, broadly neutralizing antibodies, CAR-T cells,
gene therapy or gene editing has made considerable progress, but a major
breakthrough has been missing. This can be attributed to the extremely complex
way HIV is interacting with the host; infecting a large variety of anatomical
locations and cell types with an array of different viral strains and hijacking the
cellular machinery to infect cells and to convert into a latent state untouchable by

the immune system or antiretroviral therapy.

Therefore, this doctoral thesis tried to take a step back, to first completely
understand this virus-host interplay and thereby hopefully fueling new HIV-1 cure
research. To do so, | focused on an aspect that had only been partially uncovered,
namely the interplay between HIV-1 and host RNA. This research can be

subdivided in two main research topics.

The first research goal was to unravel the complete HIV-1 protein - host RNA
interactome to understand how HIV-1 uses host RNA for its own benefit. This
research focused on general RNA binding, including both mMRNAs and non-coding
RNAs.

The second research goal aimed to explore the class of long non-coding RNAs in
the context of an HIV-1 infection. These research goals can be further subdivided

in specific aims.

Research goal 1: exploring the complete HIV-1 protein i host RNA

interactome. Aims:

1. Determining the (specific) host RNA interactors of each individual HIV-1
protein and polyprotein (CHAPTER 4).
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2. Screening this RNA interactor dataset to identify host dependency factors
controlled or hijacked by HIV-1 on the RNA level (CHAPTER 4).

Research goal 2: exploring the class of long non-coding RNAs in the

context of HIV-1. Aims:

1. Exploring (long) non-coding RNA expression in macrophages in
response to three types of interferons or to an HIV-1 infection, to prioritize
IFN-related IncRNAs for further functional validation (CHAPTER 5).

2. Determining the expression profiles of the HIV-1 related IncRNAs HEAL,
MALAT1, NEAT, GAS5 and NRON in the context of an antiretroviral
treatment interruption trial to evaluate their in vivo regulation and potential
as a biomarker for viral rebound (CHAPTER 6).
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CHAPTER 4:
INTERACTOME OF HIV-1 PROTEINS AND HOST RNA
REVEALS NEW HOST DEPENDENCY FACTORS

Research paper 1: Interactome of HIV-1 proteins and host RNA reveals new

host dependency factors
Tinus Schynkel, Willem van Snippenberg, Kimberly Verniers, Gwendolyn M.
Jang, Nevan J. Krogan, Pieter Mestdagh, Wim Trypsteen and Linos

Vandekerckhove

Cell, host & Microbe (submitted 2023)

Contributions: The candidate contributed in whole or in part to the
conceptualization, design of the work, data acquisition, analysis, interpretation,

visualization and drafting of the manuscript.
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Interactome of HIV -1 proteins and host
RNA reveals new host dependency factors
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Abstract:

The human immunodeficiency virus (HIV -1) is highly dependent on a variety
of host factors. Beside proteins, host RNA molecules have been repoted to aid
HIV -1 replication and latency maintenance. Here we report the use of multiple
workflows of native RNA immunoprecipitation and sequencing (nRIPseq) to
determine direct host RNA interaction partners of all 18 HIV -1 (poly)proteins.
We identified 1727 HIV-1 protein + human RNA interactions in the Jurkat cell
line and 1558 interactions in SupT1 cells for a subset of proteins. We discovered
different cellular pathways that seem to be used or controlled by HIV -1 on the
RNA level: Tat binds for exampl e mRNAs of proteins involved in the super
elongation complex (AFF1-4, Cyclin-T1). Correlation of the interaction scores
(based on binding abundance) allowed to identify the highest confidence
interactions, for which we performed a small -scale knockdown screen that led
to the identification of three host dependency factors (AFF2, H4C9 and RPLPO).

Keywords: HIV -1, host dependency factor, AFF2, RPLPO, H4C9, protein
interactions, host RNA

78



1. Introduction

The human immunodeficiency virus (HIV -1) is a relatively compact biological
entity: nine genes encoding for 15 proteins. Remarkably, with only these tools
available, HIV -1 is able to infect CD4+ cells, replicate and perform immune
evasion. Although combinational antiretroviral therapy (CART) can control an
HIV -1 infection, it cannot eliminate the virus, as HIV -1 can initiate and maintain
a latent state that causes viral rebound upon treatment cessation[1]. To achieve
all this, HIV -1 is heavily dependent on host factors, ranging from co-receptors for
viral entry to the ribosom al translation machinery of the host cell [2-4].
Historically, research was mainly f ocused on examining direct protein -protein
interactions (PPIs) to discover host proteins, complexes and pathways hijacked
by the virus, while other types of host dependency factors (HDFs) were
somewhat overlooked [5]. However, the last decade it has become clear thathere
are other major RNA classesexerting cellular functions [6]. More and more non-
coding genes, including small nuclear RN As, small nucleolar RNAs, microRNAs
and long non-coding RNAs (IncRNASs) are being discovered and functionally
characterized [7]. Especially, IncRNAs are an interesting and emerging class of
regulatory mo lecules that have unique features: transcription at lower levels, a
poorly conserved sequence across species, but more cellype and disease state
specific expression [7,8]. To date, several IncRNAs, including the non-coding
repressor of NFAT (NRON) [9] and LINC01426 [10], have been reported to play
arole in HIV -1 infectivity and/or latency maintenance by directly interacting with
HIV -1 proteins. Besides norrcoding RNAS, also host messenger RNA (MRNA)
binding with HIV -1 proteins has proven to perform regulatory roles in the HIV -
1 replication cycle [11-12]. Thus, to understand the complete virus-host interplay,
it is crucial to uncover the RNA interaction partners of all HIV -1 proteins.
However, no large-scale screens to discover RNA host dependency factors of
HIV -1 via interactor profiling have been reported yet.

Here, we performed native RNA immunoprecipitation and sequencing (nRIPseq)
in the T lymphocyte -based Jurkat cell line for each of the 15 HI\:1 proteins, as
well as for its three primary polyprotein products (Gag, Pol, Env ) to construct a
full HIV -1 protein ¢ host RNA interactome. Additionally, for (poly)proteins
showing a high RNA -binding capacity, nRIPseq was performed using alternative
antibodies and in a second cell line (SupT1), strengthening this extensive HIV-1
protein-host RNA interactome and uncovering a variety of pathways involved in
the HIV -1 replication cycle at the RNA level. Finally, antisense oligonucleotide
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(ASO) knockdown of the most abundant RNA interactors in SupT1 cells revealed
three host dependency fadors (AFF2, H4C9 and RPLPO) for which knockdown
inhibited HIV -1 replication up to 48 h post infection.

2. Results
2.1 Native RIPseq reveals host RNA interaction partners of HIV -1 proteins

To unravel the interactome of HIV -1 proteins and human RNAs, native RNA
immunoprecipitation with subsequent RNA sequencing (nRIPseq) was
performed on 18 Jurkat cell lines that each express an individual double -tagged
HIV -1 (poly-)protein (2xStrepTagll-TEV-3XFLAG) upon doxycycline induction
(Figure 1A-Bt assay A). To increase the enrichment of true RNA interactors and
reduce aspecific signals, two nRIPseq background controls were included
(nRIPseq of tagged GFP and nRIPseq with amouse IgG antibody), and for each
HIV -1 protein nRIPseq experiment the optimal signal-to-noise ratio was
determined (Supplementary Table S1). Western blot was performed to confirm
specific pulldown of the HIV -1 protein (Supplementary Figure S1). This full
interactome revealed a total set of 1467 HIV-1 protein + host RNA interactions,
with Nucleocapsid being the HIV -1 protein that possesses the highest host RNA
binding capacity with 857 interactions, follow ed by Rev (289), Pol (73) and Gag
(73) (Figure 1C). The other HIV-1 proteins displayed a more limited host RNA
binding profile with less than 50 interactions. Reverse transcriptase (RT) was the
sole HIV-1 protein for which no host RNA interactions were ide ntified.

Next, we aimed at validating this HIV -1 protein ¢+ host RNA dataset by
performing three complementary nRIPseq workflows on a focused set of HIV -1
proteins (Figure 1B). First, Strep-based pulldowns were performed for six of the
HIV -1 proteins, displaying the highest RNA binding capacity in Jurkat cell lines
(Nucleocapsid, Rev, Pol, Gag, Matrix, Tat) (Assay B; Supplementary Figure S2).
Second, for three HIV -1 proteins (Nucleocapsid, Matrix, Tat) demonstrating the
strongest host RNA interactions, we created a second cell line of interest (SupT1
cells) and performed FLAG -based nRIPseq, both in the presence and absence of
an HIV -1 infection (Assays C and D; Supplementary Figures S3 and S4). All
detected interactions as well as the count tables of all nRIseq experiments can be
found in supplemental.
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FHgure 1: Native RNA immunoprecipitation and sequencing (nRIPseq) of Hproteins

A-B. Overview of four nRIPseq assaysD))¥performed on cell linethat express a single
2xStrepTagiTEV3xFLAGagged HIVL protein. Assay A was performed on uninfected
Jurkat TRex cells with arrLAG antibody. Assay B used uninfected JurexTcells
and MagStrep "type 3" XT beadAssay C and D were performed on uninfected and on
NL4.3 HIM infected SupT1 cells, respectivelyitwanti-FLAG antibody. Background
controls included nRIPseq with an antouse 1gG antibody (A, C, D) or unconjugated
beads (B) and nRIPseq2{StrepTagiTEV3xFLAGaggedGFP. C. Number of detected
RNA interactors for all HiV protein for each of théour performed assays. Grey depicts
assays that were not executed for the corresponding protein. D. Ratios of the biotypes
of the detected RNA interactors for all HI\proteins for each of the performed nRIPseq
assays (A).NC: Nucleocapsid, MA: Matri¥: Integrase, PR: Protease, CA: Capsid.

In general, 86.1% of the identified RNA interactors of HIV proteins were protein -
coding mRNASs, 3.0 % IncRNAs, 6.8% pseudogenes, 2.36 tRNAs and 1.5% non-
coding small RNAs (Figure 1D and Supplementary table S2), indicating a wide
variety of RNA families that are recruited during HIV -1replication. Using Strep-
based nRIPseq, the majority of the detected RNA interactors of both Gag (95%)
and Rev (65%) were tRNAs.
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The four workflows of the nRIPseq platform displayed a significant overlap
(Fisher exact tests in Supplementary table S3) in detected RNA interaction
partners: for Nucleocapsid, 40.7 % of the RNA interactors were detected by at
least 2 out of 4 nRIPseq workflows (Figure 2A). For Matrix and Tat this was 8.7%
and 10.7 % respectively, but the fact that one workflow detected a considerable
higher number of RNA interactors for those proteins, lowered these percentages
substantially. To be able to compare detected interactions between proteins and
workfl ows, we developed an interaction score based on the reads per million
(RPM) difference of an RNA interaction partner with the RPM of the background
controls over all three replicates. This revealed a significant correlation between
interaction scores for al four nRIPseq workflows (Figure 2B, Supplementary
Figure S6 and Supplementary table S5). Only for the proteins Tat and Matrix,
assay B (Strepbased nRIPseq in Jurkat cells) did not correlate with assay C and
D (in SupT1 cells). This could partially be explained by potential masking of the
RNA binding place of the protein by the alternative pulldown method. When
comparing proteins, the top RNA interaction partners of Matrix have by far the
highest interaction scores, up to 50times higher than the average top RNA
interaction partners (Figure 2C), indicating strong and abundant interactions that
are specific (as not more than 50 interactions were detected, each with a strong
correlation between assay A, C and Dt Figures 1C and 2B). Other proteins
displaying strong, abundant RNA interactions are Nucleocapsid, Tat, Integrase,
Gag and Rev. The few interactions found for GP41, Vpr and Vif are rather weak
and sparse (Figure 2C).

Interestingly, besides a considerable overlap (Supplementary table S5) between
the nRIPseq results in uninfected SupT1 (assay C) and HI\A1 infected SupT1 cells
(assay D), we can also distinguish distinct RNA interactions detected in only one
of both conditions. For Tat, 18 interactors are identified by both assays, but the
presence of anHIV -1 infection provoked an additional 140 detected Tat ¢ host
RNA interactions. Similarly, for Nucleocapsid and Matrix we observed
differences in host RNA interactions based on the infection status, suggesting that
the cellular environmental context might influence the RNA binding preferences
of the HIV -1 protein (Figure 2A).
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Figure2: Overlap and correlation between HIY protein RNA interactors identified by

four nRIPseq workflowsA. Venn diagrams showing the overlap between the RNA
interactors identified by the four nRIPseq assaysDjAfor the HIVL proteins
Nucleocapsid, Matrix andlat. For Rev, Gag and Pol, overlap between assay A and B is
shown. B. Spearman correlations between the interaction scores of the four nRIPseq
assays for Nucleocapsid, Tat and Matrix. Positive and negative correlations are depicted
in blue and red, respeiwely. Significant correlations are indicated with asterisks (p <
0.05: *, p < 0.01: ** and p < 0.001: ***) c¢. Heatmap showing the top 10 detected
interactors of each H protein, based on the mean interaction score. Negative scores
are depicted in whi.

Next, we constructed an interactome network view of the 1727 HIVihuman
interactions identified in the Jurkat cell line containing nodes corresponding to 18
HIV poly(proteins) (blue) and 1 393 human RNAs (Figure 3). The network
representation of the 1558 interactions identified in the SupT1 cell line for
Nucleocapsid, Matrix, and Tat can be found in supplemental (Supplementary
Figure S7).
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Figure3: Interaction network of HIV1 proteins and host RNA interactors in the Jurkat
cel line. In total 1754 interactions were detected between host RNAs a8dHIV
proteins in Jurkat cells by either asiRLAG nRIPseq (grey), &TIREP nRIPseq (brown)
or both (black). Thicker connectors correspond to interactions with higher interaction

scores.
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2.2 Analyzing the HIV-1 protein host RNAinteractomés): Gene ontolgy and motif
enrichment

The interaction network, combined with gene ontology (GO) enrichment analysis
performed on the set of interacting RNAs for each HIV -1 protein, revealed a
variety of RNA clusters for which the protein products are involved in specif ic
biological processes (Figure 4A, Supplemental table S6). One remarkable
observation is the fact that Tat interacts on an RNA level with a number of genes
that are part of the ELL-containing super elongation complex (GO:0032783):
AFF1, AFF2, AFF3, AFF4CCNT1 and 7SK RNA. 7SK RNA is an abundant small
nuclear RNA that sequesters the positive transcription elongation factor, P-TEFb,
a complex that is recruited by Tat for the phosphorylation of paused RNA
polymerase Il and re-initiation of transcription [13 -15]. AFF1 and AFF4 have been
shown to increase the affinity of Tat for P-TEFb subunit cyclin T1 (CCNT1) to
facilitate P-TEFb extraction from 7SK RNA [16, 17]. One hypothesis is that Tat, in
complex with P -TEFb, binds the mRNAs of these factors in a feedforward loop
to enhance their transcription and HIV -1 transcription elongation. Gene ontology
terms enriched for HIV -1 proteins Gag, Nucleocapsid, Rev and Integrase are aII

translatb O0~» w @&. 0YYY! hWlhAw EOEw ?UUUUEUUUEOW ¢
P&. OYYYt At kABw %OUw , ECUPROW UT T wUOxw i OUPET
EOOUUPUUI OUw Oi w ETUOOEUDPO? w m&. oYY+ YKkI AAuw
(G0:0006334), as 43 out of 93 detected RNA interaction parters of Matrix were

histone gene mRNAs. The few RNA interactions detected for Protease (9) did

Ul OpwUDT OPi PEEOUwWI OUPET O OUwi OUwi il Ol UwbOY
EEOOOPEEOwW6 OUwUDT OEODPOT wxEUI PEa?2 wep&. o YYNYI
The canonical Wnt signaling pathway has been reported to inhibit HIV

transcription and correlates with HIV controller status [18].

In order to unravel the mechanism behind the specific RNA binding of the HIV

proteins, a motif discovery search was performed using the Hy pergeometric
Optimization of Motif EnRichment (HOMER?2) software. This rendered eight

enriched de novo RNA motifs in the RNA sequences of the Matrix interactors,
from which the top three is shown in Figure 4B. For the other proteins, no
enriched motifs could be identified in the RNA sequences of the detected
interactors.
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Top 3 motifs in RNA interactors of Matrix P-value Fold increase
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Figure4: a. Gene ontology (GO) enrichment analysis was performed with DAVID [19] for
the RNA interaction partners of every protein detected in the Jurkat cell line. The size of
the circle represents the fold enrichment of the GO term. For the sake of clarity, only the
top five of each DAVID functional annotation cluster is depicted (full table in
Supplemental table S6)-\Rilues are Bonferroni adjusted. A grey dashed line shows the
0.05 significance cutoff. b. Top three enriched motifs identified with HOMER2 in RNA
interaction partners of Matrix detected in the jurkat cell line. Fold increase is calculated
compared to the background of nanteracting RNAs (with average sequencingrieu
>500). C. Venn diagram showing the overlap between detected interaction partners with
enrichment scores > 50 and host dependency factors identified by the-tmae SIRNA
screens performed by Konig et al., Brass et al., and Zhou et al.
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2.3 KnockdownASO screening for prioritization of functional hedependency factors

In 2008 three genomescale RNA interference screens were performed to identify
host dependency factors (HDFs) required for HIV replication by Kénig et al.,
Brass et al., and Zhou et al [2-4]. We hypothesized that the genes identified in
this nRIPseq screen could be HDFs regulated on the RNA level. We overlapped
the top 365 identified hits (interaction score > 50) with the HDFs identified by the
RNAI screens and found a limited but sign ificant overlap with Zhou et al. (p =
0.015) and Brass et al. (p = 0.027), comparable to the poor mutual overlap between
the RNAI screens themselves.

To assess to which exten the identified RNA interaction partners might be
functional HDFs, we performed an in vitro antisense oligonucleotide (ASO;
gapmer) mediated knockdown in SupT1 cells on a selection of 15 RNA interactors
across 7 HIV-1 proteins and assessed the effect on GFRagged NL4.3 HIV-1
infectivity (Supplemental Figure S8). For three RNA interac tors we observed
significantly impaired HIV -1 infectivity when the SupT1s were pretreated for 48
h with two target -specific ASOs, compared to a condition treated with a
scrambled control ASO (Figure 5A). These three are ALF Transcription
Elongation Factor 2 (AFF2) mRNA interactor of Tat, 60S acidic ribosomal protein
PO (RPLPO) mRNA interactor of both Nucleocapsid and Rev, and H4 Clustered
Histone 9 (H4C9) mRNA detected as interacting with Nucleocapsid, Gag and
Rev. Knockdown was confirmed with gPCR both bef ore and 48 h post HIV -1
infection (Figure 5B).
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Figure5: Effect of antisense oligo (ASO) mediated knockdown on Hlnfectivity.
SupT1 cells were treated for #8wvith ASOs that specifically target H4C9, RPLPO or AFF2
mMRNA for degradatiorhefore the cells were infected with Gid&gged NL4.3 HIY. A.
Percentage of GFP expressing cells, corresponding to the number-dfikfec¢ted cells,

24 h and 48 post infection in cells treated with specific ASOs or with a scramiaad
targeting control ASO. b. Normalized quantities of RNA expression relative to the
condition treated with the scrambled control ASO, A®ost ASO treatment and 48

post infection (p < 0.05: *, p < 0.01: ** and p < 0.001: ***),
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3. Discussion

Here, we present four nRIPseq workflows across two cell types and infections
states, to explore HIV-1 protein ¢ host RNA interactions across all HIV-1
(poly)proteins, identifying 1 727 protein-RNA interactions in the Jurkat cell line
and an additional 1558 interactions in the Suptl cell line for a selected set of
proteins.

(Non-coding) RNAs interacting with the HIV -1 proteome

In general, the clear majority of the identified RNA interactors of HIV -1 proteins
are protein-coding mRNAs (86.1 %), although nRIPseq using preconjugated
, ET 2001 xw?2U0ax1t 2 w7 3 HEAGRE hbdyR@pehts tofpovid®d wE OU D
broader overview of the non-coding binding partners. A potential higher
background binding might mask these interactions in the anti -FLAG nRIPseq
results, as noncoding RNAs are often very low expressed, needing deeper
sequencing. Overall, we did however identify a number of strong HIV -1 protein
¢+ non-coding RNA interactions. We confirm multiple reports that the
nucleocapsid domain of Gag binds the non-coding 7SL RNA abundantly through
its Nucleocapsid domain to retain this RNA in its virions [11, 28 -30]. 7SL RNA is
part of the signal recognition particle (SRP) ribonucleoprotein complex that direct
mRNA translation through transmembrane pores. The reason for co
encapsulation of 7SL RNA by HIV-1 and other retroviruses is not well
understood, but Wang et al. showed that the HIV -1 restriction factor APOBEC3G
is packaged into the virion through 7SL RNA interaction, showing that 7SL RNA
aids in innate antiviral immunity [31]. The strongest IncRNA ¢ HIV -1 protein
interactions detected were: (1) NORAD (non-coding RNA activated by DNA
damage) interacting with Pol, (2) an interaction between Matrix and a novel
PARVB sense overlapping IncRNA (ENSG0000028434) and (3) IncRNA GIHCG
interacting with Nucleocapsid. None of these three IncRNAs have been described
or explored in the context of an HIV -1 infection and this database could thus be
mined as a source for functional characterization studies of new HIV -1 related
IncRNAs. We also identified multiple pseudogene interactors. As the
classification of pseudogenes as nonfunctional has recently been challenged [32,
33], one should not completely ignore these interactions, as they might as well
have a functionality, although the interaction could also arise from a shared RNA
Ul gU1 OET vOOUDPI wpbUT wOT 1T wxUI UEOGT T Ol zUwi UOEU
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The Nucleocapsid domain is the main contributor to Gag RNA binding

We were the first to explore HIV -1 protein ¢+ host RNA inte ractions across all HIV-
1 (poly)proteins, but a few studies had however already performed analogous
experiments for single HIV -1 proteins for which we could confirm a number of
results. Kutluay et al. [11] performed crosslinking immunoprecipitation (CLIP)
sequencing to assess RNA binding by Gag. They showed that, while the
Nucleocapsid domain of Gag binds with the cis -acting packaging element Psi for
selective packaging of the HIV-1 RNA genome, there is also host RNA-Gag
binding that serves as a scaffold for Gag monomers during initial multimerization
for virion formation. This host RNA binding is semi -specific, as they report a
preference for AG-rich RNA binding before virion assembly, and a shift towards
GU-rich RNAs after assembly and maturation. Because we relied on nRIPseq
rather than the more demanding CLIP assay for the sake of throughput, we lack
the information on nucleotide enrichment in our dataset. This also explains our
difficulty to identify specific RNA motifs (only for the Matrix domain we cou Id
identify 8 de novo motifs): nRIPseq sequences the complete RNA interactor rather
than the binding site, as achieved by CLIPseq. But we can confirm that Gag binds
numerous host RNAs, mainly driven by its Nucleocapsid domain, as
Nucleocapsid represents the overwhelming majority of the interactions in this
dataset.

Specific tRNA -Gag interactions : tRNA Lys3 (UUU)  tRNA Lys12 (CUU) tRNA SeC1(TCA),

Kutluay et al. also reported that Gag binds a multitude of host tRNAs with its
Matrix domain, shown to redirec t Gag towards the plasma membrane, rather
than intracellular membranes, to facilitate budding [11]. Our data confirms that
Gag has a high preference for tRNA binding, including: (1) tRNALys3 (UUU), the
primer used by HIV -1 during reverse transcription [20, 21], (2) its non-primer
lysine tRNA isoacceptor tRNALysl,2 (CUU) was also found to bind
Nucleocapsid, a tRNA that had been reported to be preferentially encapsulated
in the HIV -1 virion as well, although it is not used as primer [21 -23], and (3) 34
non-ly syl tRNAs. In contrast to Kutluay et al., we observed that Matrix binds
tRNAs to a lesser extert when it is not included as a domain in the Gag
polyprotein, suggesting that Gag -tRNA binding might not be dominated by the
Matrix domain alone. Indeed, Kleima n et al. showed that tRNALys -Gag binding
occurs rather through interactions between the Capsid C-terminal domain, Lysyl -
tRNA synthetase and tRNAs [23]. One of the few tRNA interactors of Matrix we
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did find was tRNASeC1 (TCA), with an abundanc e up to a 1000 times higher than
other tRNA interactors in this dataset. tRNASeC1 (TCA) is the carrier molecule
for the 21st amino acid Selenocysteine (Sec; only 1 selenium atom different from
cysteine) and has some unique features: it recognizes the UGA codon,that
normally serves as a stop codon, but in particular circumstances, triggered by Sec
availability and the presence of a selenocysteine insertion sequence (SECIS), is
used by tRNASeC1 (TCA) to insert a Sec amino acid [24]. Interestingly, selenium
deficiency has been negatively correlated with survival for those living with an
HIV -1 infection [25] and the levels of host selenoproteins decrease during an HIV
infection [26, 27]. The sequestration of tRNASeC1 (TCA) by Matrix could explain
this decrease. tRNASeC1 (TCA) has a unique, divergent primary and secondary
structure which might be used for specific Matrix binding. Besides Gag and
Matrix, we observed also extensive tRNA binding for Rev, which was not
reported before. Further research will have to examine the biological function of
these numerous observed RevtRNA interactions, but this additional tRNA -Rev
binding could explain why Simonova et al. observed 770 tRNA copies per HIV -1
virion, far higher than expected [28].

Tat binds members of SEC as mRNAs

Tat is a known RNA binding protein, as it recruits P -TEFb to stalled viral
transcripts by association with both 7SK RNA and the TAR motifs of the viral
transcripts [29]. Only one study, by Bouwman et al., also examined its interaction
with other cellular RN As by performing Tat CLIP coupled with microarray
analysis, reporting 317 TatmRNA interactions [30]. We only detected 3 of these
interactions in this study. This limited overlap might be explained by the other
nature of the used assays, as native and croslinking conditions will reveal
different interactions based on their stringency [31]. One remarkable observation
we made was that Tat binds, besides 7SK RNA, a number of mRNAs of proteins
involved in the super elongation complex (AFF1, AFF2, AFF3, AFF4 and Cyclin
T). This was discovered in two different cell lines and multiple independent
experiments. A large number of studies have shown that Pol Il transcription
pausing and unpausing by the P-TEFb containing super elongation complex
(SEC) is a major eukayotic transcription regulation mechanism, involved in
many human diseases and conditions [32-35]. HIV -1 transcription only really gets
going when Tat levels are sufficiently high to recruit the SEC to viral TAR -
regions. The observed binding of Tat with the mRNAs of protein subunits of the
SEC, indicates that their nascent transcription might be regulated, similar to Tat
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transcription, in a feed -forward loop, increasing the levels of the subunits of the
SEC, to meet the increasing demand during HIV-1 infection [36].

Identification of HIV -1 host dependency factors: AFF2, H4C9 and RPLPO

This dataset of HIV-1 protein interacting RNAs shows a limited overlap with
HDFs identified by three large siRNA screens [2-4]. But one has to consider that
their individual ove rlap was small as well, probably fueled by the high false
positive and false negative rate associated with sSiRNA screens [37]. Additionally,
recent reports have shown that nascent RNA often interacts with regulatory
proteins to regulate gene transcription, to the extent that all pre-mRNAs may be
EOOUPEI Ul EwEUwW sEDPIi UGEUPOOEOwW 1- UzOw xOUUI
functions [36]. Therefore, we continued to explore our hypothesis that these HIV -
1 protein interacting mRNAs might be HIV -1 HDFs either transcriptionally
regulated by the interaction or regulating through the interaction. Antisense
oligo-mediated knockdown of three mMRNAs (AFF2, H4C9 and RPLPO) resulted
indeed in a significantly inhibited HIV -1 infectivity in vitro. RNA knockdown can
however not distinguish between an effect due to RNA or protein knockdown, as
these are strongly related. It does provide however further evidence that AFF2
plays an essential role during HIV -1 infection. Luo et al. reported that AFF2 is
part of SEC-like2, comparable to the SEC (containing AFF1 or AFF4), but without
confirmed presence of ELL- or EAF-related proteins. Our results suggest that
AFF2 presence is needed for an efficient HIV-1 infection, either via the actions of
SEGClIlike2 or an alternative route. Altogether, our small-scale screen for HIV-1
HDFs within this HIV -1 protein ¢+ host RNA dataset indicates that this is a
precious source for HDF research.

Limitations

This study has some limitations. First of all, the interactome was determined in
cell lines rather than primary CD4+ T-cells, this to meet the large number of cells
needed for nRIPseq. The FLAG and Strep-tag attached to the HIV-1 in these cell
lines allowed however for more efficient pull down, essential for successful
nRIPseq. Moreover, the cell lines ae the same as the ones used in a previously
published large-scale HIV-1 protein ¢+ host protein interaction study [5] and
represent primary cells better than the HEK293T or HelLa cell lines used in the
large-scale siRNA screens for HDFs [24]. nRIPseq is ako prone to a high false
positive rate. This has been countered by including multiple background controls
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and by the usage of several nRIPseq workflows that allowed to identify high -
accuracy interactions in their overlap.

Conclusions

To conclude, we constructed a new, complete HIV-1 protein ¢+ host RNA
interactome by performing nRIPseq in the Jurkat cell line. For a subset of HIV
proteins we performed several variants of the nRIPseq platform in two cell lines
and the considerable overlap suggests a high accuracy of the identified
interactions. This study gives a sneak peek into the pathways and HIV-1
replication steps regulated through these interactions, like the potential

regulation of the super elongation complex on a post-transcription al level by Tat.
Finally, this interactome will be available to use as a resource for further research
and prioritization of HDF follow -up research, as it can be mined for HDF targets,
like exemplified by our small -scale knockdown screen that identified th ree HDFs.
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4. Materials and Methods
4.1. Cell line generation, cell cultuesdHIV -1 infectionprior to RIPseq

Jurkat Trex cell lines expressing a single 2xStrepTagHTEV-3xFLAG-tagged HIV -
1 protein were created by Jager et al., as previouslydescribed [5]. Briefly, they
cloned codon-optimized versions of HIV -1 open reading frames (ORFs) into the
xE#- Kv¥3. w YI EUOUW op( OYDPUUOT I OATEVBELAGA DOT w E
sequence. The ORFs of PR and Pol were catalytically inactivated by D25N
exchange D E WEQwH O OU1 OaEwWw' wUPT OEOwx1 xUPET wbEL
sequence. Transfection of Jurkat Trex cells (Invitrogen) with the linearized vector,
Zeocin selection and limited dilution generated stable monoclonal cell lines. Prior
to immunoprecipitatio n, construct expression was induced with 1 pg/mL
doxycycline stimulation for 16 h. SupT1 cell lines were newly generated by
transfecting SupT1 cells (NIH HIV -1 reagent program) with the linearized (Sca-I)
vector using JetOptimus (Polyplus). Limited dilutio n and Zeocin selection
produced stable monoclonal cell lines that (without doxycycline induction)
constitutively express a single 2xStrepTagll-TEV-3xFLAG-tagged MA, NC or Tat
protein. Jurkat Trex cell lines were cultured in RPMI (Gibco) , supplemented with
10% FCS (HyClone), Pen/Strep, sodiumpyruvate (1 mM; Gibco), HEPES (15 mM,;
Gibco), Blasticidine (10 pug/mL; InvivoGen), Zeocin (300 pug/mL; InvivoGen), at 5
% CO2 and 37°C. SupT1 cell lines were cultured in RPMI, supplemented with 10
% FCS, Pen/Strep, sodim-pyruvate (1 mM), HEPES (15 mM), Zeocin (150
png/mL), at 5 % CO2 and 37°C. HIV -1 infection of SupT1 cells prior to RIPseq was
done with VSV -G pseudotyped NL4.3 HSA-IRESNef dEnv labstrain virus by
spinoculation for 90 min (2300 rpm, 32 °C). Cells were harvested 24h post
infection with ~65 % infection rate confirmed by flow cytometry.

4.2. RNAimmunoprecipitationsequencing worfklows (RIPseq)

For RNA immunoprecipitation sequencing (RIPseq) 20 million snapfrozen cells
per replicate were lysed in 3 mL lysis buffer (20 mM Tris pH 8.0, 200 mM Nacl,
25 mM MgClz, 0.00025% Triton %100 in DEPGtreated water, freshly
supplemented with 60 U/mL SUPERaseln (ThermoFisher), cOmplete Protein
Inhibitor Cocktail (Roche) and 1 mM Dithiothreitol). Lysates were vorte xed
vigorously, incubated 30 min on ice with regular agitation and centrifugated for

10 min (15,000 g, 4°C). The supernatant was precleared with 30 pyL protein G
dynabeads (ThermoFisher) for 1 h at 4 °C on a tube revolver rotator. The
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precleared lysate was incubated overnight (on a tube revolver rotator at 4 °C)

with 10 pg mouse/lgG2b DYKDDDDK Tag (FLAG) Monoclonal FG4R Antibody

(Invitrogen, MA1-91878, followed by a 4 h incubation in the presence of a 100 uL

protein G dynabeads. The beads were collected manetically, washed 6 times and

resuspended in 55 L lysis buffer. 5 uL of the lysate was analyzed by 4-12% SDS

PAGE (Invitrogen). The rest of the lysate was supplemented with 5 pL Proteinase

K (ThermoFisher) and 95 pL Proteinase K buffer (10 mM Tris-HCI, 100 mM NacCl,

1 mM EDTA, 0.5% SDS and 60 U/mL SUPERas#N in DEPC -treated water) and

incubated for 45 min at 50 °C and 10 min at 95°C. The RNA fraction was extracted

PPUT wOT T wOP1-1 EVAwWOPUwWpOPET T OAWUUDOT wiiT 1 wd
on-column Dnase digestion and elution in 14 pL nuclease free water. Total RNA

library preparation was performed using the SMARTer Stranded Total RNA -Seq

Mamalian Pico v2 Kit (Takara) UUD OT wUOT 1 wOEOQOUI EEOUUT Uz UwbOL
RNA input, 4 min fragmentation and 16 PCR2 cycles. Quality control was done

using a Fragment Analyzer System (Advanced Analytical ) and qPCR KAPA
quantification (lllumi na) was performed to allow normalized pooling of the

samples. The pool was paired end sequenced using a NovaSeq S1 flow cell

generating approximately 50 million reads per sample.

RIPseq was performed in batches of 3 HIV-1 protein IPs and 1 FLAG-tagged GFP
background control IP (all in triplicate). For each HIV -1 protein IP also a
background control IP was included in triplicate using 10 pg a nti-mouse 1gG
rabbit IgG antibody (ThermoFisher, no. 11895903%. For Streptavidin-based RIPseq
a similar procedure was performed using 50 pL preconjugated MagStrep ?type3?
XT beads (iba, no. 2-4090:002) for IP and unconjugated MagStrep ?type3? XT
beadsfor preclearance and background control.

4.3 Interactome construction and bioinformatic analysis

RNA sequencing quality control was performed using FASTQC (0.11.8)in Python
(version 3.6.6) and reads were mapped to the human reference genome (CRCh38
build) using STAR (2.6.), followed by calculation of the counts per gene using
HTSeq (0.11.0) Differential expression on normalized counts was assessed using
the DESeq2 package (1.30.0) in R (64 Bit, version 4.0.3) by comparing HRAL
protein nRIPseq samples simulaneously with the corresponding anti -mouse 1gG
and GFP background controls. Results were visualized with a volcano plot using
the Enhanced volcano package (1.8.0).
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The foldchange cutoff Fjand Padj-cutoff Pi, to accept a gener (within the geneset
Ro), with Padj-value Pyrand foldchange For, as RNA interaction partner of an HIV -
1 protein p, were indiv idually determined per protein p by optimizing the signal

nu (number of retained RNA interactors) to background ns (estimated number of
background RNA observed with this foldchange cutoff F and Padj-cutoff Pi)
proportion, through maximizing S, with a background penalty score q of 5, as
follows:

with ¢ i I vYDOR 0 QG O
and & g ivYDOp 0 QG O
with 0 18tuvQ "0 ¢
and¢ p; T UE

0 Qe i N'Y DO m8tul G p

No more than 5 % of the total background nwtwas allowed. Signal-to-background
optimization was visualized with the pheatmap package (1.0.12) in R
(Supplemental Figure S5).

Interaction scores were calculated by sulracting the average RPM of the 2
corresponding background controls from the RPM of the corresponding HIV -1
protein IP sample. The final interaction score of an RNA interaction partner was
defined as the average binding score over all three replicates. Interaction
networks were constructed and visualized using Cytoscape (3.8.0).

The identified RNA interaction partners per protein were used as input for the
webtool DAVID 2021 302 for gene ontology enrichment analysis with GO
BP_DIRECT, CC_DIRECT and MF_DIRECT.We want to mention here that no
background gene set wasavailable and thus specified, which could contribute to
false positives in the results. The top 5 terms of each significant functional
annotation cluster with a Bonferonni corrected p -value < 0.05 were retained.
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RNA motif enrichment analysis was performed with the Hypergeometric
Optimization of Motif EnRich ment (HOMER2) software3 with the full
transcripts of the RNA interactors of a specific HIV -1 protein as input. The custom
background setting was specified as all non-interacting RNAs with average
nRIPseq sequencing counts > 500.

4.4 Antisense oligo knockdown screen and gPCR knockdown validation

SupTl cells (NIH HIV -1 reagent program) were cultured in RPMI medium
(Gibco), supplemented with 10% FCS (HyClone) and Pen/Strep. They were
treated for 48 h with 5 puM of either a scrambled antisense oligo (ASO)
(GTGCTGTTCCCGGGGA) or an ASO that targets a specific gene with three
locked nucleic acids at either sides of the ASOs. Three ASOs per target gene were
designed with the LNCASO onli ne webtool (sequences in Supplemental table S7).
After 48 h, while keeping the ASO concentration at 5 puM, the cells were infected
with NL4.3 GFP-tagged HIV -1 labstrain virus by spinoculation for 90 min at 2300
rpm and 32 °C. 24h and 48h post infection, H IV -1 infection was assessed by flow
cytometry readout of GFP. The normalized relative quantities of the target gene
were determined with quantitative PCR 48 h post ASO treatment and 48 h post
infection. RNA was extracted with the RNA innuPREP Mini Kit (Ana Iytik,
Germany) and reverse transcribed using the qScript cDNA Supermix (Quantabio,
, Ow42 AKOwi 6OOOPPOT wWOUT 1T WOEOUI EEUUUI Uz UwxUO
in a 10 pL quantitative real-time PCR (LightCycler 480 I, Roche Applied Scinece,
Belgium). The SYBR Green kit (LightCycler480 SYBR Green | Master, Roche
xxOPl Ew2EDI OEl Ow! 1 O1 PUOAWPEUWUUI EWEEEOUE
with 5 pL SYBR Green Master Mix and 250 nM primer concentrations (list of
primers in supplemental table S4). In-house designed primers were designed
with PrimerQuest (IDT) for an intercalating dye and 2 primers (GC content
between 40- 60 %).Each reactionwith a total volume of 10 uL was performed in
duplicate. Cycling conditions of the LightCycler 480 (Roche Applied Science,
Germany) were 95 °C for 5 min, 45 amplification cycles of 95 °C for 10s, 58°C for
30s and 72 °C for 30s. Assay specificity was assessed visually in the
LightCycler480 software, based on the 60 °C to 95 °C melting curve and all
samples past quality control. Stability of three (GAPDH, ACTB and PLOD1)
reference genes was verified with the geNorm method of Vandesompele et al.
[39] and the normalization factors were determined by the geometric mean of
their relative quantities. The primer e fficiency was assessed on a twefold cDNA
standard curve (50-1.56 ng) and primers with efficiencies between 85 %-105 %
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were retained. The normalized relative quantities (NRQs) of each gene were

EEOEUOEUI EwUUDOT wOT | wepxUDOI Uwi I i PEDPI OEa K,
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Abbreviations

ACTB Actin beta
AFF2 ALF Transcription Elongation Factor 2
ASO antisense oligonucleotide
CA Capsid
CcC cellular compartment
CCNT1 Cyclin T1
CD4 cluster of differentiation 4
CLIP crosslinking immunoprecipitation
database forannotation, visualization and integrated
DAVID discovery
EAF ELL-associated factor
ELL Elongation Factor for RNA Polymerase I
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GFP Green fluorescent protein
GO gene ontology
H4C9 H4 Clustered Histone 9
HDFs host dependency factors
HIV -1 human immunodeficiency virus 1
HOMER2 Hypergeometric Optimization of Motif EnRichment 2
HTseq High -throughput sequencing analysis
IN Integrase
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P
LINC01426
INcRNAs
MA

MF
MRNA
NC
NORAD
nRIPseq
NRON
NRQs
ORF
PLOD1
PPIs
PPP2R3A
PR
P-TEFb
gPCR
RNAI
RPLPO
RPM

RT

SEC
siRNA
Strep
TEV
tRNA
WNK1
WNK2

immunoprecipitation

Long Intergenic Non-Protein Coding RNA 1426
long non-coding RNAs

Matrix

molecular function

messenger RNA

Nucleocapsid

non-coding RNA activated by DNA damage
native RNA immunoprecipitation and sequencing
non-coding repressor of NFAT

normalized relative quantities

open reading frame
Procollagen-Lysine,2-Oxoglutarate 5-Dioxygenase 1
protein -protein interactions

Protein Phosphatase 2 Regulatory Subunit B"Alpha
Protease

positive transcription elongation factor b
guantitative real -time polymerase chain reaction
RNA interference

ribosomal protein lateral stalk subunit PO

reads per million

Reverse transcriptase

super elongation complex

small interfering RNA

Streptavidin

Tobacco Etch Virus cleavage sequence

transfer RNA

WNK Lysine Deficient Protein Kinase 1

WNK Lysine Deficient Protein Kinase 2
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Supplementary figures and tables
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FigureS1c part 1: Western blot confirmation of HIVL protein pulldown during FLAG
based RIPseq assay in Jurkat cellsrkat TRex cells expressirgsingle 2xStrepTagll-
TEV-3xFLAG-tagged HIV-1 protein upon doxycycline induction were lysed,
homogenized, and immunoprecipita ted with anti -FLAG antibody and magnetic
Dynabeads. 5 pL of the washed beads were boiled and analyzed by 4-12% SDS
PAGE. FT: lysate  flow-through  of  immunoprecipitation. IgG:
immunoprecipitation with mouse 1gG antibody as background control.
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FigureS1c part 2: Western blot confirmation of HIVL protein pulldown during FLAG
based RIPseq assay in Jurkat cellsrkat TRex cells expressirgsingle 2xStrepTagll-
TEV-3xFLAG-tagged HIV-1 protein upon doxycycline induction were lysed,
homogenized, and immunoprecipitated with anti -FLAG antibody and magnetic
Dynabeads. 5 pL of the washed beads were boiled and analyzed by 4-12% SDS
PAGE. FT: lysate  flow-through of  immunoprecipit ation. IgG:
immunoprecipitation with mouse 1gG antibody as background control.
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FigureS2 Western blot confirmation of HIVL protein pulldown during Streghased
RIPseq assay in Jurkat cellsirkat TRex cells expressirggsingle 2xStrepTagll-TEV-
3xFLAG-tagged HIV-1 protein upon doxycycline induction were lysed,
homogenized, and immunoprecipitated with anti -Strep MagStrep ?type3? XT
beads 5 pL of the washed beads were boiled andanalyzed by 4-12% SDSPAGE.
FT: lysate flow-through of immunoprecipitation. Unconj. Beads:
immunoprecipitation with unconjugated XT beads as background control.
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Figure S3 Western blot confirmation of HIVL protein pulldown during FLA®ased
RIPseq assay in SupT1 ceapTXels constitutively expressirasingle 2xStrepTagll-
TEV-3XFLAG-tagged HIV-1 protein upon doxycycline induction were lysed,
homogenized, and immunoprecipitated with anti -FLAG antibody and magnetic
Dynabeads. 5 pL of the washed beads were boiled and analyzed by 4-12 % SDS
PAGE. FT: lysate  flow-through of  immunoprecipitation. IgG:
immunoprecipitation with mouse 1gG antibody as background control.

Tat Matrix Nucleocapsid

kDa .. FAGIP 186 ke Vi P 186 ) > 186
260- 260-

160-
160- 160-

110-
110- 110-
80- 80- 80-

b b :
60 - 60 - 2 M
50- 50 vt 50-
40- 40- 40-
30- 0. emt————— 30-
| e o —

15— C——

15- 15-

Figure S4 Western blot confirmation of HIVL protein pulldown during FLA®ased
RIPseq assay in HiVinfected SupT1 cellSupTZcells constitutively expressiragsingle
2xStrepTagll-TEV-3xFLAG-tagged HIV -1 protein upon doxycycline induction
were infected with NL4.3 HIV -1 virus for 24 h, lysed, homogenized, and
immunoprecipitated with anti -FLAG antibody and magnetic Dynabeads.5 uL of
the washed beads were boiled and analyzed by 4-12 % SDSPAGE. FT: lysate
flow -through of immunoprecipitation. 1gG: immunoprecipitation with mouse
IgG antibody as background control.
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FLAG-based RIPseq in Jurkat cells for Nucleocapsid
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FigureS5 Example of foldchange cutoff and Padjitoff optimization. The foldchange

cutoff and Padgutoff to accept a gene witla setPadjvalue and foldchange as RNA
interaction partner of an HRI protein were individually determined per protein by
optimizing tke signal to background proportion, through maximizirglBseq score. This
heatmap show an example of this optimization: for the Fb&8ed RIPseq of
Nucleocapsid in Jurkat cells. The heatmap shows the RIPseq score for every Padj cutoff
value and Log2F@lue. For this RIPseq experiment the optimal values were eventually
set as Padj cutoff = 16El and Log2F€utoff = 1.49.
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FigureS8 Interaction scores of interactions between HiY proteins (Tat, Matrix and
Nucleocapsid) and host RNA interactor3D-scatterplots of the interaction scores of
each of the identified RNA interactors for assay A, B and C. Grey line depicts-the xyz
diagonal Red, blue and white dots represent RNA interactors detected by three, two or

one assay respectively.
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FigureS7 Interactions between HIVL proteins (Tat, Matrix and Nucleocapsid) and host
RNA interactors in the SupT1 cell lina total 1558 interactions were detected between
host RNAs and these three HIV proteins in SupT1 cells that were either uninfected (grey),
infected with NL4.3 virus (orange) or detected in both conditions(black). Thicker
connectors correspond to interactions with higher interaction scores.
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FigureS8 Antisenseoligo mediated knockdown screen on Iost RNA interactors of
HIV-1 proteins. RNA interactors were selected based on their interaction score and
membership to gene ontology enrichment termbhree ASOs were tested per RNA
interactor. SupT1 cellsvere infected with GRRagged NL4.3 virus, 4B post ASO
treatment. 24 h post infection, the percentage of GFP+ cells was assessed by flow
cytometry and compared to a control condition treated with a scrambled -taogeting

ASO. Conditions with aimpaired HIVL infectivity were validated in an additional
experiment where knockdown was confirmed with gPCR (figure 5).
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TableS1 The Padj and Log2(Fold change) (Log2FC) cutoffs for which an RNA molecule
was considered an RNA interactor of the HIpraein based on the nRIPseq results. The
Padj and Log2FC values were determined with Deseq?2, calculating enrichment of the
RNA molecule in the immunoprecipitated sample compared to the IgG and GFP
background controls. The cutoff values were determined byinoizing the signal to
background proportion as described in the method section.

HI\A1 protein nRIPseq assay Padj cutoff Log2FC cutoff

Nucleocapsid JurkatFLAG (A) 1,00E10 1,49
Matrix JurkatFLAG (A) 1,00E08 1,03
GP120 JurkatFLAG (A) 1,00E05 1
GP160 JurkatFLAG (A) 1,00E07 1,01
Capsid JurkatFLAG (A) 1,00E10 1,12
Gag JurkatFLAG (A) 1,00E06 1
GP41 JurkatFLAG (A) 1,00E02 1,01
Integrase JurkatFLAG (A) 1,00E08 1,12
Nef JurkatFLAG (A) 5,00E02 1,16
p6 JurkatFLAG (A) 1,00E03 1
Pol JurkatFLAG (A) 1,00E05 1
Protease JurkatFLAG (A) 1,00E06 1
Rev JurkatFLAG (A) 1,00E08 1,01
Reverse transcriptase JurkatFLAG (A) 1,00E21 2
Tat JurkatFLAG (A) 1,00E02 2
Vif JurkatFLAG (A) 1,00E09 1,26
Vpr JurkatFLAG (A) 1,00E03 1,27
Vpu JurkatFLAG (A) 1,00E02 1
Gag JurkatStrep (B) 1,00E02 2
Tat JurkatStrep (B) 5,00E02 2
Matrix JurkatStrep (B) 5,00E02 1,81
Nucleocapsid JurkatStrep (B) 1,00E02 1,26
Pol JurkatStrep (B) 5,00E02 1,37
Rev JurkatStrep (B) 5,00E02 1,12
Matrix SupT2Uninfected(C) 1,00E14 1,18
Nucleocapsid SupT2Uninfected(C) 1,00E21 1,89
Tat SupTUninfected(C) 1,00E07 1
Matrix SupT1_Infected (D) 1,00E02 1,39
Nucleocapsid SupT1_Infected (D) 1,00E16 2
Tat SupT1_Infected (D) 1,00E04 1
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Table S2 Number of identified RNA interactor biotypes per Hi\protein and per
performed assayAssay A: arFLAG nRIPseq on Jurkat cells; Assay BSarpnRIPseq
on Jurkat cells; Assay C: aREAG nRIPseq on SupT1 cells; Assay EFlah® nRIPseq
on HIVV1 infected SupT1 cell§R genest-cell receptor mRNAs.

TR Other

Protein  Assay IncRMA mRMNA rBRNA  tRMA  pseudogene small ncRMA  genes RMNA

C A 12 B03 0 0 42 0 0 0
MC B B 357 0 15 18 12 4] 11
MC C B 421 0 0 14 4] 0 0
MC D 50 415 2 4 126 3 0 2
MA A 1 47 o 1 0 ] (i) 0
WA B 2 31 o 3 1 7 (1] o
WA c T 565 o u] 3 4] ) o
WA D 3 41 o 2 4 4] 0 4]
Rew A 1 275 0 0 6 1 2 0
Rew B 1 & 0 26 0 3 4] 4
Tat A 0 5 o o] 0 ] 1 o
Tat B i 4 o 4] 0 4] [i] o]
Tat c 0 21 o o 0 4] 0 0
Tat D 2 155 ] ] 1 0 0 0
Gag A 1 a7 0 3 2 4] 0 0
Gag B 0 1 0 21 0 Q 0 0
Pol A 1 BS o 4] 0 ] [i] 0
Pol B 0 1l o 0 0 0 0 o
IN A 0 31 a 0 4 Q 0 0
Vpu A 2 25 o ] 0 ] 0 0
GP120 A 2 14 0 0 0 4] 4] 0
PR A Al B o o o ] [i] 0
GP41 A 0 4 0 0 Q0 Q 0 0
GP1eD A 0 4 o o 0 4] 0 0
p& A 0 4 0 0 0 4] 0 0
Vpr A 0 2 o 0 0 4] 0 0
MNef A 0 2 0 0 0 4] 0 0
Wil A 0 2 ] 0 0 ] 0 0
CA A (o] 2 a o] 0 4] [4] 1]
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Table S3:P-values of Fisher exact tests used to assess overlap in the detected RNA
interaction partners of individual H{¥ proteins by up to four different nRIPseq assays.
Assay A: anFLAG nRIPseq on Jurkat cells; Assay BSanp nRIPseq on Jurkat cells;
Assay C: antFLAG nRIPseq on SupT1 cells; Assay EFlah@ nRIPseq on HiVhfected
SupT1 cells.

Nucleocapsid
Overlap p-value
Assay AB 2.80E267
Assay AC 0
Assay AD 1.80E241
Assay BC 1.80E166
Assay BD 1.60E142
Assay CD 6.30E276
Matrix
Overlap p-value
Assay AB 1.80E28
Assay AC 5.30E22
Assay AD 4.80E30
Assay BC 1.80E02
Assay BD 8.40E02
Assay CD 1.70E40
Tat
Overlap p-value
Assay AB 1
Assay AC 5.50E12
Assay AD 2.30E08
Assay BC 1
Assay BD 1
Assay CD 1.20E37
Rev
Overlap p-value
Assay AB 0.011
Pol
Overlap p-value
Assay AB 3.4e03
Gag
Overlap p-value
Assay AB 3.5e05
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Table &: Primers used in quantitative PCR assays.

Gene Forward primer (88 Reverse primer )

Reference

AFF2 TGT GCAAGG CTGTCCTTT T CTGGCAGTTATGGACCCACT
H4C9 TATCACCAAGCCAGCCATTC TCCAGGAACACCTTCAACAC
RPLPO CTTGTCTGTGGAGACGGATTA CCACAAAGGCAGATGGATCA
GAPDH AGCCTCAAGATCATCAGCAA TGTGGTCATGAGTCCTTCCA
ACTB TTCCTTCCTGGGCATGGAGT TACAGGTCTTTGCGGATGT(

PLOD1 CAACAACAAGGACAACCGCAT GAATTTGTGCCACTCCCGCT(

In-house design
In-house design
In-house design
In-house design
In-house design
In-house design
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Table S5Correlation between the interaction scores of the detected RNA interaction
partners of individual HRL proteins by up to four different nRIPseq assays. Assay A: anti
FLAG nRIPseq on Jurkat cells; Assay BStaep nRIPseq on Jurkat cells; Assay C: anti
FLAG nRIPseq on SupT1 cells; Assay EFlah® nRIPseq on HiVhfected SupT1 cells.

Nucleocapsid
Overlap Correlation p-value
Assay AB 0.920 0
Assay AC 0.967 0
Assay AD 0.901 0
Assay BC 0.878 0
Assay BD 0.839 0
Assay CGD 0.943 0
Matrix
Overlap Correlation p-value
Assay AB 0.913 3.78E208
Assay AC 0.123 4.66E03
Assay AD 0.215 5.69E07
Assay BC -0.079 6.88E02
Assay BD -0.046 2.94E01
Assay CD 0.948 1.61E264
Tat
Overlap Correlation p-value
Assay AB 0.316 0.000179
Assay AC 0.699 2.79E21
Assay AD 0.406 9.08E07
Assay BC -0.069 4.25E01
Assay BD -0.064 457E01
Assay CD 0.825 5.20E35
Rev
Overlap Correlation p-value
Assay AB 0.885 1.03E33
Pol
Overlap Correlation p-value
Assay AB 0.316 6.04E01
Gag
Overlap Correlation p-value
Assay AB 0.289 2.41E02
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Table $: Gene ontology enrichment analysis result§he identified RNA interaction
partners per protein were used as input for the webtool DAVID 2@&ne ontology
enrichment analysis with GO BP_DIRECT, CC_DIRECT and MF_PNBEETIS

Bonferroni-adjusted, with a cutoff of G.

Fold

Protein Term enrichment p-value

Gag G0:0002181~cytoplasmic translatic 172 141E114

Gag G0:0022626~cytosolic ribosome 198 5.76E111
GO0:0003735~structural constituent

Gag of ribosome 79 2.95E92

Gag G0:0006412~translation 69 9.10E89

Gag G0:0005840~ribosome 79 3.67E75
G0:0022625~cytosolic large

Gag ribosomal subunit 168 1.69E65

Gag G0:0003723~RNA binding 10 2.15E43
G0:0022627~cytosolic small

Gag ribosomal subunit 133 8.32E35

Gag G0:0042788~polysomal ribosome 148 6.17E28

Gag G0:0005925~focal adhesion 20 1.41E26

Gag G0:0016020~membrane 6 3.95E25

Gag G0:0005829~cytosol 3 1.96E23
G0:0015935~small ribosomal

Gag subunit 126 4.39E19

Gag GO:0005737~cytoplasm 3 2.60E16

Gag GO:0070062~extracellular exosom: 4 1.14E11

Gag G0:0014069~postsynaptic density 16 2.14E10

Gag G0:0006364~rRNA processing 24 3.54E09

Gag G0:0005730~nucleolus 5 8.23E08
G0:1990904~ribonucleoprotein

Gag complex 19 2.12E07
G0:1990948~ubiquitin ligase

Gag inhibitor activity 156 1.24E06
G0:1904667~negative regulation o

Gag ubiquitin protein ligase activity 112 1.50E05

Gag G0:0019843~rRNA binding 41 2.23E05
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Gag
Gag

Gag
Gag

Gag
Gag

Gag
Gag
Gag

Matrix
Matrix

G0:0015934~large ribosomal
subunit

G0:0045202~synapse
G0:0042274~ribosomal small
subunit biogenesis
G0:0048027~mRNAWBTR binding
G0:0000027~ribosomal large
subunit assembly
GO0:0003729~mRNA binding
G0:0000028~ribosomal small
subunit assembly
G0:0005654~nucleoplasm
G0:0006413~translational initiation
G0:0098556~cytoplasmic side of
rough endoplasmic reticulum
membrane
G0:0042273~ribosomal large
subunit biogenesis
G0:0070181~small ribosomal
subunit rRNA binding
G0:0006417~regulation of
translation

G0:0022626~cytosolic ribosome
G0:0002181~cytoplasmic translatic
G0:0022625~cytosolic large
ribosomal subunit
G0:0003735~structural constituent
of ribosome
G0:0006412~translation
G0:0005840~ribosome
G0:0005829~cytosol
G0:0005925~focal adhesion
G0O:0005737~cytoplasm
G0:0030527~structural constituent
of chromatin
G0:0000786~nucleosome

85

73
54

61

78

28

153

40

94

17
48
40

52

19
16
18

N O DN

93
68

2.39E05
3.41E05

9.95E05
0.000140346

0.000216106
0.001655773

0.002932685
0.003256638
0.005519014

0.012409775

0.022546126

0.030463889

0.036252842
8.96E06
4.98E05

0.00016454

0.00092039
0.004279308
0.011171434
0.028570816
0.033915246
0.035623197

1.34E51
4.08E48
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G0:0046982~protein

Matrix heterodimerization activity 26 1.06E34

Matrix G0:0006334~nucleosome assemb! 54 6.98E32

Matrix GO:0070062~extracellular exosom: 5 1.03E19

Matrix G0:0032200~telomere organizatior 124 1.66E18

Matrix GO:0003677~DNA binding 7 3.00E18
GO:0006335~DNA replication

Matrix dependent nucleosome assembly 105 1.62E17

Matrix G0:0000228~nuclear chromosome 66 2.66E15
G0:0043505~CENPcontaining

Matrix nucleosome 148 6.00E14
G0:0061644~protein localization tc

Matrix CENFA containing chromatin 140 1.95E13

Matrix G0:0045296~cadherin binding 15 8.02E12

Matrix G0:0005634~nucleus 2 1.10E09

Matrix G0:0006342~chromatin silencing 50 5.96E08
G0:0060968~regulation of gene

Matrix silencing 152 6.30E08

Matrix G0:0051015~actin filament binding 15 3.13E07
G0:0045653~negative regulation o

Matrix megakaryocyte differentiation 84 2.06E06
G0:0040029~regulation of gene

Matrix expressionepigenetic 64 8.60E06
G0:0006336~DNA replication

Matrix independent nucleosome assembly 62 1.05E05
G0:0002227~innate immune

Matrix response in mucosa 60 1.28E05
G0:0032991~macromolecular

Matrix complex 6 6.14E05
G0:0006352~DNt#emplated

Matrix transcription. initiation 43 7.27E05

Matrix GO:0003779~actin binding 9 0.000161012

Matrix G0:0015629~actin cytoskeleton 10 | 0.000296501
G0:0019731~antibacterial humoral

Matrix response 28 0.000598265
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Matrix
Matrix

Matrix
Matrix

Matrix
Matrix
Matrix

Matrix

Nucleocapsid
Nucleocapsid
Nucleocapsid
Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid

Nucleocapsid

G0:0019904~protein domain
specific binding
GO0:0003723~RNA binding
G0:0061844~antimicrobial humora
immune response mediated by
antimicrobial peptide
G0O:0001725~stress fiber
G0:0050830~defense response to
Grampositive bacterium
G0:0005654~nucleoplasm
G0:0005884~actin filament
G0:0000781~chromosome
telomeric region
G0:0003735~structural constituent
of ribosome
G0O:0006412~translation
G0:0002181~cytoplasmic translatic
G0:0022626~cytosolic ribosome
G0:0005840~ribosome
G0:0005743~mitochondrial inner
membrane

G0:0005515~protein binding
G0:0005739~mitochondrion
G0:0022625~cytosolic large
ribosomal subunit
G0:0005829~cytosol
G0:0022627~cytosolic small
ribosomal subunit
GO0:0003723~RNA binding
G0:0005654~nucleoplasm
GO0:0005762~mitochondrial large
ribosomal subunit
G0:0016020~membrane
G0:0032543~mitochondrial
translation

15
20

13

16

10

10

15
15

=

13

14

0.002506714
0.006516463

0.012113783
0.013671355

0.026827332
0.027516317
0.035943147

0.036545767

1.17E57
5.11E54
2.26E52
2.98E49
4.36E48

6.38E40
1.04E37
2.31E35

2.78E29
1.70E27

2.45E22
6.32E19
4.64E16

7.06E13
8.47E13

2.83E12
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Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid
Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid

Nucleocapsid

Nucleocapsid

G0:0015935~small ribosomal
subunit

G0O:0005737~cytoplasm
G0O:0042776~mitochondrial ATP
synthesis coupled proton transport
G0:0032200~telomere organizatiot
G0:0042788~polysomal ribosome
G0:0030527~structural constituent
of chromatin

G0O:0006335~DNA replication
dependent nucleosome assembly
G0:0043505~CEN®containing
nucleosome

G0:0009060~aerobic respiration
G0:0061644~protein localization tc
CENFRA containing chromatin
GO:0070062~extracellular exosom:
G0:0032981~mitochondrial
respiratory chain complex | assemt
G0:0000228~nuclear chromosome
G0O:0000786~nucleosome
GO:0005747~mitochondrial
respiratory chain complex |
GO0:0006626~protein targeting to
mitochondrion
GO:0005758~mitochondrial
intermembrane space
G0:0000028~ribosomal small
subunit assembly
G0:0045653~negative regulation o
megakaryocyte differentiation
G0O:0005759~mitochondrial matrix
G0:0006120~mitochondrial electro
transport. NADH to ubiquinone
G0:0008137~NADH dehydrogenas
(ubiguinone) activity

13

13
11

11

15

15

10

15

12

5.15E12
1.05E11

1.02E10
1.70E10
1.45E09

2.98E09

4.47E09

1.92E08
5.23E08

9.88E08
3.24E07

5.35E07
5.58E07
1.41E06

1.55E06

2.88E06

7.80E06

8.18E06

1.14E05
2.67E05

3.10E05

4.63E05
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Nucleocapsid
Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid
Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid

Nucleocapsid
Nucleocapsid
Nucleocapsid
Nucleocapsid

Nucleocapsid

G0:0005753~mitochondrial proten
transporting ATP synthase comple»
G0:0005634~nucleus
G0O:0005783~endoplasmic reticulul
G0:0006122~mitochondrial electro
transport. ubiquinol to cytochrome ¢
G0:1902600~hydrogen ion
transmembrane transport
G0:0046982~protein
heterodimerization activity
G0:0006336~DNA replication
independent nucleosome assembly
G0O:0005750~mitochondrial
respiratory chain complex Il
G0:0005925~focal adhesion
G0:0019843~rRNA binding
G0:0006352~DN#emplated
transcription. initiation
G0:0045333~cellular respiration
G0:0015934~large ribosomal
subunit

G0:0015986~ATP synthesis couple
proton transport
G0:0005761~mitochondrial
ribosome
G0:0006334~nucleosome assemb
G0:0017018~myosin phosphatase
activity
G0:0008121~ubiquinalytochrome
¢ reductase activity
G0:0015078~hydrogen ion
transmembrane transporter activity
G0:1990948~ubiquitin ligase
inhibitor activity
G0:1904667~negative regulation o
ubiquitin protein ligasectivity

11

N

14

16

14

12

7.51E05
9.87E05
9.93E05

0.000110129

0.000260189

0.000355419

0.000389933

0.00055587
0.000708923
0.001865036

0.002175727
0.003772865

0.004398549

0.004681906

0.005160778
0.00712493

0.009801245

0.010167762

0.013675379

0.021854674

0.030019108
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Nucleocapsid
Pol
Pol

Pol
Pol
Pol
Pol

Protease
Rev
Rev
Rev

Rev
Rev
Rev
Rev
Rev

Rev
Rev

Rev
Rev

Rev
Rev

Rev
Rev
Rev
Rev
Rev

G0:0032991~macromolecular
complex

G0:0005829~cytosol
G0:0005739~mitochondrion
G0:0005743~mitochondrial inner
membrane
G0:0005654~nucleoplasm
G0:0005759~mitochondrial matrix
G0:0003723~RNA binding
G0:0090263~positive regulation of
canonical Wnt signaling pathway
G0:0002181~cytoplasmic translatic
G0:0022626~cytosolic ribosome
GO0:0006412~translation
G0:0003735~structural constituent
of ribosome
G0:0005840~ribosome
G0:0005739~mitochondrion
G0:0016020~membrane
G0:0003723~RNA binding
G0:0022627~cytosolic small
ribosomal subunit
GO:0005515~protein binding
G0:0022625~cytosolic large
ribosomal subunit
GO0:0070062~extracellular exosom
G0:0005743~mitochondrial inner
membrane

G0:0005829~cytosol
G0:0015935~small ribosomal
subunit

G0:0005654~nucleoplasm
G0:0005925~focal adhesion
GO0:0005759~mitochondrial matrix
G0O:0005737~cytoplasm

AN

W o N ol

76
22
25
11

12
13

W w w

22
1

18
2

)
2

25
2
4
4
1

0.042230028
6.66E07
1.02E06

0.020364807
0.030876085
0.03475978
0.03899929

0.048086373
1.01E25
2.21E25
2.46E22

247E22
9.46E22
1.60E15
4.39E14
1.09E13

1.25E11
2.33E11

2.38E11
8.27E11

4.55E09
1.65E08

4.73E08

3.61E07
0.000183239
0.000199854
0.000291706
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Rev
Rev
Rev
Rev
Rev

Rev
Rev
Rev
Rev
Tat

Tat

G0:0030527~structural constituent
of chromatin

G0:0019843~rRNA binding
G0:0000786~nucleosome
G0:0032200~telomere organizatiot
G0:0005634~nucleus
GO:0006335~DNA replication
dependent nucleosome assembly
G0:0042788~polysomal ribosome
G0:0000228~nuclear chromosome
G0:0005783~endoplasmic reticulul
GO0:0032783~ELEAF complex
G0:0010468~regulation of gene
expression

13

18

16
13

731

25

0.000867082
0.000912257
0.001398232
0.002232314
0.002363591

0.00642987
0.031661399
0.036526312
0.040197544
0.000192621

0.019072677
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Table S7Used antisense oligonucleotides (ASOSs).

Antisense oligo (ASO) Sequence
RPL13ASO1 CCTTGTCGTAGGGC
RPL13A ASO2 GGTAAGGCCGCTG(Q
RPL13A ASO3 GTGCAGCGTAAGCT
H4C9 ASO1 ACACTCCGCGGGTC
H4C9 ASO2 TGGATGTTGTCGCG
H4C9 ASO3 GCCGAATGGCTGG(Q
GIHCG ASO1 ACTCAGATCCCCGG
GIHCG ASO2 AACCAGGCCATTGG
GIHCG ASO3 GCGACAGTGAGGAQG
ODC1 ASO1 ACTGAAGGCGCCAA
ODC1 ASO2 TTCTGAGCGTGGCA
ODC1 ASO3 ACGCCGGTGATCTA
MYH10 ASO1 ACCTCCAGGCCTGC|
MYH10 ASO2 GGATGTACACGCGT
MYH10 ASO3 TTTGTTGGCGGCTG
SPTBN1 ASO1 GGCGATCGCTGTCT
SPTBN1 ASO2 GAGAGAGCGCGCTA
SPTBN1 ASO3 GTAAGGTGGCGGCA
DBN1 ASO1 TAACCCAGCGCTGG
DBN1 ASO2 CCTAGGCGCCTGGA
DBN1 ASO3 GGAGAAGGGCCCTT
H2AC8 ASO1 CCTGGAAGAACGCGH
H2AC8 ASO2 GATCTCGGCCGTCA
H2AC8 ASO3 TTGCGGATGGCTAG
AFF2 ASO1 TGGGCATCGATGCG
AFF2 ASO2 GGCGCAGGTGAGTT]
AFF2 ASO3 TGGTTAGGGCCCTG
AFF1 ASO1 GAACTCGGGCCGA(Q
AFF1 ASO2 TTCATACGGCCGGG
AFF1 ASO3 GGCAATGACCGGT(|
CCNT1 ASO1 GCTTCGCGCGGTAT
CCNT1 ASO2 CGGAGACTGGCAG(
CCNT1 ASO3 TAAGCCAGCTGGCA
tRNASeCTCAL-1 ASO1 CGCCCGAAAGGTG(Q
tRNASeCTCAL-1 ASO2 TCTGTCGCTAGACA
WNK1 ASO1 CACTGAGCTCGGTG
WNK1 ASO2 AGCCCGGGCTACAA
WNK1 ASO3 CTTTTGGCCGGGCG]
RPLP0O ASO1 TGTAATGTGCGGCC
RPLP0O ASO2 TTTGCGCTGGGGCA|
RPLPO ASO3 CGGACACCCTGGG(
EIF3D ASO1 TACTGCGGCAGTGT!
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Abstract: Interferons play a critical role in the innate immune response against
a variety of pathogens, such as HIV-1. Recentstudies have shown that long non-
coding genes are part of a reciprocal feedforward/feedback relationship with
interferon expression. They presumably contribute to the cell type specificity of
the interferon response, such as the phenotypic and functional transition of
macrophages throughout the immune response. However, no comprehensive
understanding exists today about the IFN ¢+IncRNA interplay in macrophages,
also a sanctuary for latent HIV-1. Therefore, we completed a poly-A+ RNAseq
analysis on monocyte-derived macrophages (MDMs) treated with members of
all three types of IFNs (IFN-Y O w{Q®w-0w%-OU M EU-EOEWOOWOEEUOX |
infected with HIV -1, revealing an extensive noncoding IFN and/or HIV -1
response. Moreover, caexpression correlation with mRNAs was used to
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identify important (long) non -coding hub genes within IFN - or HIV-1-
associated gene clusters. This study identified and prioritized IFN related hub
IncRNAs for further functional validation.

Keywords: long non-coding RNA; interferon; Human Immunode ficiency Virus
(HIV); macrophage; RNA -seq

1. Introduction

The innate immune response is an essential line of defense against viruses
and other microbial pathogens. A vital part of the innate immunity depends on
interferons (IFNs), cytokines that are released to enhance the antiviral state of
neighboring cells in an attempt to stop the spreading of the infection [1]. The
initiation of a typical IFN -mediated response starts with the recognition of
pathogen-associated molecular patterns (PAMPs) by Toll-like, RIG-I or MDA5
receptors, which will trigger the expression of IFN genes [1,2]. Based on their
receptor, IFNs are classified in three classes. Type | IFNs consist of 12 IFNY w
subtypes, IFN-¢ O w-Q®Dwf UWE OE@O ub | P-GwdUwIi 1 wOOOa w3 axi
humans. The more recently discovered Type Il IFNs comprise four IFN -4 w
molecules [1,3]. IFN-receptor binding triggers an extensive signaling cascade,
including the JAK -STAT pathway, that will induce the expression of a broad
range of antiviral and antimicro bial genes [4].

Next-generation sequencing has revealed that of all genes transcribed, only
about 2 % code for proteins [5]. For a long time, the large fraction of non-coding
genes was regarded as transcriptional noise. However, over the last years, it has
become clear that numerous classes of norcoding RNAs (ncRNAS) play central
roles within cell biology [6]. In addition to rRNAs, tRNAs and microRNAs, the
class of long non-coding RNAs (IncRNAs) has proven to possess unique
characteristics. They are somewtat arbitrarily defined as ncRNAs with a length
of more than 200 nucleotides. As with mRNAs, their transcription depends most
often on RNA polymerase Il activity and as often as not they are spliced and/or
polyadenylated [7]. A significant fraction of IncRN As are less conserved than
protein -coding genes and are also expressed at lower levels compared to protein
coding genes, often specific to tissues, cell types or (disease) statef/,8]. As a
result of their protein -, DNA- and RNA-binding capacities, IncRNAs have
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nonetheless demonstrated a broad functional repertoire, including chromatin
modification and (post -) transcriptional regulation [6,9].

In an IFN context, IncRNAs are involved in a reciprocal
feedforward/feedback relationship with IFN expression [10], likely contributing
to the cell type-specificity of the IFN response [11]. One of the cell types affected
by the IFN¢IncRNA interplay are macrophages, cells of the myeloid line age that
occupy key roles in innate and adaptive immunity, tissue homeostasis,
development and repair. LncRNAs play important roles in macrophage
polarization [12,13] and cytokine -driven immune activity [14]. Complete insight
into the IFN{IncRNA interplay in macrophages would provide a better
understanding of the regulation of the immune system, aiding research on
immune diseases and infections, such as the human immunodeficiency virus type
I (HIV -1). IFNs have shown to be a potent barrier for HIV -1 infection [15,16] and
growing evidence suggests that macrophages constitute a longlived HIV -1
reservoir, hampering the search for a definite HIV -1 cure [17,18].

To our knowledge, no comprehensive analysis of the (long) non-coding
RNA/interferon response in macrophages has been performed.Therefore, we
completed a poly-A+ RNAseq analysis on monocyte-derived macrophages
(MDMSs) treated with members of all three types of IFNs (IFN-Y O w{Q%®-w-w O U w
IFN-4 f&and on macrophages infected with HIV -1, revealing an extensive non
coding IFN and/or HIV -1 response. Moreover, ceexpression correlation with
mMRNAs was used to identify important (long) non -coding hub genes within IF N -
or HIV -1-associated gene clusters.

2. Results

2.1. Transcriptome of Macrophages Stimulated with Interferons or Subjected t& HIV
Infection

RNA sequencing data available from a previous study [19] were mined to
uncover effects of IFN stimulation or HIV infection on the non-coding
transcriptome of MDMs (NCBI, accession No. GSE158434% Szaniawski et al.
induced MDMs for 18 h with a single interferon (IFN -Y O w{Q®%-w-(o %O Uda & %-
or infected MDMs for 6 h with HIV -1. Subsequent transcriptome analysis via
RNA -sequencing (RNA-seq) was performed. In total, 407 million reads were
mapped to the human GRCh38 genome and for every sample the proportion of
uniquely mapped reads exceeded 87%.
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IFN-Qw UUDOUOEUDPOOwW xUOYOOI EwUT T woOOUUwI RUI

profile compared to the non-treated control with a total of 3614 differentially
expressed genes (|log fold change| > 1; Padj < 0.05), of which 2892vere mRNAs,

187 pseudogenes and 493 IncRNAs. IFNY O w{m%-E OB w@BE UUT EwWwEDI 11 U

expression of 2147, 268 and 683 genesrespectively (Figure 1A). Almost as many
genes are downregulated as upregulated. Interestingly, 36 non-coding genes
were differentially expressed in all four IFN stimulated conditions (Figure 1B),
presumably as part of a broad interferon response, while other non-coding genes
were induced in an interferon type-specific manner. Upon HIV -1 infection, 474
genes were differentially expressed, of which 352 were mRNAs, 38 pseudogenes
and 78 IncRNAs (Figure 1A). Of the non-coding fraction, seven differentially
expressed genes show overlap with the broad interferon response genes:
IncRNAs NRIR, MIR3945HG, CB8orf3, AC053503.1 and AL359551.1 and
pseudogenes GBP1P1 and NCF1C (Figure S1). LncRNAs NEAT1, HEAL, GAS5
and MALAT1 have all been previously rep orted to be associated with HIV
infection, but we observed no significant differential expression in HIV -1 infected
MDMs. The top 25 differentially expressed non -coding genes for all conditions

are displayed in a heatmap (Figure 1C).
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Figure 1. The differential expression profile of macrophages stimulated with IFN-Y O w

IFN-Q O w-m % O U-t 6r fected with HIV -1. (A) (Left) The number of differentially

expressed protein coding genes (Padj < 0.05; logi OOE wET EOT T wé whveOU wPwNhAS
differentially expressed non -coding genes. B) Venn diagram showing the number of

overlapping differentially expressed non -coding genes in the interferon stimulated

conditions. (C) Heatmap including the top 25 differentially expressed non -coding

genes fa every condition were included. Color scale indicates the extent of the logz

fold change for each sample compared to the mean expression of the nontreated

control (triplicate). Blue indicates downregulation (log 2 FC < 0), red indicates

upregulation (log 2 FC < 0).
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To validate the RNAseq data, a gPCR quantification was performed on three
protein coding genes and five non-coding genes (Figure 2). For protein coding
genes MX1, IFIT2 and RSAD2/viperin, the gPCR analysis is in line with the
previously obtaine d RNAseq results. Only in the HIV -1 infected condition, the
gPCR results deviate from the RSAD2/viperin log:2 fold change observed with
RNAseq. The fold change of the non-coding genes NRIR, FIRRE and RP11
177F15.1 observed with gPCR is also inagreement wit h the RNAseq analysis.
DANCR and RP3-47704.14 have aberrant gPCR results from the RNAseq data in
one or two conditions.
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Figure 2. qPCR validation of three mRNAs and five non -coding genes. The RNA
from the three replicates for every condition was pooled and the logz fold change was
determined compared to the untreated condition (n = 2). The data were normalized
using three selected reference genes.

2.2. Gene Enrichment Analysis

Toppgene analysis [20] on the differentially expressed genes in every
condition was performed to determine mRNA enrichment in Gene Ontology
Biological Process (GO_BP) terms [21] and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways [22]. The top five enriched GO_BP terms and KEGG
pathways for every condition are display ed in Tables S1 and S2. Both interferon
stimulation and HIV -1 infection highly enrich GO_BP terms associated with
cytokine response and signaling, as well as the response to external biotic stimuli
such as viruses, supporting the value of this RNA -seq dataset to screen for IFN
related IncRNAs in the context of macrophages. In line with the GO_BP terms, all
conditions are enriched for pathways associated with cytokine signaling (e.g.,
cytokinet cytokine receptor interaction, chemokine signaling pathway and NO D-
like receptor signaling pathway) and infections such as Influenza A virus, Herpes
simplex or Staphylococcus aureus

2.3. Weighted Gene eExpression Network Analysis (WGCNA) to Identify IFN
Related IncRNA Hub Genes

Most non-coding genes are still unannotated and functionally unexplored.
One way to screen for functionally relevant non -coding genes is to look at co
expression with known mRNAs. A WGCNA network was constructed that
hierarchically clusters all genes, based on a biweight mid -correlation of RN A
expression patterns over all conditions [23]. Many IncRNAs have a repressive
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impact on their mRNA binding partners and thus an opposite expression profile

[6]. Therefore, an unsigned network was used that allows genes with opposing

expression patterns to cluster together. By dynamically cutting the hierarchical

dendrogram, 16 modules (clusters) of correlated genes was detected (Figure 3A).

Toppgene analysis was used to find biologically relevant modules that are

enriched for genes involved in interferon o r antiviral response (Tables 1 and 2).

The brown module, containing 2870 mRNAs and 769 non-coding RNAs, is among

others highly enriched in the GO_BP terms viral process, response to interferon-

gamma and innate immune response, as well as the pathways interferon

signaling, herpes simplex infection and adaptive immune system. Hence, non-

coding genes within this module have a high likelihood of contributing to similar

EDOOOT PEEOQwWXxUOET UUT UBw" OUUI OEUDPOOWOIT wUI I u
interferon and HIV -1 infection trait status shows a significant positive correlation

(p < 0.05) with Type | interferon induction (IFN -Y WE OE-Q& @w bl DOl wi EYD
negative correlation with HIV -1 infection (Figure 3B). No significant trait + module

correlation was seen for the brown module with IFN -ww OU w6 w-! EUI Ew OO
module membership (MM: the correlation between an individual gene and the

module eigengene) and gene significance (GS: the correlation between the gene

and the trait), intramodular hub genes for the brown module were identified (GS

> 0.5; MM > 0.9). These hub genes represent highly interconnected genes with

potential key roles within pathways correlated with the particular traits. For IFN -

YWE QO E-Q@u®%U b OU OE U &1 ihnfectidh Gdspectively, 368, 353 and 38hub

genes were identified, of which 20, 22 and 21, respectively, are non-coding genes

(Figures 3C, S2 and S3)
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Figure 3. Weighted gene co-expression network analysis (WGCNA). (A)

Hierarchical dendrogram of an unsigned, single-block gene coexpression

network created based on bi-weight mid -correlation between gene expression

over all samples. (B) Module t trait heatmap displaying the correlation between

the eigengene of a module and the trait status (IFN-Y O N{Q% w-to @ w4 4-O U w

HIV -1). Red indicates a positive correlation, while green indicates a negative

correlation. (C) Scatterplot showing for each individual gene within the brown

module the gene significance for IFN-Y wU 0D OUOEUDOOwY U8 wbUUwWOOEUOI
Genes that are considered hub genes are depicted in red.
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Table 1. Significantly enriched Gene Ontology Biological Process (GO_BP)
terms for each module of the WGCNA. Modules not mentioned have no
significant enriched term based on the Bonferroni-adjusted p-value.

Module ID Biological Process Number of Padj
Genes (%)

Black G0:0030198 extracellular matrix organization 27 (6.8) 1.32E04
Black G0:0006954 inflammatory response 39 (4.8) 1.06E03
Black G0:0030335 positiveregulation of cell migration 32(5.2) 3.15E03
Black GO0:0097529 myeloid leukocyte migration 18 (7.7) 5.02E03
Black G0:0043062 extracellular structure organization 28 (5.5) 5.61E03
Blue G0:0035966 response to topologically incorrect protein 66(32.2) 4.91E07
Blue GO0:0070925 organelle assembly 205 (21.9) 6.09E07
Blue G0:0034976 response to endoplasmic reticulum stress 82 (27.9) 7.73E06
Blue G0:0007049 cell cycle 373 (18.9) 1.17E05
Blue G0:0006974 cellular response to DNA damagmulus 189 (21.4) 3.19E05
Brown G0:0016032 viral process 213 (25.0) 2.61E15
Brown G0:0044403 symbiotic process 222 (24.4) 9.79E15
Brown G0:0044419 interspecies interaction between organisms 229 (23.9) 4.11E14
Brown G0:0034341 response tdnterferon-gamma 69 (33.2) 6.15E09
Brown G0:0045087 innate immune response 224 (21.4) 1.93E08
Cyan G0:0098740 multi organism cell adhesion 2 (100) 2.98E02
Midnightblue | GO:0003009 skeletal muscle contraction 4 (8.3) 3.46E02
Pink GO0:0006119 oxidative phosphorylation 24 (15.7) 6.17E15
Pink G0:0015985 energy coupled proton transport, down electrochemical gradier 24 (15.4) 9.85E15
Pink G0:0015986 ATP synthesis coupled proton transport 24 (15.4) 9.85E15
Pink G0:0009206 purine ribonucleoside triphosphate biosynthetic process 25 (13.0) 1.31E13
Pink G0:0009145 purine nucleoside triphosphate biosynthetic process 25 (12.9) 1.49E13
Tan G0:0050859 negative regulation of B cell receptor signaling pathway 3(37.5) 2.22E02
Turquoise G0:0007049 cell cycle 509 (25.8) 7.43E23
Turquoise G0:0022402 cell cycle process 438 (26.8) 1.11E22
Turquoise G0:0000278 mitotic cell cycle 316 (29.2) 1.58E21
Turquoise G0:1903047 mitotic cell cycle process 316 (29.2) 1.58E21
Turquoise G0:0140014 mitotic nuclear division 316 (29.2) 1.58E21
Yellow G0:0042775 mitochondrial ATP synthesis coupled electron transport 19 (19.0) 2.99E03
Yellow G0:0042773 ATP synthesis coupled electron transport 19 (18.8) 3.51E03
Yellow G0:0090407 organophosphate biosynthetic process 68 (9.1) 8.61E03
Yellow G0:0022900 electron transport chain 27 (13.4) 2.00E02
Yellow G0:0019637 organophosphate metabolic process 95 (79.2) 3.04E02
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Table 2. Significantly enriched pathways (KEGG/REACTOME) for each
module of the WGCNA. Modules not mentioned have no significant enriched
term based on the Bonferroni-adjusted p-value.

Module D Biological Process Source Number of Genes (%) Padj

Blue 1269649  Gene expression REACTOME 372 (20.2)  1.63E-08
Blue 1270038 Regulation of cholesterol biosynthesis by SREBP  REACTOME 25 (45.5) 1.01E-04
Blue 1270039 Activation of gene expression by SREBF REACTOME 21 (50.0)  1.51E-04
Blue 1270037  Cholesterol biosynthesis REACTOME 15 (62.5) 2.26E-04
Blue 1268838  Organelle biogenesis and maintenance REACTOME 86 (25.2) 4.61E-04
Black 1270244 Extracellular matrix organization REACTOME 24 (8.1) 1.85E-05
Black 1470023  Interleukin-4 and 13 signaling REACTOME 12 (10.2)  5.05E-03
Black 1270254 Non-integrin membrane-ECM interactions REACTOME 7(15.2) 4.68E-02
Brown 1269311 Interferon signaling REACTOME 65 (32.2) 2.24E-07
Brown 377873 Herpes simplex infection KEGG 57 (30.8) 1.85E-05
Brown 1269171 Adaptive immnune system REACTOME 175 (21.2)  9.65E-05
Brown 1269312 Interferon alpha/beta signaling REACTOME 28 (40.6)  2.02E-04
Brown 1269314  Interferon gamma signaling REACTOME 34 (36.2)  2.63E-04
Pink 82042 Oxidative phosphorylation KEGG 22 (16.5) B.76E-14
Pink 1270121 TCA cycle and respitory electron transport REACTOME 24 (14.0)  1.64E-13
Pink 83098 Parkinson’s disease KEGG 21 (14.8) 4.69E-12
Pink 1270127 Respiratory electron transport REACTOME 20 (15.9) 5.28E-12
Pink 83097 Alzheimer’s discase KEGG 21 (12.3)  2.06E-10
Tan 1427857 Regulation of TLR by endogeneous ligand REACTOME 3(18.3) 3.21E-02
Turquoise | 1269741  Cell cycle REACTOME 215 (34.5) T7.99E-21
Turquoise | 1269763  Cell cycle, mitotic REACTOME 183 (35.4) SA4B8E-19
Turquoise | 1427846  rRNA processing in the nucleus and cytosol REACTOME 57 (45.1)  4.25E-15
Turquoise | 1383086 Major pathway of tRNA processing REACTOME 83 (45.9) T7.12E-15
Turquoise | 1269649  Gene expression REACTOME 468 (25.4) 9.78E-15
Yellow 1270128  Respiratory electron transport REACTOME 18 (17.5) 1.42E-02
Yellow 82042 Oxidative phosphorylation KEGG 20 (15.0)  4.66E-02

2.4. Interaction Network Construction of WGCNA Hub Ge@® wi( %- YWE OE w( %- O
Stimulated Conditions

To further explore the role and identify major IFN related non -coding hub
genes, apoly-A+ ncRNA+mRNA { protein interaction network was constructed
for hub genes in the brown WGCNA module which were also found differentially
expressed in IFN-induced conditions. The network consists of protein ¢ protein
interactions and IncRNA + mRNA interactions that were predicted based on the
genomic location of the genes and the normalized binding free energy between
the INcRNA and mRNA sequence.

Figure 4A shows the network for 128 differentially expressed, IFN -Y w
correlated hub genes, including 15 non-coding genes. LncRNAs TNK2 -AS1 and
FIRRE display a high interconnectivity with 23 and 5 predicted IncRNA + mMRNA
interactions. The mRNA of IFITM1, a protein with an immune response signaling
function, shows very high binding capacity with 15 non -coding hub genes.
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Figure 4. Networks displaying the predicted interactions between the

differentially expressed (hub) genes of the brown module for: (A) IFN-Y w

stimulation; and (B) IFN-QuUUPOUOEUDPOOE w3 T Ul 1T wbOUI UEEUPOOW
proteint protein interactions determined with the STRING webtool [24]; (2)

Poly-A+ ncRNA+mRNA interactions predicted by LncTAR based on the

binding free energy between the mRNA and the IncRNA sequences [25]; and

(3) ncRNA{ mRNA interactions based on genomic co-localization [26].
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