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Summary

The establishment of HIV-1 latent reservoirs, residing primarily in T cells of memory
phenotype, represent the main barrier to an HIV-1 cure. However, also cells of the
central nervous system, including astrocytes and microglia, may contribute to the
reservoir, and are particularly important sanctuaries of latent HIV-1 due to low
penetration of antiretroviral drugs, lack of resident T cells, and permanent viral
integration. Moreover, as many as half of the people living with HIV-1 display mild to
moderate neurocognitive disorders, even under antiretroviral therapy. The aim of this
PhD thesis was to determine HIV-1 integration sites in the microglia genome, and to
profile global genomic and cell type specific chromatin signatures that may play an
important role in the establishment of productive versus latent infections in the brain
microglia model. In the first part of the thesis, | established a linker-mediated PCR
based method to create a first map of HIV-1 integration patterns in microglia.
Subsequently, | generated multi-omics data sets to profile HIV-1 insertions on different
scales together with transcriptome by RNA-Seq, epigenome by ChIP-Seq and
chromatin accessibility by ATAC-Seq in uninfected microglia cellular model.
Comparison of the ISs with insertions of the main cellular targets of HIV-1 CD4* T cells
and macrophages revealed similar genomic feature distribution and shared gene
repertoires. Intronic targeting of highly transcribed genes, demarcated by H3K36me3
and genic enhancers along with cellular cofactors requirements were found to be
universal integration properties within different HIV-1 reservoirs.

The second aim of my thesis focused on the investigation of potential differences in
transcriptional networks between cells harboring actively replicating virus versus cells
with latent HIV-1 by performing ATAC-Seq. Transcription factor footprinting as well as
biochemical fractionations revealed the architectural protein CCCTC-binding factor
(CTCF) as a dynamic mark of infection in microglia cellular model. Given CTCF's
significant role in determining 3D chromatin structures, the thesis explored the
possibility of a connection between HIV-1 integration sites and topologically associated
domains (TADs) by mapping HIV-1 insertion sites onto previously published Hi-C maps
of microglia-containing tissues and T cells. The analysis uncovered TAD boundaries
delimited with H3K36me3 chromatin mark as a new 3D genome determinant of HIV-1
integration in microglia and CD4" T cells. Moreover, CTCF was found to interact with
viral integrase in a LEDGF/p75 dependent manner, which is an essential integration

host factor and integrase interactor. To explore the potential involvement of CTCF in



HIV-1 integration, | transiently depleted CTCF in HIV-1 target cells and observed a
reduction in HIV-1 integration efficiency and redistributed insertion sites, indicating that
the 3D arrangement of chromatin may play a significant role in HIV-1 infection.

In conclusion, this thesis provides valuable insights into the role of chromatin shaping
proteins and 3D genome architecture in viral integration and latency, which holds
increasing importance in HIV-1 research. Furthermore, it demonstrated that integration
patterns and chromatin characteristics in microglia, a central nervous system HIV-1
target cell type, resemble those found in blood reservoirs. This underscores the
potential of using common therapeutic strategies for different HIV-1 reservoirs.
Nonetheless, future research using primary tissues could unveil new, cell-type-specific

factors as possible targets for effective and safe brain-targeting therapeutics.



Zusammenfassung

Die Etablierung von latenten HIV-1 Reservoiren, die hauptsachlich in T-Zellen des
Gedachtnisphanotyps angesiedelt sind, stellt das Haupthindernis fur eine HIV-1-
Heilung dar. Aber auch Zellen des Zentralnervensystems, einschlie3lich Astrozyten
und Mikroglia, kbnnen zum Reservoir beitragen und sind aufgrund der geringen
Penetration antiretroviraler Medikamente, des Mangels an ansassigen T-Zellen und
der permanenten viralen Integration besonders wichtige Zufluchtsorte fur latentes HIV-
1. Daruber hinaus weist die Halfte der Menschen, die mit HIV-1 leben, leichte bis
mittelschwere neurokognitive Stérungen auf, selbst unter antiretroviraler Therapie. Ziel
dieser Doktorarbeit war es, HIV-1-Integrationsstellen im Mikroglia-Genom zu
bestimmen und ein Profil globaler genomischer und zelltypspezifischer
Chromatinsignaturen zu erstellen, die eine wichtige Rolle bei der Etablierung
produktiver bzw. latenter Infektionen im Mikroglia-Modell des Gehirns spielen kdnnten.
Im ersten Teil der Arbeit habe ich eine auf Linker-basierende PCR-Methode etabliert,
um ein erstes Profil der HIV-1-Integrationsmuster in Mikroglia zu erstellen.
Anschlielend erstellte ich Multi-omics-Datensatze, um HIV-1-Insertionen auf
verschiedenen Ebenen zusammen mit dem Transkriptom (RNA-Seq), dem Epigenom
(ChlIP-Seq) und der Chromatin-Zuganglichkeit (ATAC-Seq) in einem nicht infizierten
Mikroglia-Zellmodell zu charakterisieren.

Der Vergleich der Integrationsstellen mit den Insertionen der Hauptzielzellen von HIV-
1, CD4* T-Zellen und Makrophagen, ergab eine ahnliche Verteilung der genomischen
Merkmale und gemeinsame Genrepertoires. Als universelle Integrationseigenschaften
in verschiedenen HIV-1-Reservoirs erwiesen sich die Insertion in intronische Bereiche
stark exprimierter Gene, markiert durch H3K36me3 und Enhancer, sowie die
Anforderungen an zellulare Kofaktoren.

Das zweite Ziel meiner Dissertation war die Untersuchung moglicher Unterschiede in
den Transkriptionsnetzwerken zwischen Zellen, die ein aktiv replizierendes Virus
beherbergen, und Zellen mit latentem HIV-1 durch ATAC-Seq. Transkriptionsfaktor-
FulRabdricke und biochemische Zellfraktionierungen ergaben, dass das
Strukturprotein CCCTC-Bindungsfaktor (CTCF) eine dynamische Markierung der
Infektion im Mikroglia-Zellmodell darstellt. Angesichts der bedeutenden Rolle von
CTCF bei der Bestimmung von 3D-Chromatinstrukturen wurde in dieser Arbeit die
Moglichkeit einer Verbindung zwischen HIV-1-Integrationsstellen und topologisch
assoziierten Domanen (TADs) untersucht, indem HIV-1-Insertionsstellen auf zuvor



verOffentlichten Hi-C Intervallen von Mikroglia-haltigen Geweben und T-Zellen
abgebildet wurden. Die Analyse ergab, dass die TAD-Grenzen, die durch die
Chromatinmarkierung H3K36me3 abgegrenzt sind, eine neue 3D-Genom-
Determinante der HIV-1-Integration in Mikroglia und CD4* T-Zellen darstellen.
AuRerdem wurde festgestellt, dass CTCF mit der viralen Integrase in einer
LEDGF/p75-abhangigen Weise interagiert, die ein wesentlicher Integrations-
Wirtsfaktor und Integrase-Interaktor ist. Um die mdgliche Beteiligung von CTCF an der
HIV-1-Integration zu untersuchen, habe ich CTCF in HIV-1-Zielzellen vorubergehend
runter reguliert und eine Verringerung der HIV-1-Integrationseffizienz sowie eine
Umverteilung der Insertionsstellen beobachtet, was darauf hindeutet, dass die 3D-
Anordnung des Chromatins eine wichtige Rolle bei der HIV-1-Infektion spielen konnte.
Zusammenfassend lasst sich sagen, dass diese Arbeit wertvolle Einblicke in die Rolle
der Chromatin formenden Proteine und der dreidimensionalen Genomarchitektur bei
der viralen Integration und Latenz liefert, was in der HIV-1-Forschung zunehmend an
Bedeutung gewinnt. Dartber hinaus konnte gezeigt werden, dass Integrationsmuster
und Chromatinmerkmale in Mikroglia, einem HIV-1-Zelltyp des Zentralnervensystems,
denen in Blutreservoirs ahneln. Dies unterstreicht das Potenzial gemeinsamer
therapeutischer Strategien fur verschiedene HIV-1-Reservoirs. Dennoch kdnnten
kunftige Forschungen unter Verwendung von Primargeweben neue, zelltypspezifische
Faktoren als mogliche Ziele fur wirksame und sichere, auf das Gehirn ausgerichtete
Therapeutika ans Licht bringen.
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Introduction

1 Introduction

1.1 Human immunodeficiency virus

1.1.1 HIV and AIDS

Human immunodeficiency virus (HIV), first discovered in 1983 (Barré-Sinoussi et al.,
1983), is a lentivirus belonging to the Retroviridae family. Based on the viral genome
and their replication strategy, viruses can be categorized using the Baltimore scheme
(Baltimore, 1971). HIV is a retrovirus that encodes for a RNA-dependent DNA
polymerase (reverse transcriptase (RT)) and classifies into class VI of the Baltimore
scheme: single stranded RNA-RT virus with a + sense strand genome and a DNA
intermediate (Baltimore, 1971; BALTIMORE, 1970; Temin and Mizutani, 1970).

HIV evolved from cross species transmission from simian immunodeficiency virus
(SIV) from chimpanzees or sooty mangabeys to humans and genomic comparisons
suggest that HIV subtype 1 (HIV-1) stems from chimpanzees and the less prevalent
HIV subtype 2 (HIV-2) from sooty mangabeys (Clavel et al., 1987; Gao et al., 1992,
1999; Peeters et al., 1989; Sharp and Hahn, 2011). HIV-1 is classified into 4 lineages:
M, N, O, and P, where M is causing 95% of HIV-1 infections (Hemelaar et al., 2011).
HIV-1 primarily targets immune cells of the hematopoietic/lymphoid lineage, including
CD4" helper T cells, macrophages, gut-associated lymphoid tissue (GALT) and cells
of the central nervous system (CNS) (Le Douce et al., 2010; Kumar et al., 2014; Wallet
et al., 2019). If untreated, the virus causes the Acquired Immune deficiency Syndrome
(AIDS), and infected individuals require lifelong anti-retroviral therapy (ART) to control
viral load. ART interruption can lead to viral rebound due to the persistence of the virus
in latent reservoirs throughout the body, making it essential for patients to adhere to
their medication regimen all lifelong to prevent viral transmission and lower mortality,

as so far there is no treatment that targets the stably integrated virus.

1.1.2 Transmission and Pathogenesis

HIV-1 is mainly sexually transmitted via contact with infected semen or mucosal
surfaces. Less frequently infections can be passed on via blood transmissions, drug
injection or from an infected mother to the infant. Viral particles pass through epithelial
barriers of the mucosa after which they reach myeloid cells. The first HIV-1 target cells

for cell-free viral entry are macrophages and dendritic cells, leading to moderate
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amplification of the infection (Kolodkin-Gal et al., 2013). When reaching the secondary
lymphoid tissues, harboring a high T cell count, virus is spread via cell-to-cell contact
leading to systemic infection (Brenchley et al., 2004; Felts et al., 2010; Guadalupe et
al., 2003; Hubner et al., 2009; Imle et al., 2019).

HIV-1 infections can be divided into 3 phases: the acute infection, asymptomatic
infection, and AIDS development. Two to four weeks after infection, RNA levels in the
patient’s plasma peaks, while CD4* T cell counts decrease due to massive viral
replication, leading to the development of flu-like symptoms in the patients. During the
asymptomatic phase without treatment plasma RNA levels drop to a steady state for
several years, causing a constant loss of T cells due to direct killing and apoptosis of
infected cells. This impairment of the patient's immune system is followed by the
development of opportunistic disease as for example secondary pathogen infections
or tumors, leading to AIDS (Deeks et al., 2015). Worldwide there are about 39 million
active HIV-1 infection cases in 2022, with around 1.3 million new cases every year
(UNAIDS).

1.1.3 HIV-1 genome structure

HIV-1 viral genome is 10 kb in length and consist of 9 open reading frames encoding
for 15 different viral proteins (Frankel and Young, 1998). The genome is flanked by 5’
long terminal repeat (LTR) and 3’ LTR, both of which consist of identical nucleotide
sequences. These sequences are divided into three identical regions (U3, R, U5)
(Figure 1).

Common to all retroviruses, HIV-1 genome encodes for the polyproteins group-specific
antigen (gag), polymerase (pol), and envelope (env) which are cleaved by viral
protease (Coffin et al., 1997) (Figure 1).

Gag produces proteins for the inner structure of the virion, e.g. capsid (CA), matrix
(MA), nucleocapsid (NC), p6, spacer peptide 1 (sp1), and spacer peptide 2 (sp2). Gag
pol polyprotein is cleaved into protease, reverse transcriptase (RT) to transcribe single
stranded RNA (ssRNA) into viral double stranded DNA (dsDNA) and integrase (IN).
Env gives rise to the glycoprotein gp120 and gp41 to build the viral envelope
(Checroune et al., 1995; Jacks et al., 1988; Kondo and Gattlinger, 1996; Turner and
Summers, 1999). In addition, HIV-1 viral genome encodes for nonstructural proteins
viral protein R (Vpr), viral protein U (Vpu), viral infectivity factor (Vif) and negative factor

(Nef) which are mainly involved in the regulation of innate immune response to HIV-1.
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Trans-activator of transcription (tat) and regulator of virion (Rev) have important roles
in regulating and enhancing viral gene expression (Figure 1). Rev is involved in
exporting unspliced pre-mRNAs from the nucleus to the cytosol (Daly et al., 1989;
Turner and Summers, 1999). Altogether, the viral proteins and 2 copies of viral RNA
assemble and undergo maturation into virions with a closed cone shaped capsid and
~100-200 nm in diameter.

cema rev ....
pol ﬁ o tat e E
5'LTR gag env @ 3w
@@ gp120/gp41 U3 R U5

Figure 1: HIV-1 genomic structure. Schematic representation of the HIV-1 genome structure. Genome

is flanked by 5’ and 3’ LTR which are composed of the identical U3, R and U5 regions. Gag polyprotein
(red) encodes for matrix (MA), capsid (CA) and nucleocapsid (NC), while pol is cleaved after
transcription into protease (PR), reverse transcriptase (RT) and integrase (IN). Viral envelope (env) is
transcribed into gp120 and gp41. In addition, viral genome encodes for the accessory proteins vif, vpr,
vpu, nef, and regulatory proteins tat and rev. Figure was created with BioRender.com.

1.1.4 HIV-1 Replication cycle

The viral replication cycle of HIV-1 is initiated by viral entry into the host cell. The viral
surface protein gp120 interacts with the CD4 receptor on the host cell plasma
membrane (PM) (Dalgleish et al., 1984), together with the co-receptors C-C chemokine
receptor type 5 (CCR5) or C-X-C motif chemokine receptor 4 (CXCR4) leading to viral
entry (Alkhatib et al., 1996; Choe et al., 1996; Oberlin et al., 1996). After the membrane
fusion, the viral capsid core is released into the cytoplasm, where it is transported to
the nuclear pore complex (NPC) by the cytoskeleton network (McClure et al., 1988;
Melikyan, 2008; Stein et al., 1987). As HIV-1 is capable of infecting non-dividing cells,
the pre-integration complex (PIC) can enter the nucleus through the nuclear pore.
Several host factors, that interact with viral CA protein, are involved in the nuclear
import of HIV-1. CA interacts with nucleoporins 358 (Nup358, also known as RAN
Binding Protein 2 (RanBP2)) through FG repeats as well as with nucleoporin 153
(Nup153), a component of the inner nuclear basket (Matreyek and Engelman, 2013;
Di Nunzio et al., 2013; Schaller et al., 2011). Beside nucleoporins, various host proteins
including Transportin 3, Cyclophilin A, and cleavage and polyadenylation specificity
factor 6 (CPSF6) were found to be involved in nuclear import (Shen et al., 2021).
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In the recent years it was shown that the intact capsid core passes through the NPC
(Zila et al., 2021) and that the capsid core uncoating occurs inside the nucleus (Burdick
et al.; Muller et al., 2022; Schifferdecker et al., 2022). During trafficking of the capsid
core from the cytosol to the NPC, reverse transcription of the viral ssRNA into double
dsDNA starts within the capsid core, but reverse transcription is only completed after
nuclear entry (Dharan et al., 2020; Francis et al., 2020; Muller et al., 2021; Selyutina
et al., 2020). The reverse transcription of the viral genome into dsDNA is catalyzed by
the viral enzyme reverse transcriptase (RT) (Sousa et al., 1993). The pre-integration
complex (PIC) consisting of vDNA, capsid protein and cellular proteins, is released into
the nucleoplasm and viral dsDNA is integrated into the host chromatin (Lusic and
Siliciano, 2017), catalyzed by the activity of retroviral IN (Vink and Plasterk, 1993).
Upon integration of viral DNA (vDNA) into the host genome, during the later phase of
infection, provirus is expressed, and assembly of viral particles takes place. Therefore,
synthesized viral envelope proteins are trafficked via the secretory pathway passing
the rough endoplasmic reticulum and the Golgi apparatus to the PM. Additionally, the
Gag polyprotein, which was synthesized in the cytosol, recruits the viral genomic
ssRNA, multimerizes and reaches the PM. These HIV-1 proteins recruit several host
factors to promote virus assembly and release at the PM. The viral particle undergoes
maturation through the action of the viral protease, which cleaves the Gag and Gag-
Pol proteins, resulting in a restructuring of the viral protein's morphology (Freed, 2015)
(Figure 2).
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Figure 2: HIV-1 replication cycle. HIV-1 enters the host cell via binding to the CD4 and CCR5 or
CXCRA4 co-receptors and membrane fusion. The viral capsid transfers through the nuclear pore complex
into the nucleus, where reverse transcription from the viral RNA into viral cDNA is completed. In the
nucleus, pre-integration complex is released, and provirus integrates with the help of viral integrase into
the host genome. On the transcriptional level, virus either goes into latency, or provirus is transcribed,
new viral proteins are translated, assembled, and released for a new round of infection. Figure was

prepared with BioRender.com.

1.1.5 Integration

After CA core enters the nucleus via the nuclear pore complex, HIV-1 integrates its
genome into the host genome. Newest research revealed that RT is completed in the
nucleus followed by the release of vDNA into the nucleoplasm where integration is
happening (Burdick et al., 2020; Muller et al., 2021; Schifferdecker et al., 2022; Zila et
al., 2021). The main protein mediating HIV-1 integration is the viral integrase, which is
indispensable and sufficient to facilitate HIV-1 integration reaction, comprised of 3'-
processing and DNA strand transfer, in vitro (Brown et al., 1987). HIV-1 integration
process takes place within stable nucleoprotein complexes known as intasomes that
are formed by a dodecameric assembly of viral IN bound to both ends of vDNA
(Ballandras-Colas et al., 2017; Hare et al., 2010; Maertens et al., 2010; Passos et al.,
2017, 2020). Further binding of host factors to the intasome builds the large
nucleoprotein pre-integration complex (PIC) (Bowerman et al., 1989; Llano et al., 2004;
Miller et al., 1997; Shun et al., 2007).
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HIV-1 integrase is encoded by the pol gene and contains three independent domains:
(1) The amino-terminal zinc-binding (NTD) domain that contributes to protein
multimerization and to the catalytic activity, (2) the central catalytic core domain (CCD)
that contains a DDE (aspartic acid — aspartic acid — glutamic acid) motif which is
indispensable for the catalytic activity and (3) the carboxy-terminal domain (CTD) that
has an unspecific DNA binding motif which is involved in 3’ processing and strand
transfer (Chen et al., 2000; Khan et al., 1990; Kulkosky et al., 1992; Leavitt et al., 1993).
The first step of the integration process, called 3’ end processing, is the endonucleolytic
cleavage of the 3'-OH ends of vDNA (Figure 3). During the second step, the strand
transfer reaction occurs in which IN uses the vDNA CAOH hydroxyl end to cut the
target DNA major groove in staggered fashion followed by the 5' phosphate joining with
VDNA by transesterification. Single stranded gaps are repaired through host DNA
polymerase and host ligase leading to a 5 bp duplication in the host genome (Brown
et al., 1987; Bushman et al., 1990; Engelman and Cherepanov, 2017; Engelman et al.,
1991; Hare et al., 2010, 2012; Maertens et al., 2010; Vink and Plasterk, 1993).
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Figure 3: HIV-1 integration. HIV-1 IN is catalyzing integration of the viral cDNA into the host genome.
IN binds to the LTRs of the viral cDNA through its C- and N-terminus to from the PIC. The first step of

integration is the 3’ processing where the 3° OH ends of the LTR are removed by endonucleolytic
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cleavage. The second step is the strand transfer reaction, in which the CAOH hydroxyl group attacks
the human major DNA groove. The 5’ phosphate is joined with the viral DNA via transesterification and
single stranded gaps are repaired through the host DNA repair machinery. Figure was created with

BioRender.com.

1.1.5.1 Viral cDNA forms

The prerequisite for productive viral infection is integration of the viral cDNA. But before
viral integration, cDNA can persist as either linear form of unintegrated viral DNA or 2
forms of circular unintegrated cDNA identified so far: 1- and 2- LTR circles. The main
way how circular forms are build, is through autointegration of the viral cDNA into itself
by ligation of the processed 3’ ends with internal viral DNA (Hamid et al., 2017; Lee
and Craigie, 1994). 1-LTR circles are formed by homologous recombination of the 5’
and 3’ LTR or interrupted RT intermediates whereas 2-LTR circles form through non-
homologous end joining (NHEJ) of linear cDNA (Farnet and Haseltine, 1991; Miller et
al., 1995). Several cellular host factors are involved in the formation of LTR circles.
RAD50 Double Strand Break Repair Protein, MRE11 Homolog, Double Strand Break
Repair Nuclease and Nijmegen breakage syndrome (NBS) 1 (NBS1) were shown to
play a role in the formation of 1-LTR circles and silencing of the NHEJ factors Ku70/80,
ligase IV and X-Ray Repair Cross Complementing 4 (XRCC4) impaired 2-LTR circle
establishment (Sloan and Wainberg, 2011) (Figure 4).

Persistence of unintegrated HIV-1 cDNA forms is debated. Due to the absence of an
origin of replication, they are not maintained during cellular division. 2-LTR levels are
decreasing in the total CD4* T cell population in patients (Sharkey et al., 2005). In non-
dividing cells, like macrophages, circular cDNA forms were found to persist up to 30
days, suggesting that they indeed can be maintained in slow or non-dividing cell types
(Kelly et al., 2008). Circular forms of cDNA were thought to be dead-end products of
viral replication cycle, but they were found to support viral transcription. The viral
accessory protein vpr can promote viral transcription from unintegrated DNA without
the influence of tat (Poon et al., 2007). On the contrary, unintegrated DNA forms were
found to be chromatinized by core histones and linker histones early upon infection,
leading to pre-integration silencing of the virus through H3K9me3 histone mark
deposition, prevention of POL-II binding or compaction by SMC5/6 complex (Dupont
et al., 2021; Geis and Goff, 2019; Geis et al., 2022a; Machida et al., 2020), highlighting

the possible role of unintegrated DNA forms in latency establishment of HIV-1.
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Furthermore, a recent study showed that 2-LTR circles can even serve as a substrate
for viral integration both in vitro and in eukaryotic cells, suggesting that unintegrated
circular forms of viral cDNA are not a dead-end product of viral replication cycle, but
might rather constitute a retained supply for proviral integration (Richetta et al., 2019).

linear cDNA

Autointegration Recombination Host DNA repair
mechanisms

truncated
autointegrant

internally rearranged 1-LTR circle

autointegrant degradation

YOVONX 2-LTR circle
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integrated provirus
into the host genome

Figure 4: HIV-1 cDNA forms. HIV-1 proviral cDNA can exist in several variations. Immediately after
reverse transcription, HIV-1 cDNA is present as a linear strand of DNA. Through autointegration into
itself, HIV-1 can form truncated and internally rearranged circular DNArings. When the linear viral cDNA
recombines through its LTRs, 1-LTR circles are build. In addition, host factors can aid the formation of
2-LTR circles via non homologous end joining mechanisms and the host DNA repair machinery. DNA
repair factors and host restriction factors can also directly degrade viral cDNA. Figure was adapted from

(Sloan and Wainberg, 2011) and created with BioRender.com.

1.1.5.2 Host factors for integration

HIV-1 integration process is supported by several host factors but extensive research
in the recent years has shown that HIV-1 integration targeting is largely mediated by
the interaction of two virus proteins, IN and CA with cognate cellular host factors,
chromatin reader lens epithelium-derived growth factor p75 (LEDGF/p75) and
cleavage and polyadenylation specificity factor 6 (CPSF6), respectively (Figure 5).
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Host cell protein LEDGF/p75, encoded by the PC4 and SFRS1 Interacting Protein 1
(PSIP1) gene, contains an integrase binding domain (IBD) that binds to two specific
domains of viral IN: the CCD and NTD (Cherepanov et al., 2004; Hare and
Cherepanov, 2009; Maertens et al., 2003). Additionally, LEDGF/p75 is a member of
the hepatoma-derived growth factor (HDGF)-related protein (HRP) family, which
contains an N-terminal proline- tryptophan-tryptophan-proline (PWWP) domain that
binds to methylated histones H3K36me2 and 3 (Izumoto et al., 1997). As a chromatin
reader protein, LEDGF/p75 binds chromatin (Cherepanov et al., 2003; Maertens et al.,
2003; Nishizawa et al., 2001), recognizes methylation of lysine 36 on the Histone H3
(H3K36me3) via the PWWP domain (Eidahl et al., 2013; van Nuland et al., 2013;
Pradeepa et al., 2012) and therefore tethers the PIC to the bodies of transcribed genes
(Demeulemeester et al., 2015; Llano et al., 2006; De Rijck et al., 2006; Schrijvers et
al., 2012; Shun et al., 2007). In addition to its tethering function, LEDGF/p75 enhances
the affinity between IN and host DNA through its IBD and protects IN from proteolytic
degradation (Busschots et al., 2005; Cherepanov et al., 2003; Llano et al., 2004).
LEDGF/p75 knock down (KD) and knock out (KO) experiments showed that the
preferred gene body integration pattern of HIV-1 shifted towards the 5’ end of the genes
in the absence of LEDGF/p75 (Singh et al., 2015; Sowd et al., 2016).

Although more than 200 cellular host factors were identified as IN interaction partners
(Engelman and Singh, 2018), it is notable that the impact on HIV-1 integration patterns
has hitherto been attributed exclusively to LEDGF/p75. Other factors that could also
play a role are IN interactor 1 (INI1)/SMARCB1 (Kalpana et al., 1994), which is a
component of BAF and PBAF chromatin remodeling complexes binding to the CTD of
IN, and was found to mimic TAR RNA stem loop influencing later steps of the viral
replication cycle (Dixit et al., 2021). Histone acetyltransferase enzyme EP300
(Cereseto et al., 2005) is another IN interactor, but it remains for further studies to

investigate their possible influence on HIV-1 integration patterns.

The second important virus-host interaction contributing to integration site selection is
CA with cellular partner CPSF6 which directs HIV-1 to actively transcribed euchromatic
regions of the nucleus close to nuclear speckles called speckle-associated domains
(SPADS) (Bedwell et al., 2021; Francis et al., 2020; Sowd et al., 2016). Furthermore,
experiments with viral constructs harboring N74D and A77V mutations, which abolish
CA interaction, phenocopied the CPSF6 KD IS distribution and led to integration into
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gene sparse regions (Koh et al., 2013; Lee et al., 2010; Saito et al., 2016; Schaller et
al., 2011; Sowd et al., 2016). Moreover, microscopy imaging of fluorescent viruses in
CPSF6 depleted cells or using N74D and A77V CA mutant viruses led to an
accumulation of PIC in the nuclear periphery nearby lamin associated domains (LADs)
(Achuthan et al., 2018; Francis et al., 2020).

The viral CA protein also directly interacts with several nuclear and cytoplasmatic
factors including RANBP2 (Lee et al., 2010; Schaller et al., 2011), NUP153 (Brass et
al., 2008; Bushman et al., 2009; Matreyek and Engelman, 2011) and cyclophilin A
(CypA) (Gamble et al., 1996; De laco and Luban, 2014; Luban et al., 1993).

While these additional factors potentially contribute to the viral integration sites
selection, integrase-LEDGF/p75 and capsid-CPSF6 interactions are the most
established, as they promote insertions into gene bodies and localization of the viral

genome in euchromatic regions of the nucleus.

1.1.5.3 Integration site selection of HIV-1

Stable integration of the provirus into the host genome is the main determinant of
retroviruses, where different genera were found integrated in different regions of the
host genome. While gamma-retroviruses like MLV were found at DNA-hypersensitivity
and promoter sites (LaFave et al., 2014; Lewinski et al., 2006; Panet and Cedar, 1977,
De Ravin et al., 2014; Rohdewohld et al., 1987; Vijaya et al., 1986; Wu et al., 2003)
and delta-retroviruses like HTLV-1 preferably around TSS, promoters and transcription
regulatory elements (Gillet et al., 2011), alpha- and beta- retroviruses showed nearly
random IS distribution (Faschinger et al., 2008; Mitchell et al., 2004; Narezkina et al.,
2004).

Large sequencing studies of virus- genome junctions in the recent years substantially
contributed to the understanding of the integration site selection of the lentivirus HIV-
1. From the first integration sites (I1S) obtained in HIV-1 infected SupT1 cells (Schroder
et al., 2002) up to date, large sets of genomic data were generated in relevant HIV-1
target cell lines, primary T cells and in patient material (Barr et al., 2006; Bedwell et
al., 2021; Cohn et al., 2015; Einkauf et al., 2022; Lucic et al., 2019; Maldarelli et al.,
2014; Sherrill-Mix et al., 2013; Wagner et al., 2014; Wang et al., 2007). These studies
showed that HIV-1 integration is a non-random process incorporating elements of
chromatin structure and function, ranging from DNA cis-elements to the three-

dimensional (3D) genome organization. Indeed, HIV-1 mostly integrates into actively
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transcribed regions of the genome, in the vicinity of activating epigenetic marks as
H3K36me3, H3K4me1 or H4K16ac, CpG islands and intronic regions and away from
repressive marks H3K27me3 and H3K9me3 (Figure 5) (Marini et al., 2015; Roth et al.,
2011; Wang et al., 2007). Although it seems that HIV-1 does not target any particular
genomic sequence, it is known to integrate near Alu repeats (Cohn et al., 2015;
Schroder et al., 2002). The integration motif (INT-motif) TG-(N)5-7-CA has been found
in association with HIV-1 integration sites near Alu repeats, but not a consensus
sequence (Brady et al., 2009a; Holman and Coffin, 2005; Serrao et al., 2014). Cohn et
al. found a 30 bp INT-motif within 100 bp of 7 % of all integrations, which was located
at the 3' end of Alu elements (Cohn et al., 2015). Furthermore, enrichment of HIV-1
integration in Alu repeats was found, both in genic and intergenic regions, suggesting
that HIV-1 integration has a bias towards Alu repeats independent of its preference for
integration into genes.

HIV-1 integration takes place in a complex setting of the human genome, packed into
the nucleus, which is surrounded by the inner and outer nuclear envelope. The inner
envelope is associated with lamins and other proteins, forming the nuclear lamina
(Pombo and Dillon, 2015). Chromatin forms contacts with the surface of the nuclear
lamina, containing mainly repressed chromatin in the lamin-associated domains
(LADs) and open chromatin marks underneath the NPCs (lbarra et al., 2016). The HIV-
1 provirus was found excluded from LADs and associated with several proteins of the
NPC, where KD of NUP153 led to diminished integration levels and a shift of
integrations to the interior of the T cell nucleus (Marini et al., 2015), suggesting that the
nuclear periphery is an important determinant for HIV-1 integration.

Although no sequence specificity was found for HIV-1, ISs are enriched in certain
genomic regions over others. Recent efforts to characterize HIV-1 integration
repertoires showed that HIV-1 recurrently integrates into certain genes (Bedwell et al.,
2021; Lucic et al., 2019). In one study, these recurrent integration genes (RIGs) were
defined by a gene being present in at least two different integration studies both in vitro
and in patients (Lucic et al., 2019). Another way of characterizing recurrently targeted
genes was done by comparing across 10 different IS studies (both patient and in vitro
studies) which genes were experimentally targeted more or less frequently than
expected by chance (Bedwell et al., 2021). This analysis showed that RIGs and RAGs
(recurrently avoided genes) are rather similar between in vitro studies, ART treated
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and untreated patient IS data sets, suggesting that HIV-1 frequently targets a subset
of genes independent of HIV-1 target cell background (Figure 5).

Robust genomic analysis of HIV-1 hot-spots of integration in primary CD4" T cells
together with Hi-C in Jurkat cells revealed that genes with HIV-1 insertions build 3D
clusters in close proximity to enhancer and super-enhancer (SE) regions (genomic
regions enriched in H3K27ac, H3K4me1 and transcription factor binding sites (TF)).
This enrichment in the active sub-compartment of the nucleus was still preserved when
corrected for gene expression, suggesting that nuclear architecture could have a
critical role in integration site selection (Figure 5) (Lucic et al., 2019). As super-
enhancers are known to regulate cell identity genes (Hnisz et al 2013), the association
of ISs with super-enhancers might be cell-type specific and might lead to the
integration into cell-type specific genes. Furthermore, it was shown that HIV-1 targets
speckle associated domains (SPADs, 40% overlap of IS with SPADs), which contain
a high proportion of SE (70 %) (Bedwell et al., 2021; Chen et al., 2018b; Francis et al.,
2020). The only available SPAD data set so far has been generated in K562 cells
(Chen et al., 2018b) and further studies in T cells are needed to deconvolute the
influence of SPADs and enhancers on HIV-1 integration.

In HIV-1 IS research it is not only important to study the actual IS but also information
about the corresponding proviral sequence is crucial. In particular, when studying
patient data and latent reservoirs, the intactness of the viral sequence can provide
insights if the respective insertion could potentially give rise to a functional viral particle
to fuel new infections. A recent study analyzed viral transcription, integration site and
viral genome sequence from the same cell in ART treated patients. They could show
that intact provirus was found more frequently in non-genic regions than defective
ones. Furthermore, by integrating their sequencing data with reference chromatin
immunoprecipitation followed by sequencing (ChlP-Seq), Assay for Transposase-
Accessible Chromatin using sequencing (ATAC-Seq) and 3D genome contact Hi-C
data of primary T cells they could show that non-genic regions harboring IS showed
an increased distance to frequently interacting regions (FIREs), as determined by Hi-
C (Einkauf et al., 2022). In addition, regions with active integration sites, meaning with
a baseline viral expression, had higher contact frequencies in 3D to active regions as
characterized by open chromatin marks, ATAC-Seq and RNA-Seq signal.

Over the recent years, research studies indicate a structure-function relationship

between integration sites, the encompassing 3D genome, and the expression of the
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HIV-1 provirus. This underscores the potential significance of 3D chromatin and cis

genomic elements in influencing the selection of HIV-1 integration sites.
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Figure 5: HIV-1 integration determinants. HIV-1 integration and IS landscape is determined by several
viral and host factors. It is known that HIV-1 integration is dependent on LEDGF/p75 and CPSF6. On
the chromatin level, provirus integrates into euchromatic regions and actively transcribing genes marked
by H3K36me3 and H3K27ac. Integration sites are frequently found in certain genes e.g. STAT5D,
BACH2 or NPLOC. In recent years it evolved that HIV-1 proviruses frequently reside in proximity to
several subnuclear compartments such as for example PML nuclear bodies and nuclear speckle
associated domains. In addition, recurrently targeted HIV-1 genes were found to cluster together in the
3D nuclear periphery of the A1 subcompartment of the T cell nucleus close to super enhancers. Figure

was prepared with BioRender.com.

1.1.6 HIV-1 transcription

Once the viral DNA is integrated into the host genome, the proviral genome is either
expressed by the cellular machinery, or transcriptionally silenced leading to the
establishment of post-integration latency (described in the following chapter). The HIV-
1 LTR is composed of the transcription start side (TSS), the TATA box and the SP1
enhancer region, containing binding sites for the constitutive TF SP1, and the inducible
transcription factors activator protein-1 (AP-1), nuclear factor of activated T-cells
(NFAT) and nuclear factor kb (NF-«kb) (Dutilleul et al., 2020; Ne et al., 2018). The viral

genome is also chromatinized upon integration with nuc-0, nuc-1 and nuc-2
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nucleosomes precisely positioned at the viral LTR regions around the TSS and having
important roles in TF recruitment and transcriptional regulation of HIV-1 (Lusic et al.,
2003; Verdin et al., 1993).

The first genes expressed of the viral genome are tat, rev and nef transcripts. These
mMRNAs are fully spliced, exported to the cytoplasm, translated, and imported to the
nucleus where they regulate expression of the full genome. The remaining transcripts
of the HIV-1 genome are either unspliced or partially spliced (Ocwieja et al., 2012;
Purcell and Martin, 1993). The unspliced transcripts are recognized by the viral protein
rev via the rev responsive element (RRE), regulating transcript export (Malim et al.,
1989).

One important factor enhancing HIV-1 transcription is the transactivator protein tat. It
regulates transcription via binding to the transactivation response element (TAR) which
is formed at the 5’ end of viral transcripts. The cellular RNA polymerase |l (POL-II)
pauses after TAR RNA loop in the absence of tat. For the full activation of the viral LTR,
several factors need to be recruited to the regulatory region upstream of the LTR
including AP-1, NFAT, Upstream stimulatory factor 1 (USF), Ets, Lymphoid enhancer-
binding factor 1 (LEF-1) and NF-kb. Furthermore, tat recruits Positive Transcription
Elongation Factor-b (P-TEFb) to the LTR, consisting of cyclin dependent kinase 9
(CDK9) and cyclin T1 (CycT1), via disruption of the inactive P-
TEFb:7SK/snRNP/Hexim1 complex. It was found that P-TEFb is recruited to the LTR
as part of the larger super elongation complex (SEC), consisting of scaffolding subunits
AFF1 and AFF4 and transcription elongation factors ELL1 and 2 (He et al., 2010;
Sobhian et al., 2010). The recruitment together with the SEC is necessary for the full
tat-dependent transcriptional activation of the LTR (Lu et al., 2014). P-TEFb/CDK9
phosphorylates the CTD of polymerase Il at Ser2, which leads to transcription
elongation. Tat competes with Hexim1 for CycT1 binding. If the level of tat is high, HIV-
1 transcription continues even if there are high levels of 7SK snRNP (Herrmann and
Rice, 1995; Kinoshita et al., 1997; Nabel and Baltimore, 1987; Reines et al., 1996;
Tong-Starksen et al., 1987; Wei et al., 1998). The availability of the LTR activating

components is crucial for viral transcription to occur.

1.1.7 HIV-1 viral latency
On the transcriptional level, HIV-1 infection can have two different outcomes; either the

virus gets transcribed and new viral particles are assembled or the virus becomes
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silenced and goes into post-integration latency, which is a state where the virus is
transcriptionally silent but replication competent and can be reactivated
pharmacologically or naturally (Halvas et al., 2020; Lusic and Siliciano, 2017).

As HIV-1 becomes an intrinsic component of the host genome, there is so far no
treatment that targets the stably integrated provirus and therefore latency is still a
bottleneck on the way to an HIV-1 cure.

In case of HIV-1, post-integration latency is attributed to the transcriptionally silent and

highly stable proviral reservoir formed mostly in resting memory CD4" T cells and
macrophages. Apart from post-integration latency, latency can be established before
the PIC integrates into the host genome and is achieved by incomplete RT due to a
lack of dNTPs or chromatinization and epigenetic silencing of unintegrated HIV-1 DNA
forms (Geis and Goff, 2019; Geis et al., 2022b; Pierson et al., 2002; Swiggard et al.,
2005; Wang et al., 2016a). A recent study suggested that SMC5/6 complex is
contributing to epigenetic silencing of unintegrated HIV-1 DNA by SUMOylation (Irwan
et al., 2022).

Post-integration latency is a multifactorial process, and there are several mechanisms
that block viral transcription after integration into the host genome, thus leading to viral
latency. In transcriptional interference, HIV-1 integration in cis to the host genome can
lead to promoter occlusion, and convergent antisense transcription of the viral genome
can also inhibit successful transcription (Lenasi et al., 2008). Latency can be
established also through decreased transcription factor (TF) binding, either because

they are defective or excluded from nucleus during the resting CD4" T cell state
(Marcello et al., 2003; Sabo et al., 2008; Williams et al., 2007). Other mechanisms
contribute to the latency establishment such as proviral repression through chromatin
silencing by H3K27me3 or H3K9me3 (Chéné et al., 2007; Friedman et al., 2011; Imai
et al., 2010) or CpG promoter methylation (Blazkova et al., 2009; Kauder et al., 2009).
Transcriptionally repressed provirus was found distal from activating chromatin marks
(Chen et al., 2017; Vansant et al., 2020).

Heterochromatin is maintained through histone modifications as for example
methylation or acetylation (Zhang et al., 2015). Though, the heterochromatic
environment can be decondensed through histone deacetylase inhibitors (HDAC),
histone methyltransferase inhibitors (HMT's) or inhibitors of the Bromo- and Extra-
Terminal domain (BET) family (chromatin reader proteins of acetylated lysines) and
therefore the viral replication is reactivated (Colin and Van Lint, 2009; Lucic and Lusic,
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2016). Intensive research in the last decade showed that latency reversing agents
(LRAs) do not achieve a full reactivation of the reservoirs, that they are less effective
in vivo than ex vivo and that they can have strong side effects due to a global T cell
boost (Archin et al., 2012; Bullen et al., 2014; Kulkosky et al., 2002; Shan et al., 2012).
Therefore, the 'shock and kill' approach for HIV-1 cure, where transcriptionally
activated provirus is subsequently targeted with ART, is not fully effective to eradicate
viral infection. Another approach to achieve a functional cure is the ‘block and lock’
strategy, where the idea is to suppress viral transcription to silence HIV-1, preventing
viral rebound. Two examples of small molecules to achieve this are Didehydro-
cortistatin A (dCA) which is a tat inhibitor or LEDGINSs, which are small inhibitors of the
LEDGF/p75- IN interaction. dCA was shown to inhibit tat and to promote a tight
interaction of nucleosome and viral DNA by increasing H3 deacetylation (Li et al., 2019;
Mousseau et al., 2015). By inhibiting the interaction of LEDGF/p75 and IN, viral
integration was substantially reduced and at the same time the remaining IS were
shifted to genomic sites with less susceptibility of reactivation, ‘locking’ them in viral
sanctuaries (Christ et al.,, 2010; Debyser et al., 2018; Vranckx et al., 2016).
Nonetheless, also with this concept, scientists faced the problem of not reaching and
affecting the full latent reservoir, due to the high heterogeneity (Clark et al., 2023;
Dufour et al., 2023; Wu et al., 2023).

Apart from the 'shock and kill' and ‘block and lock’ approaches, genome-editing based
methods to eliminate the latent reservoir have been used in the past decade. As an
integral part of the human genome, latent proviral DNA can be directly targeted or the
host factors necessary for HIV-1 replication can be disrupted. Editing via zinc finger
nuclease- targeted disruption of the HIV-1 co-receptor CCR5 was used to introduce
double strand breaks into the CCRS5 receptor gene (Perez et al., 2008). In an
alternative approach, CRISPR/Cas9 system is used to design gRNAs against the viral
LTRs to eliminate the viral genome from the host cell (Cong et al., 2013; Ebina et al.,
2013; Li et al., 2015, 2022; Mali et al., 2013). However, despite the promising research
results it is still unclear if the high specificity and efficiency in vitro can be transferred
into the clinics. In addition to the high risk of off target effects, the accessibility of the
latent reservoir in vivo is still unclear. For the improvement of currently available HIV-1
treatments (functional cure), and with the goal to achieve a sterilizing cure, it is crucial
to get a better understanding of how latency is established and maintained. Despite
the effort that has been made in this direction, it is still not clear whether HIV-1 actively
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selects the genes into which it integrates, what are their potential regulatory features
and how the integration sites contribute to the latency state.

1.1.8 HIV-1 reservoirs and clonal expansion

Latent cells can build latent reservoirs throughout the body. A reservoir can be defined
as a cell type or anatomical site that allows longer-term persistence of replication-
competent virus in the setting of optimal cART (Sengupta and Siliciano, 2018). The
most known and well-studied HIV-1 reservoir are long-lived memory CD4* T cells of
resting phenotype that are main barrier to cure. The proposed, and well accepted
mechanism how they become a reservoir is that activated infected T cells revert to a
resting memory state and through heterochromatin formation, transcription factor
sequestration and lack of dNTPs for reverse transcription the virus becomes silenced
(Lee and Lichterfeld, 2016; Wong et al., 2019). In addition, resting primary CD4"* T cells
can also directly establish latent infection (Agosto et al., 2018; Cameron et al., 2010;
Chavez et al., 2015; Moso et al., 2019; Pace et al., 2012). Apart from CD4" T cells,
macrophages, gut associated lymphoid tissue (GALT) and cells of the central nervous
system (CNS) represent plausible latent reservoirs due to their epigenetic and
metabolic characteristics (Kruize and Kootstra, 2019; Marban et al., 2016; Veazey et
al., 1998; Yukl et al., 2010).

Viral reservoirs are established early during acute infection (Chun et al., 1998) and the
virus can persist in the body for a long time without any noticeable symptoms, when
the patient is under antiretroviral therapy. However, when the therapy is interrupted,
the virus load rebounds and the patient can develop AIDS (Broder, 2010). Long term
persistence of the resistant latent reservoir cells is achieved by clonal expansion of
infected cells. This process can be initiated by antigen-driven proliferation (Gantner et
al., 2020; Mendoza et al., 2020; Simonetti et al., 2021), homeostatic proliferation of
infected latent T cells (Chomont et al., 2009) or the integration site and enhanced cell
proliferation driven by insertional mutagenesis into proliferation genes (Cesana et al.,
2017; Cohn et al., 2015; Liu et al., 2020; Maldarelli et al., 2014; Wagner et al., 2014)
(Figure 6).
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Figure 6: Mechanisms of clonal expansion. (A) CD4" T cells harboring integrated provirus are
proliferating and maintained by cell division. (B) Antigen binding to the T cell receptor stimulates
proliferation of infected T cells generating large T cell clones. (C) Integration into cell survival genes can
also lead to integration site driven T cell proliferation. Figure was adapted from (Lau et al., 2021) and

created with BioRender.com.

The identification of a significant proportion of chronically infected cells within patients
receiving ART as constituents of expansive cellular clones has substantially altered our
perspective on the reservoir's composition and its origin. In support of integration site
driven clonal expansion, it was shown that IS selection was closely linked to viral
persistence. Longitudinal patient studies showed several independent integration sites
in the same gene as well as identical insertions derived from different cells (most
prominent genes detected in multiple patient studies were BACH2, STAT5B, MKL2)
upstream of the translation initiation site of these genes or in introns between two
exons (Cesana et al., 2017; Coffin et al., 2021; Cohn et al., 2015; Maldarelli et al.,
2014; Wagner et al., 2014). The in vivo selection process might be influenced by the
fact that these genes are involved in cell growth or cell cycle regulation and that their
dysregulation (altered gene expression levels or expression of altered protein forms)
is associated with cancer (Scholz et al., 2017). These findings suggest a clonal
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expansion phenotype of a cell bearing the particular proviral insertion that leads to viral
persistence (Cohn et al., 2015; Maldarelli et al., 2014; Wagner et al., 2014).

It was found in patient studies over the last years that not all latent reservoirs are
transcriptionally silent and that the active IS clones make up 30% of all proviruses in
people living with HIV (PLWH). Sequencing of the IS together with the viral sequence
and the viral expression levels revealed that RNA expression is associated with active
epigenetic marks both in cis and in 3D (Einkauf et al., 2022).

Under ART, the majority of integrated virus is defective due to deletions and
hypermutations and the defective viruses accumulate over time in patients under ART
(Bruner et al., 2016; Cohn et al., 2015; Ho et al., 2013; Simonetti et al., 2016). While
most of the clonally expanded cells contain non-intact proviruses, even the small
fraction of intact transcriptionally active proviruses can fuel viral rebound upon
treatment interruption (Aamer et al., 2020; Bui et al., 2017; Cole et al., 2022; Hosmane
etal., 2017; Lorenzi et al., 2016; Simonetti et al., 2016). Among HIV-1 infected patients
a unique population exists which can spontaneously control HIV-1 infection without
treatment. These patients are called elite controllers (EC) because they have
undetectable levels of viremia (Gonzalo-Gil et al., 2017). The mechanisms how they
control infection are poorly understood, and further studies of these individuals could
give important insights into how to achieve a functional cure of HIV-1. Many EC were
found to have host gene polymorphisms in the CCR5-A32 gene which renders cells
not permissive for viruses using CCR5 co-receptor for viral entry (Antoni et al., 2013).
Arecent study focusing on the IS in the latent reservoir in EC found that EC have more
IS in the silent ‘deep sleep’ regions of the genome like non-coding centromeric satellite
DNA (Chomont, 2020; Jiang et al., 2020). Intact viral insertions were found located
closer to the repressive chromatin mark H3K9me3 and further away from the enhancer
mark H3K4me1 (Jiang et al., 2020), suggesting that these dense heterochromatin
regions can contribute to the st ate of deep latency (Lichterfeld et al., 2022).

Intact integrations into non-silent euchromatic regions of the genome leading to
production of viral transcripts results in sensing by the cell intrinsic immunorecognition
and clearing by the immune system (Li et al., 2016). As a consequence, a deep latency
reservoir is selected over time (Jiang et al., 2020). Additionally, intact viral insertions
decline faster over time in patients than defective viral clones, possibly due to a more
sensitive recognition by the immune system (Cho et al., 2022; Falcinelli et al., 2021,
Garcia-Broncano et al., 2019; Peluso et al., 2020; Pinzone et al., 2019). All together
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these studies highlight a prominent role of the insertion site and the resulting viral
transcription level on viral persistence and clonal expansion (Cole et al., 2022; Einkauf
et al., 2019, 2022; Huang et al., 2021). The establishment of a viral deep latent
reservoir in EC to control viral infection supports a ‘block and lock’ like strategy to
achieve a functional HIV-1 cure.

Due to the large heterogeneity and rarity of the latent reservoirs, in the recent year
patient studies focused on advanced and costly single cell methods to investigate
reservoir composition. Focused interrogation of cells by nucleic acid detection and
sequencing (FIND-Seq) is a microfluidic based technology performing RNA-Seq only
on cells harboring HIV-1 DNA. Host cell transcriptomic profiles of HIV DNA* cells were
highly diverse but showed shared gene expression patterns of resistance to cell death
and resistance to anti-proliferative signaling, likely promoting persistence of infected
clones (Clark et al., 2023). ATAC-Seq in combination select antigen profiling by
sequencing (ASAP-Seq) revealed a large variation of surface and epigenetic markers
between and across infected memory CD4* T cells (Wu et al., 2023). Another recent
study on the phenotype of latent reservoir cells showed a large phenotypic diversity of
latent CD4* T cells harboring the same intact HIV-1 genome (Dufour et al., 2023),
further suggesting that it is difficult to find a druggable latency marker for HIV-1.

1.2 Microglia as latent HIV-1 reservoir

1.2.1 Microglia

The main and well-studied HIV-1 latent reservoir are memory CD4" T cells of a resting
phenotype. Nonetheless, latent reservoirs can also be established within other tissue
compartments expressing CD4 receptor. Notably, HIV-1 invades the central nervous
system (CNS) early in infection, leading to HIV-associated neurological disorders
(HAND) in up to 50% of individuals receiving ART (Davis et al., 1992; Heaton et al.,
2011; Rappaport and Volsky, 2015). Studies using laser microdissection coupled with
polymerase chain reaction (PCR) have detected integrated HIV-1 provirus in
perivascular macrophages, astrocytes, and microglia derived from HIV-1 patients
(Churchill et al., 2006; Thompson et al., 2011). However, a recent study raised doubts
about the presence of HIV-1 DNA in astrocytes of ART-treated patients (Ko et al.,
2019). Conversely, evidence from the past three decades strongly supports the in vivo
and in vitro replication of HIV-1 in microglia (Albright et al., 2000; Cosenza et al., 2002;
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Edén et al., 2010, 2016; Ferretti et al., 2015; Garcia-Mesa et al., 2017; McCarthy et
al., 1998; Neuen-Jacob et al., 1993; Stoler et al., 1986; Tang et al., 2023; Wiley et al.,
1986), indicating that microglia, brain resident mononuclear phagocytes crucial for the
innate immune response in the brain, are the main CNS cell type supporting HIV-1
replication.

Microglia cells originate from the yolk sac and migrate to the brain during
embryogenesis, constituting approximately 10% of the cellular population in the brain
(Ginhoux et al., 2010). They play a role in tissue structure, dynamics, and provide
innate immune protection against microorganisms and physical trauma in the brain
(Ginhoux et al., 2010; Sousa et al., 2018). When activated by pathogens or
inflammatory signals in their environment (Davalos et al., 2005; Nimmerjahn et al.,
2005), they release various cytokines, chemokines, and neurotoxic proteins, both pro-
inflammatory (e.g., tumor necrosis factor a (TNFa), interleukin 18 (IL13), interleukin 10
(IL10)) and anti-inflammatory (e.g., interferon a/B (IFNa/B)) (Lee et al., 2002). P2Y
purinoceptor 12 (P2Y12) and Transmembrane Protein 119 (TREM119) serve as
molecular markers on the surface of microglia cells, and they are involved in tissue
remodeling, clearance of neurons, pathogens, and cellular debris (Bottcher et al.,
2019; Priller and Prinz, 2019; Spittau, 2017).

Microglia cells get infected either via cell-free viral infection or through transmigration
of infected T lymphocytes or monocytes (Murooka et al., 2012; Veenstra et al., 2017).
Several studies suggest that microglia present a potential latent reservoir for HIV-1
given their resistance to apoptosis, their year-long lifespan and self-renewal properties
(Bilimoria and Stevens, 2015; Hashimoto et al., 2013; Kumar et al., 2014; Tay et al.,
2017). Anatomically, microglia cells are embedded in the complex brain tissue and are
thus protected via the blood brain barrier, making infected cells difficult to target by
ART, contributing to viral persistence. Indeed, recent studies support the existence of
replication competent viral reservoirs in the CNS also during ART (Avalos et al., 2017;
Joseph et al., 2019; Tang et al., 2023).

1.2.2 HIV associated neurological disorders and latency in microglia cells

Untreated HIV-1 infection can lead to brain damage, HIV associated encephalitis
(HIVE) or dementia. Moreover, even individuals on successful ART with undetectable
plasma viral load develop pathological neuroinflammation, which leads to HAND.

Whether symptoms arise directly due to viral activity, are mediated indirectly through
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systemic inflammatory processes, or emerge as a result of a complex interplay
between viral presence and systemic inflammation is still under debate. Non-viral
mechanisms supporting HAND development include high correlation of systemic and
CNS inflammation with HAND in patients infected with HIV-1 (Livelli et al., 2019;
Swanta et al., 2020; Williams et al., 2021). The release of neurotoxins and reactive
oxygen species (ROS) causing neuroinflammation was both observed in patient brains
and ex vivo microglia infections (Alvarez-Carbonell et al., 2017, 2019; Garcia-Mesa et
al., 2017; Ginsberg et al., 2018; Mahajan et al., 2021). Furthermore, it was shown that
the viral proteins tat, nef and envelop glycoprotein gp120 can act directly as
neurotoxins leading to microglia activation (Kraft-Terry et al., 2009). Gene expression
analysis of post mortem brain samples from the National NeuroHIV Tissue consortium
revealed an increased expression of proinflammatory cytokine and interferon signaling
pathway genes in patients with high viral load (Sanna et al., 2021) (Figure 7).

One mechanism proposed for virus induced establishment of HAND is the periodic
emergence of HIV-1 from latency in microglia cells (Alvarez-Carbonell et al., 2017,
2019). Cytokines elevated in inflammation were also found to be able to reactivate HIV-
1 and microglia (Alvarez-Carbonell et al., 2017, 2019). Several factors have been
proposed to contribute to latency reactivation in microglia cells including neuronal
damage or inflammatory signals (Dahl et al., 2014; Eggers et al., 2017; Yadav and
Collman, 2009). Toll-like receptor 3 (TLR3) and the glucocorticoid receptor were
shown to be crucial for HIV-1 activation in infected microglia, leading to translocation
of NF-kB p65/p50 form the cytosol to the nucleus binding to the viral LTR (Alvarez-
Carbonell et al., 2017, 2019; Garcia-Mesa et al., 2017). In a co-culture of induced
pluripotent stem cell (iPSC) derived microglia and neurons, neuronal damage led to
HIV-1 reactivation from latency (Alvarez-Carbonell et al., 2020). On the contrary,
binding of nuclear hormone receptor family protein Nurr1 and epigenetic silencing by
histone methyltransferases results in silencing of HIV-1 provirus (Nguyen et al., 2021;
Ye et al., 2022). Interestingly, a recent study highlighted the role of microglia as sites
of membrane-associated amyloid precursor protein (APP) that, when cleaved by HIV-
1 Gag, deposits beta-amyloid (AB), which is a classic hallmark of Alzheimer’s disease
(AD) and dementia (Chai et al., 2017).

Moreover, HIV-1 RNA and DNA persistence in cerebrospinal fluid (CSF) samples,
including microglia-like cells, has been linked to neurocognitive decline under
virological suppression (Farhadian et al., 2018; Spudich et al., 2019). It could well be
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that low levels of HIV-1 RNA detected in CSF and plasma from patients on ART support
chronic inflammation, and together with ART toxicity, microglial activation and
neuroinflammation lead to HAND in PLWH (Anderson et al., 2017; Ginsberg et al.,
2018; Robertson et al., 2020; Spudich et al., 2019; Vera et al., 2016). Another important
contributor to HAND development in PLWH is substance abuse, which is a common
comorbidity of PLWH, also leading to poor ART adherence. Methamphetamine,
cocaine or opioid abuse was found to influence BBB integrity enhancing
neuroinflammation, neuronal injury and cognitive disorders (Chilunda et al., 2019).

These clinical implications underscore the significance of further research on the

primary HIV-1 latent reservoir in the CNS.
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Figure 7: Implications causing HIV associated disorders in the brain. HIV-1 enters the brain via

infected monocytes or lymphocytes or directly via leaky blood brain barrier and can then infect microglia.
Infected microglia with replicating HIV-1 become activated and release proinflammatory cytokines like
TNFa, IL-1B, IL-6, IL-8, CCL2, CCL5 and ROS. These cytokines lead to the activation of astrocytes
which in response further release proinflammatory cytokines. Proinflammatory cytokines cause neuronal
damage by activation of NMDA receptors, increasing neurodegeneration in the brain. In addition, viral
proteins like gp120, tat and nef can directly cause neuronal damage, augmenting neuroinflammation in
the brain. Figure was adapted from (Sreeram et al., 2022) and created with BioRender.com.
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1.3 Nuclear architecture and 3D genome organization

1.3.1 DNA compaction and histone modifications

Human DNA is approximately 2 meter in length and has to be tightly packaged in the
mammalian nucleus. Therefore, 147 bp of DNA is wrapped around a histone core
made of two H3-H4 and two H2A- H2B histone dimers to form the nucleosome
octamer. Nucleosomes are connected by linker DNA (~ 10-80 bp) and organized in a
string like structure. The nucleosome fiber is further condensed into higher-order
structures forming the chromosome (Alberts, Bruce; Heald, Rebecca; Johnson, 2022).
Nucleosome position can influence transcription due to different DNA accessibility for
transcription factors and POL-Il. Chromatin remodelers can therefore move
nucleosomes along the DNA and change their positioning. Histones do not only
influence DNA compaction but also gene expression by histone displacement and
histone tail amino acid residue modifications. Histones can be posttranslationally
modified by a plethora of different modifications and mechanisms, most widely studied
being acetylation, methylation, phosphorylation, crotonylation, ubiquitinylation or
SUMOylation (Alberts, Bruce; Heald, Rebecca; Johnson, 2022; Fischle et al., 2005;
Galisson et al., 2011; Hendriks et al., 2014; Joseph et al., 2022; Tan et al., 2011;
Tsukiyama, 2002).

1.3.1.1 Histone acetylation

Histone acetylation is catalyzed by histone acetyl transferases (HATs) which add a
negatively charged acetyl group to lysins on the histone tails, mostly H3 and H4. This
diminishes the electrostatic affinity between DNA and histones leading to a greater
permissiveness for transcription (Brownell et al., 1996; Kouzarides, 2007; Shahbazian
and Grunstein, 2007). HATs can be classified into GenS-related N-acetyltransferases
(GNAT), MYST and p300/CBP protein families (Berndsen and Denu, 2008;
Marmorstein and Roth, 2001; Sterner and Berger, 2000). Acetyl groups are removed
from histones by histone deacetylases (HDACs) that are classified into zinc-dependent
class I, Il and IV and NAD-dependent class Il protein family (Haberland et al., 2009).
Histone lysine code can be read by Bromodomains (BRD) e.g. Bromodomain and
extraterminal domain proteins (BET) BRD2, BRD3 and BRD4. They activate gene
transcription via recruitment of p-TEFb to RNA polymerase Il (Chiang, 2009; Yap and

Zhou, 2010). BRD4 also has important roles in regulation of HIV-1 transcription. It was
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shown to induce phosphorylation of CDK9, leading to the inhibition of its kinase
function thereby inhibiting HIV-1 transcription (Zhou et al., 2009). HDACs were shown
to have an important role in the HIV-1 replication cycle, as their inhibition with HDAC
inhibitors led to HIV-1 reactivation from latency. HDAC1 is binding to the HIV-1 LTR
and by recruiting transcriptional repressors silencing HIV-1 transcription (Archin et al.,
2009; Romerio et al., 1997). Several HDAC inhibitors have been tested in clinical trials
as latency reversing agents to treat HIV-1 in a ‘shock and kil approach but up to date
without significantly reducing HIV-1 reservoir size (Archin et al., 2009, 2014, 2017;
Barton et al., 2014; Newhard et al., 2021). A recent preprint study by Peterson et al
provides an interesting alternative scenario, according to which HDACs might be
important for the establishment of latency rather than latency maintenance, and
proposes the use of HDAC inhibitors at the initiation of ART to reduce the formation of
latent reservoirs (Peterson et al., 2022).

In line with the function of histone acetylation in modifying the histone backbone to
facilitate active transcription, one of the initial events upon activation of the LTR is the
recruitment of histone acetyltransferases CBP, GCNS or P/CAF by tat. HIV-1 LTR was
found to be acetylated before actual HIV-1 transcription starts further promoting viral
transcription by tat-mediated transactivation of the LTR (Benkirane et al., 1998; Lusic
et al., 2003; Marzio et al., 1998).

1.3.1.2 Histone methylation

Histones can be methylated at lysine, arginine, and histidine residues. Addition of a
methyl group is not changing the charge but rather position and number of the added
methyl group is determining the outcome for gene transcription (Byvoet et al., 1972;
Fischle et al., 2008; MURRAY, 1964). Lysine residues can be mono-, di- or
trimethylated whereas arginine and histidine residues can be monomethylated (Borun
et al., 1972; Gershey et al., 1969; Hempel et al., 1968; Paik and Kim, 1969). The most
studied and well characterized histones which are methylated are H3K4, H3KO9,
H3K27, H3K36, H3K79 and H4K20. Histone methylation is catalyzed by histone
methyltransferases (HMTs), transferring a methyl group donated form S-
adenosylmethionine. HMTs are categorized into 3 families: SET-domain containing
proteins (SETD), DOT1-like proteins and protein-arginine N-methyltransferases
(PRMT) (Bannister and Kouzarides, 2011; Feng et al., 2002; Rea et al., 2000). H3K4
methylations are performed by SETD1 and mixed lineage leukemia (MLL) HMTs.
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H3K9me3 is deposited by SUV39H, H3K9me2 by euchromatic histone lysine
methyltransferase 2 (EHMTZ2) also known as G9a and SUV39H and H3K9me1 by G9a
and euchromatic histone lysine methyltransferase 1 (EHMT1). H3K27 is methylated by
enhancer of zeste homolog 2 (EZH) proteins as part of the Polycomb Repressive
Complex 2 (PRC2), and H3K36me3 is marked by SETD2.

Demethylases can be classified into amine oxidases and jumonjiC (JmjC) domain
containing dioxygenases (Shi et al., 2004; Tsukada et al., 2006), with a big protein
family being represented by lysine demethylases (KDM).

Histone methylation can be recognized by proteins with methyl binding domains e.qg.:
PHD fingers, WD40 repeats, CW domains, ankyrin repeats and PWWP domains
(Collins et al., 2008; Hoppmann et al., 2011; Margueron et al., 2009; Shi et al., 2006;
Taverna et al., 2007; Wang et al., 2009). An important factor in HIV-1 infection that
contains a PWWP domain is LEDGF/p75. The protein binds viral integrase and is
leading the PIC to H3K36me3 rich gene bodies (Van Maele et al., 2006).

Histone methylation has different effects on gene transcription, depending on degree
and position of the methyl group and the combinations of different marks. H3K36me3
chromatin mark has important roles in transcription elongation, splicing regulation by
the recruitment of splicing factors as well as protection of genes from genotoxic stress
(Bleuyard et al., 2017; Iwamori et al., 2016; Luco et al., 2010; Pradeepa et al., 2012;
Yu et al., 2022). Moreover, through the binding of LEDGF/p75 to H3K36me3 during
transcription, double strand breaks recruit C-terminal binding protein Interacting
Protein (CtIP) to LEDGF/p75, facilitating homologous recombination and genome
stability (Daugaard et al., 2012). H3K4me3 marks active gene promoters, while
H3K4me1 is associated with enhancers (Bernstein et al., 2002; Heintzman et al., 2007;
Santos-Rosa et al., 2002). H3K27me3 and H3K9me3 mark polycomb and
constitutively repressed chromatin, whereas H9K9me2 marks facultative
heterochromatin. Combination of H3K4me1 and H3K27me3 are associated with
poised enhancers, H3K4me1 and H3K27ac mark active enhancers, while H3K4me1
but absent H3K27ac mark inactive enhancers (Creyghton et al., 2010; Heintzman et
al., 2009; Rada-lglesias et al., 2011).

1.3.1.3 Enhancers
Enhancers are cis-regulatory elements ensuring temporal and cell type specific

regulation of gene expression. While the human genome encodes for approximately
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20,000 protein coding genes, it contains more than 13 millions of enhancer regulatory
elements (Abascal et al., 2020; Gao and Qian, 2020; Kundaje et al., 2015; Omenn et
al., 2018). Pioneering studies from several research groups have elucidated a set of
epigenetic modifications that delineate enhancer elements. These modifications
include an array of histone marks that serve as indicators for cell and tissue-specific
enhancers as well as their functional dynamics (Heintzman et al., 2007, 2009; Rada-
Iglesias et al., 2011; Visel et al., 2009; Zentner et al., 2011). H3K4me1 and H3K27me3
are marking poised enhancers. H3K4me1 alone marks primed enhancers, while
H3K4me1 together with H3K27ac is found on active enhancers (Spicuglia and Vanhille,
2012). Enhancers are activated in a step wise manner by recruitment of cell-type
specific transcription factors, chromatin remodelers, coactivators and/or POL-II and
communicate with their cognate gene promoter through physical interaction mediated
by mediator complex, cohesin, CCCTC-Binding Factor (CTCF) and ying yang 1 (YY1)
(Kagey et al., 2010; Spitz and Furlong, 2012; Weintraub et al., 2017). The regulated
gene promoters can be located either close or several 100 kb away from the enhancer
(Zuin et al., 2022). Multiple enhancers can regulate one gene, as well as multiple genes
can be regulated by one enhancer (Furlong and Levine, 2018). Furthermore,
enhancers can build highly active clusters, called super enhancers or stretched
enhancers, which mostly regulate cell type specific genes (Hnisz et al., 2013).
However, in the field a debate about the usefulness of the term SE started to emerge
in the recent years, questioning the functional distinctness of SE from other enhancers
(Blobel et al., 2021). The complex regulatory enhancer networks allow for the precise
coordination of gene expression in development and homeostasis. Lineage- and
developmental-stage specific enhancers can be primed in progenitor cells, defining the
gene expression potential of a cell in response to external stimuli through stimulus
responsive TF’s (Glass and Natoli, 2016; Ma et al., 2020; Madsen et al., 2020).
Enhancer dysfunction through genetic variants, point mutations or structural variations
was associated with several common diseases and cancer (Bradner et al., 2017; Chen
et al., 2014; Gasperini et al., 2020; Maurano et al., 2012; Nasser et al., 2021; Waszak
et al., 2015).

In HIV-1 infection, integration sites were found clustered close to SE in T cells, with an
effect on HIV-1 transcription depending on the distance to host enhancers (Chen et al.,
2017; Lucic et al., 2019). For microglia it was recently shown that only a small fraction
of active enhancers was shared between different brain cell types, suggesting that the
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enhancers repertoire is a landmark for cell type specificity in CNS, and therefore might
also be important in HIV-1 integration and persistence (Nott et al., 2019). Moreover,
Alzheimer disease risk variants were found to be most prominent in microglia-specific
enhancers, making it even more important to study the IS profiles of the so far
understudied latent reservoir in the CNS, microglia cells.

1.3.1.4 Chromatin accessibility

Chromatin accessibility describes the extent to which chromatin is available for
physical contact with nuclear macromolecules, and it is dependent on nucleosome
occupancy as wells other chromatin binding factors (Klemm et al., 2019). Nucleosomes
can be post translationally modified which impacts chromatin accessibility by forming
a sterical barrier for TF binding or determining affinity for chromatin remodelers (Allis
and Jenuwein, 2016; Dann et al., 2017). While facultative and constitutive chromatin
are marked by dense nucleosomal packaging, regulatory loci like enhancers, insulators
or transcribed gene bodies are nucleosome depleted (Lee et al., 2004; Thurman et al.,
2012). The internucleosomal space is mostly marked by transcription factors,
architectural factors and POL-II binding and accessibility is highly dynamic (Poirier et
al., 2008).

In recent years, several sequencing based methods were developed to measure
chromatin accessibility. DNase | hypersensitivity site sequencing (DNase-Seq)
measures the abundance of DNase sensitive sites by cutting open chromatin with
DNase enzyme followed by library generation and sequencing of accessibly DNA
(Boyle et al., 2008; Hesselberth et al., 2009). ATAC-Seq uses a hyperactive Tn5
transposase which is cutting accessible chromatin while at the same time inserting
adapters for library generation (Buenrostro et al., 2015). The method has a high
resolution, high efficiency (it is suitable for cell numbers as low as 500 cells) and the
protocol is fast and can be performed in a high-throughput manner (Corces et al.,
2017). Micrococcal nuclease sequencing (MNase-Seq) cleaves the internucleosomal
DNA with the endonuclease activity of MNase, and degrades the unoccupied DNA with
the exonuclease activity leading to the sequencing of isolated fragments that span
single nucleosomes (Mieczkowski et al., 2016; Mueller et al., 2017). Another popular
method to determine accessibility is nucleosome occupancy and methylome
sequencing (NOMe-Seq) that uses a GpC methyltransferase (MTase) to methylate

accessibly DNA followed by bisulfite conversion of unmethylated DNA and sequencing.

28



Introduction

Compared to the beforementioned methods, NOMe-Seq is not enrichment based, and
therefore more quantitative and has a single molecule character, which requires deep
sequencing (Kelly et al., 2012). More recently, single cell approaches for ATAC-Seq,
DNase-Seq and NOMe-Seq have been developed to be able to capture short time
scale fluctuations and the high heterogeneity among cells (Allis and Jenuwein, 2016;
Clark et al., 2018; Jin et al., 2015).

When studying chromatin accessibility and its relation to enhancers, one has to bear
in mind that open chromatin alone is not determining activity. Inactive enhancers and
promoters of silenced genes are often accessibly but poised by certain chromatin
marks, which emphasizes that chromatin accessibility is necessary for activity but not
sufficient (Corces et al., 2017; Dogan et al., 2015; Heinz et al., 2015; Lara-Astiaso et
al., 2014).

1.3.2 Territories, compartments and topologically associated domains

Over the past decade, significant technological advancements to investigate the three-
dimensional structure of the genome have led to new insights into the fundamental
principles that govern genome organization. The current model predicts the
involvement of multi scale hierarchical 3D folding into higher order chromatin structures
at different levels in order to assure gene expression at the right timing and order
(Chang et al., 2020; Dixon et al., 2012; Hansen et al., 2018; Lieberman-aiden et al.,
2009; McArthur and Capra, 2021; Nora et al., 2012; Rao et al., 2014; Zuin et al., 2014).
Key technological advancement has been made by development of chromosome
conformation capture methods, including Hi-C, which use chemical crosslinking
followed by proximity ligation to detect 3D DNA interactions, that helped to map
genome wide contact frequencies (Dixon et al., 2012; Lieberman-aiden et al., 2009;
Nora et al., 2012). Over the years, also microscopy-based methods (Boettiger et al.,
2016; Finn et al.,, 2019) and orthogonal methodologies like Genome Architecture
Mapping (GAM) complemented our understanding of 3D genome organization
(Beagrie et al., 2017).

Chromosomes occupy distinct regions within the nucleus, called chromosome
territories. The genome is spatially divided into open and closed chromatin, with A
compartments including transcriptionally active euchromatin and B compartments
including compact heterochromatin based on long range interactions (Lieberman-

aiden et al., 2009) (Figure 8). A and B compartments are further divided into sub
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compartments with A1 and A2 and B1-4, being located closer to the nuclear periphery
or to nucleoli. A1 sub compartment is rich in highly expressed genes, H3K27ac
chromatin mark, H3K79me2 and H3K26me3, whereas A2 contains longer genes and
lower GC content. B1 is enriched in facultative heterochromatin, B2 in pericentromeric
heterochromatin marks. B3 sub compartment is located at the nuclear lamina and B4
sub compartment is only present at chromosome 19 (Lieberman-aiden et al., 2009;
Rao et al., 2014).

Hi-C revealed that on a smaller scale, chromosomes fold into topologically associated
domains (TADs) that have a high frequency of internal DNA interactions compared to
interaction across boundaries, which facilitate contacts of regulatory features e.g.
enhancers or TF with their target promoters and genes (Dixon et al., 2012; Hnisz et
al., 2013; Lieberman-aiden et al., 2009; Nora et al., 2012; Rao et al., 2014) (Figure 8).
The human genome contains about 4000 to 9000 domains with TAD sizes between 40
kb up to 3 Mb (Dixon et al., 2012; Nora et al., 2012; Rao et al., 2014). The development
of more fine-scale chromatin contact methods like micro-C, which includes the
digestion with micrococcal nuclease, allows for a high resolution of TAD and loop maps
of around 200 bp (compared to 1 kb with Hi-C), supporting investigations of precise
enhancer-promoter contacts (Hsieh et al., 2020).

TADs and loops allow for the precise temporal and spatial regulation of gene clusters,
were the removal of a gene can lead to transcriptional misregulation of co-associated
genes (Fanucchi et al., 2013). Genes in the same TAD were found to be locally co
regulated (Hsieh et al., 2020; Krietenstein et al., 2020). Locally, DNA is folded into
chromatin loops, that regulate interaction of regulatory elements like SE (Dekker and
Misteli, 2015; Halfon, 2020; Hnisz et al., 2013; Vermunt et al., 2019). At the margins
between chromatin domains, TAD borders restrict the interaction between regulatory
elements and target genes between domains (Beagrie et al., 2017).
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Human chromosomes are organized into chromosome territories and on a smaller scale into A and B
compartments (with active and repressive chromatin marks, respectively). Within these compartments
DNA is folded into topologically associated domains (TADs), with their margins being marked by CTCF
binding. TADs, and more locally genome loops, facilitate enhancer promoter contacts, regulating gene
transcription. Figure adapted from (Deng et al., 2022; Misteli, 2020) and created with BioRender.com.

One of the main factors involved in 3D genome organization is CCCTC-binding factor
(CTCF) together with the cohesin complex, which are both enriched at TAD margins
(Dixon et al.,, 2012; Nora et al., 2012, 2020; Wutz et al., 2017). The proposed
mechanism involves the formation of chromatin loops via cohesin complex ATP-
dependent molecular motor activity also known as the loop extrusion model
(Fudenberg et al., 2016). Cohesin is a multi-protein complex consisting of SMC1
(structural maintenance of chromosome protein 1) and SMC3 (structural maintenance
of chromosome protein 3) that form an open-ended heterodimer, RAD21 that bridges
the open end, and SA1 (stromal antigen 1) and SA2 (stromal antigen 2) proteins. It is
loaded onto the DNA which is extruded until it encounters two convergent CTCF
binding sites bound by CTCF (Figure 9). CTCF is enriched at TAD boundaries, and
deletion of CTCF binding sites or altered cohesin binding destroys TAD structure and
loop domains (Nuebler et al., 2018; Rao et al., 2017; Wutz et al., 2017) but has no
influence on compartments (Haarhuis et al., 2017; Nora et al., 2017; Rao et al., 2017;
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Schwarzer et al., 2017). Disrupted TAD structure can lead to misregulation of genes
(Lupianez et al., 2015; Narendra et al., 2015).

In addition to CTCF and cohesin binding at TAD boundaries, also active chromatin
marks, repeat elements, nascent transcripts, housekeeping genes and transfer RNA
were found at boundary margins (Dixon et al., 2012; Rao et al., 2014). It is likely that
also other factors contribute to higher order chromatin structure, e.g. non coding RNAs,
POL-II binding, mediator complex and TF machinery, through the formation of phase-
separated condensates building ‘hubs’ for transcriptional regulation and thereby
shaping 3D chromatin structure (Boija et al., 2018; Chong et al., 2018; Quinodoz et al.,
2018).
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Figure 9: Loop extrusion model. Schematic depiction of the proposed model of loop extrusion. 1.) The
cohesin complex is loaded onto the DNA and symmetrically extrudes the DNA strand until it encounters
two convergent CTCF binding sites bound by CTCF. 2.) By loop formation and stopping loop extrusion
upon CTCF encounter, cohesin and CTCF bring together enhancers with their cognate promoter to

activate gene transcription. Figure was created with BioRender.com.

1.3.2.1 The architectural protein CTCF

CTCF plays crucial roles in many cellular processes. It was first identified as
transcriptional repressor of the chicken c-myc promotor before over time many further
studies attributed additional regulatory capabilities to the protein (Klenova et al., 1993).
The protein is 82 kDa large and consists of an N-terminal domain, a C-terminal domain
and the central DNA and RNA binding domain comprised of 11 zinc fingers (ZF)
(Filippova et al., 1996; Vostrov et al., 2002). ZF4-7 are ensuring DNA binding and ZF1,
ZF8-11 allow for RNA binding with an additional RNA binding domain in the C-terminus
(Hansen et al., 2019; Nakahashi et al., 2013; Nora et al., 2020; Saldafia-Meyer et al.,
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2014, 2019). Mutations in ZF1 and ZF10 affect CTCF’s capacity to form loops and
chromatin insulation, therefore affecting gene expression patterns (Saldafa-Meyer et
al., 2019). All of the protein domains can be post translationally modified by
SUMOylation, phosphorylation or PARylation (Farrar et al., 2010; Klenova et al., 2001;
MacPherson et al., 2009). CTCF SUMOylation was shown to enhance CTCF’s
repressive function, while phosphorylation enhanced its activator function (Klenova et
al., 2001; MacPherson et al., 2009). PARylation of CTCF was found to be involved in
DNA damage response and nucleolar transcription (Han et al., 2017; Torrano et al.,
2006). In the human genome, CTCF can bind to 55,000 to 65,000 unmethylated DNA
binding sites (Chen et al., 2012b).

The distinct functions of CTCF include context-dependent gene promoter
activation/repression, enhancer blocking and barrier insulation, hormone-responsive
silencing, X-chromosome inactivation, genomic imprinting, blocking long-range
chromatin interactions and separating silent from active chromatin (Chao et al., 2002;
Hou et al., 2008; Phillips and Corces, 2009; Schmidt et al., 2012).

The fundamental principle of gene expression regulation in eukaryotes is the
interaction of enhancers with promoters. These regulatory elements can act over long
distances, with a median of 4 long range interactions per promoter (Javierre et al.,
2016). Multiple regulatory elements contribute to gene expression highlighting the
need to regulate and prevent uncontrolled enhancer activity. CTCF was the first protein
identified as an enhancer-blocking insulator to block the activity of cis-acting enhancer
elements at the chicken B-globin locus (Bell et al., 1999).

The second important locus having a fundamental role in the discovery of CTCF
functions is the H19/lgf2 locus where CTCF plays a role in gene imprinting, where a
gene on one parental allele is silenced, while the other one is expressed (Bajrami and
Spiroski, 2016). Between the 2 gene loci, the imprinting control region (ICR) is located,
which is differentially methylated depending if it is on the maternal or paternal allele.
CTCF only binds to the unmethylated ICR on the maternal allele and thereby
preventing the binding of the H19 enhancer to the Igf2 promoter leading to gene
inactivation. Conversely, on the methylated paternal allele CTCF binding is prevented
and the H19 enhancer can therefore activate transcription of Igf2 gene (Hark et al.,
2000). These early discovered examples highlight a direct role for CTCF in gene

expression regulation.
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1.3.2.2 The cohesin complex

The mechanisms that mediate genome topology are currently subject of extensive
research and include loop extrusion, phase separation and formation of condensates
(Boija et al., 2018; Chong et al., 2018; Dixon et al., 2012; Nora et al., 2012; Quinodoz
etal., 2018; Wutz et al., 2017). In the case of TADs, most of these domains are formed
by loop extrusion, mediated by CTCF and cohesin complex interaction (Banigan et al.,
2020; Fudenberg et al., 2016; Gabriele et al., 2022; Ganji et al., 2018; Wutz et al.,
2017). The complex consists of the subunits SMC1 and SMC3, forming a ring like
structure with RAD21 (also known as SCC1), and the subunits STAG1 or STAG2 (also
known as SA1/2) (Yatskevich et al., 2019) (Figure 10). It was originally recognized as
a complex being involved in chromosome cohesion between sister chromosomes
during mitosis (Galli et al., 2013; Sagai et al., 2005).

In 3D chromatin organization, loading of the cohesin complex onto the U-formed tip of
the DNA is mediated by the heterodimer Nipped-B-like protein (NIPBL) and
MAU2/SCC4 which stays associated to the complex during loop extrusion. SMC1/3
are ATPases that work like molecular motors to mediate moving of the cohesin
complex along the DNA. ATP hydrolysis is stimulated by DNA, leading to a
conformational switch of SMC1/3, extruding the DNA in a symmetric bidirectional
manner. Cohesin extrudes DNA into loops until it encounters 2 convergent CTCF
proteins binding to the DNA (Davidson et al., 2019; Kim et al., 2019; Li et al., 2020b;
Pugacheva et al., 2020). The release of the complex is wings apart-like protein
homolog (WAPL) dependent. CTCF interaction with RAD21 is stabilizing the cohesin
complex by protecting it from WAPL release. CTCF is interacting with cohesin via its
N-terminal domain residues 222-231 and 23-47. The former one is binding to SA2 and
RAD21 subunits, whereas the latter one is binding to the PDS5A subunit (Li et al.,
2020b; Pugacheva et al., 2020). Cohesin release from the chromatin is regulated by
WAPL binding to PDS5A, meaning that WAPL and CTCF are competing for cohesin
binding allowing CTCF to protect cohesin from WAPL release (Nora et al., 2020).
One member of the cohesin complex is RAD21. The protein consists of 631 amino
acids and has 3 binding domains interacting with SMC3, STAG and SMC1 (Gligoris et
al., 2014). Apart from its role in the cohesin complex and 3D organization, the protein
is involved in double strand break repair by promoting the use of sister chromatid as
a template for recombination based DNA damage repair (Kong et al., 2014).
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Figure 10: The cohesin complex. Schematic depiction of the cohesin complex. Cohesin is loaded onto
DNA by NIPBL and MAU2. SMC3 and SMC1 form a ring like structure around the DNA, which is closed
by Rad21 and SA. Cohesin complex stays on the DNA upon release by WAPL and PDS5. Figure was
created by BioRender.com.

1.3.2.3 Influence of CTCF and cohesin on TAD structure

The influence of CTCF depletion and removal in 3D chromatin structure and
organization is debated in the field, as it is very much context and cell-type dependent.
Depletion of CTCF in mouse embryonic stem cells (MmESC) and human cell lines
showed the involvement of the protein in looping and TAD formation, but compartment
structure was unaffected (Haarhuis et al., 2017; Hyle et al., 2019; Nora et al., 2017;
Nuebler et al., 2018; Rao et al., 2017; Schwarzer et al., 2017; Wutz et al., 2017).
Restoration of CTCF re-established the correct architecture on altered chromosomes,
indicating an important function of CTCF in chromatin folding (Nora et al., 2017).
However, a subset comprising less than 20% of TAD boundaries were found to be
resistant to CTCF loss, underscoring the prominent role of CTCF as a principle
determinant of TAD insulation, while acknowledging the existence of additional
mechanisms at play (Nora et al., 2017). TAD structure disruption can lead to gene
expression misregulation (Lupianez et al., 2015; Narendra et al., 2015), but to a minor
extent and not necessarily connected to the depleted CTCF sites, highlighting the
pleiotropic effects of CTCF (Kubo et al., 2021). CTCF absence leading to disrupted 3D
genome organization in B cells still allowed for trans differentiation into macrophages
but regulation of activation of transcriptional response following LPS stimulation was
disturbed (Stik et al., 2020).
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Understanding the importance of chromatin structure in relation to genome function is
possibly one of the most important focuses of ongoing research in the field. Deletion
of a TAD boundary can lead to fusion of two neighboring TADs where the outcome on
gene expression is locus dependent (Despang et al., 2019; Narendra et al., 2016). The
fusion might either have no effect on enhancer promoter contacts or an enhancer finds
a new target promoter leading to enhancer hijacking, being a rare case. Deletion of a
selective CTCEF site at the a-globin enhancer, extended a TAD to the adjacent subTAD,
leading to interaction of the a-globin enhancer with the neighboring chromatin
upregulating genes expression (Hanssen et al., 2017). Loss of CTCF at a domain
boundary led to an aberrant activation of platelet-derived growth factor receptor A
(PDGFRA), a prominent glioma oncogene (Flavahan et al., 2016). In the HoxA/C
cluster during development from mouse embryonic stem cells into motoneurons, long
range enhancer contacts and chromatin marks were found to be restricted within a
TAD influencing correct gene expression, impacted by dynamic CTCF boundary
elements (Narendra et al., 2015, 2016).

Cohesin depletion also leads to chromatin loop domain disruption, with only a small
subset of genes being transcriptionally dysregulated. After protein recovery, loops
were reformed. Furthermore, upon cohesin depletion newly super-enhancer enriched
loops were formed (Rao et al., 2017).

When disrupting other cofactors involved in loop extrusion process like NIPBL, a factor
required for cohesin loading onto chromatin, chromatin loop structure and TADs
disappeared, while compartment structure was preserved and even refined. Gene
expression was moderately misregulated, indicating a cohesin independent
mechanism of compartmentalization (Schwarzer et al., 2017). On the other hand, when
depleting the cohesin release factor WAPL, the median loop size increased by around
200 kb leading to differential expression of about 1000 genes (Haarhuis et al., 2017).
Polymer modeling approaches with the aim to explain the opposing results of TAD
destruction and finer compartmentalization revealed that loop extrusion suppresses
inherent compartmentalization on a small scale, as compartments segregate by phase
separation due to epigenetic marks (Nuebler et al., 2018). Another study systemically
investigated the effect of NIPBL and WAPL depletion in HCT116 cells. They depleted
both factors independent from each other and together. The investigations showed
that knock out of either of the two led to dysregulation of about 2000 genes, where
around 30% of them were shared. When both factors are depleted, majority of gene
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expression was restored, indicating that a balance between the factors regulating
cohesin dynamics are important for correct gene expression (Luppino et al., 2022).
One of the main questions in the field of 3D genome organization that merits further
investigations is the relation of genome structure to function. As discussed in this
paragraph, perturbation studies over the years showed opposing results about the
influence of genome topology on gene transcription. Currently data indicate that TADs
and loops build a structural framework rather than a strong determinant of gene
function (Misteli, 2020). In addition, this influence works in both directions. Loop
structure can have influence on function, maybe in some cases only in a modest
degree, but also transcription can influence looping structure. In addition, one has to
keep in mind when interpreting functional studies on genome structure that genome-
wide contact frequency approaches, like Hi-C, are population based. Gene regulation
and chromatin structures are dynamic processes which can vary from cell to cell, which
makes it important to further study 3D genome on a single cell level (Bintu et al., 2018;
Finn et al., 2019). It seems that the possible functional roles of genome topology are
highly specific to the developmental timing, organism and genomic context (Misteli,
2020).

1.3.3 3D chromatin organization in viral infections

Whenever viral pathogens infect a host cell and enter the nucleus, they encounter the
hierarchically organized 3D genome, and are exposed to genome folding and to
separating principles of nuclear body formation. Several studies over the past years
focused on how viruses make use of the host chromatin to navigate the nuclear
environment and modulate the topology of host chromatin to establish viral infection
(Lucic et al., 2021). Most of these studies found DNA viruses to exploit host
architectural proteins to organize their genomes and facilitate essential processes such
as infection, lytic replication, and latency. CTCF and other architectural proteins are
used to either change host genome topology and transcription or to organize its own
genome to obtain optimal transcriptional control.

The DNA virus Hepatitis B virus (HBV) contains two CTCF binding sites and disruption
of CTCF binding leads to an accumulation of activating epigenetic histone
modifications, resulting in increased transcription of the virus (D’Arienzo et al., 2021).
The covalently closed circular DNA (cccDNA) was also shown to be tethered more

frequently to active chromatin regions, and interacting more with genes dysregulated
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during infection, highlighting that HBV might interfere with cellular gene expression
(Moreau et al., 2018). Another study showed a preferred targeting of the cccDNA to
the enhancer element 19p13.11, influencing viral transcription (Shen et al., 2020). All
studies are highlighting that HBV is exploiting the 3D host genome for its own
transcription, but also influencing 3D chromatin environment of the host.

For herpes simplex virus (HSV), CTCF insulators are located at the boundaries of the
latency and lytic genes, preventing inappropriate activation of lytic genes (Amelio et
al., 2006; Chen et al., 2007; Ertel et al., 2012). Additionally, HSV genome was found
to form multiple loops structure which are maintained by CTCF and are essential for
viral latency and reactivation (Washington et al., 2018a, 2018b). Similar regulatory
mechanisms involving CTCF have been observed in other herpesviruses, including
human cytomegalovirus, Epstein-Barr virus (EBV), and Kaposi sarcoma-associated
herpesvirus (Arvey et al., 2012; Holdorf et al., 2011; Tempera et al., 2010; Varghese
et al., 2022). In the case of human papillomaviruses (HPV) 18, CTCF mediates a
chromatin loop between the CTCF binding site in the early gene region and the
upstream viral enhancer leading to the dampening of viral transcription (Paris et al.,
2015; Pentland et al., 2018). HPV integrations were found to alter TAD border structure
in the IS vicinity and change genome topology, leading to the formation of new virus-
host DNA interactions including host enhancers (Cao et al., 2020; Tian et al., 2023).
To summarize, DNA viruses employ host 3D chromatin structure and CTCF as an

insulator protein to govern epigenetic modifications and regulate transcription.

1.3.3.1 CTCF and genome topology in retroviruses

The first oncogenic human retrovirus discovered was the human T-lymphotropic virus
type 1 (HTLV-1) (Poiesz et al., 1980). The virus can cause adult T-cell
leukaemia/lymphoma (ATL) and HTLV-1- associated myelopathy (Proietti et al., 2005).
In addition to viral enzymes and structural proteins, the HTLV- 1 genome encodes
regulatory and auxiliary genes in the pX region (Boxus and Willems, 2009). CTCF
plays a role on the expression regulation of 2 important viral mMRNAs important for viral
pathogenesis: the mRNA encoding for sHBZ protein, involved in oncogenesis, and the
MRNA encoding for immunogenic tax protein, necessary for viral transcription. The
spliced sHBZ mRNA is constitutively expressed from the antisense strand in HTLV-1
infections, while tax mRNA expression is suppressed by sHBZ protein to evade the
host immune response (Clerc et al., 2008; Nyborg et al., 2010; Philip et al., 2014). Plus
strand transcription is epigenetically silenced by methylation of the 5’ LTR, whereas
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the 3’ LTR is only moderately methylated (Koiwa et al., 2002), with CTCF binding
between those differentially methylated regions in the pX region (Satou et al., 2006).
CTCF bound to the pX region showed enhancer blocking activity and affected proviral
transcription. Mutations in the CTCF binding site within the pX region caused
significantly reduced sHBZ transcription, suggesting that CTCF is a boundary for
repressive epigenetic modifications allowing for correct mMRNA expression (Satou et
al., 2016). Furthermore, CTCF bound to the HTLV-1 genome was found to mediate the
formation of virus-host gene loops, blocking enhancer-promoter contacts, altering
transcription and splicing more than 300 kb away from the IS (Melamed et al., 2018).

A similar role of CTCF could also be found in regulating bovine leukemia virus (BLV)
latency (Bellefroid et al., 2022). Latent infections of this oncogenic deltaretrovirus are
characterized by the absence of viremia and plus strand transcription likely allowing
the escape from the host immune system while causing tumor development by minus
strand transcription (Gillet et al., 2013). Latency is induced by suppression of the POL-
Il promoter on the 5’ LTR (Pluta et al., 2020). BLV provirus contains three putative
CTCF binding sites, with one being located in the 5’ LTR and one in 3’ LTR. Mutations
in the CTCF binding sites showed that CTCF activates 3’ LTR antisense promoter
while suppressing 5 LTR sense promoter, promoting viral latency. The proposed
mechanism behind proviral silencing was the prevention of active chromatin mark
spreading from the 3’ LTR to the 5’ LTR from the CTCF binding site situated within the
second exon of Tax/Rex (Bellefroid et al., 2022).

Altogether, HTLV-1 und BLV use CTCF binding to the provirus for epigenetic regulation

allowing escape from host immune surveillance.

1.3.3.2 CTCF and genome topology in HIV-1 infection

In contrast to HTLV-1, consensus sequence for CTCF could not be detected within the
proviral gene sequence and CTCF was not found to bind the HIV-1 provirus (Satou et
al., 2016). A recent study performed ATAC-Seq in sorted active and latent HIV-1
infected T cells and revealed that CTCF is required for establishing HIV-1 latency.
Increased occupancy of CTCF in latent cells and transcriptional repression mediated
by CTCF suggested that dynamic changes in CTCF binding and possibly chromatin
organization could influence HIV-1 viral expression and persistence (Jefferys et al.,
2021). These findings indicate that in the context of HIV-1 infection, CTCF plays a role
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in the viral life cycle via a different mechanism compared to the previously mentioned
viruses, but further research is necessary.

Few studies in the recent years started addressing the role of 3D genome in HIV-1
infection. Lucic and colleagues showed that HIV-1 insertion hotspots cluster together
in the 3D A1 sub compartment of the T cell nucleus in proximity to super enhancers
(Lucic et al., 2019), by using Hi-C of uninfected Jurkat cells and HIV-1 integration sites.
Genome organization assessment in patient derived CD4* T cells revealed a distinct
chromatin accessibility in the vicinity of intact HIV-1 proviruses possibly contributing to
a selective advantage during long-term ART (Einkauf et al., 2019). More recently,
Einkauf et al. performed IS sequencing, proviral sequencing and RNA-Seq from the
same cell in patient derived CD4* T cells and analyzed the data together with ChlP-
Seq, ATAC-Seq and Hi-C data sets of uninfected T cells. They could demonstrate that
non genic IS had increased distance to frequently interacting regions (FIREs) and
TADs and reduced numbers 3D inter- and intrachromosomal interactions. Regions with
transcriptionally active proviruses showed reduced distance to FIREs, higher
frequency of 3D contacts and high levels of RNA-Seq, ATAC-Seq, and activating ChIP-
Seq signals in the 3D contact regions, suggesting that proviral gene expression is
facilitated by integration into interactive and more active chromosomal regions (Einkauf
et al., 2022).

These studies highlight a possibly link between 3D host chromatin organization and

HIV-1 transcriptional control.
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1.4 Aims of the study

The stably integrated provirus that persists under ART in latent reservoirs throughout
the body is still the main bottleneck for an HIV cure. To this end, the predominant non-
tissue and well-studied latent reservoir of HIV-1 are memory CD4* T cells, where the
majority of our insights into HIV-1 integration sites, including the locations, genomic
profiles and transcriptional output, have been obtained. Microglia cells are the main
HIV-1 target cells in the brain, therefore difficult to target with ART and a possible
reason for neurological disorders of HIV-1 infected patients. Thus, examining
integration patterns and mechanisms of establishment and/or maintenance of HIV-1
latency in this brain cell type is pivotal for understanding the highly complex and
dynamic nature of HIV-1 latent reservoirs in the CNS for the development and

improvement of new HIV-1 therapies and optimization of therapy delivery systems.

AlM I:

e Are HIV-1 integration sites in microglia reservoir cell type specific?

As patterns of HIV-1 integration and genome regulation linked to viral insertions in
microglia still remain undetermined, the first aim of my PhD thesis is the determination
of the integration sites landscape and their chromatin signatures in microglia cells as
well as the comparative analysis of these profiles with integration site patters
previously obtained in CD4" T cells and macrophages.

To sequence HIV-1 ISs in microglia cells, the first goal is the establishment of an IS
sequencing method in the lab, based on linker mediated polymerase chain reaction
(LM PCR), adapted from (Serrao et al., 2016). The obtained ISs in microglia cells will
be compared with IS data sets of the main HIV-1 target cell types CD4* T cells (GEO:
GSE134382, (Lucic et al., 2019)) and macrophages (Kok et al., 2016) together with
RNA-Seq and ChlP-Seq for several histone marks in uninfected microglia with the aim

to investigate cell type specificity of HIV-1 integration.

AIM 2
e How do host chromatin and transcriptional activity differ between microglia cells
harboring transcriptionally active and latent proviruses?
e How do these differences contribute to latency establishment and

maintenance?
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In the second part of my PhD thesis the aim is to investigate whether and how the host
chromatin and regulatory networks might differ between active and latent infection in
microglia early upon infection (3 d.p.i.). To do so | will use a dual-labeled orange-green
HIV-1 reporter (HIVgko) virus, to distinguish cells with actively replicating virus, from
latent cells (Battivelli and Verdin, 2018; Battivelli et al., 2018). To characterize
chromatin state differences, chromatin accessibility of genomic DNA regions from
sorted early productive and latent microglia population (and uninfected controls) will
be assessed by ATAC-Seq (Buenrostro et al., 2015). In this way, | will be able to obtain
a dynamic time course of the chromatin changes in HIV-1 infection to answer the
question if distinct transcriptional programs and/or chromatin states define early

latency establishment.
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2 Results

All bioinformatic analysis of this study was performed by Ana Luisa Costa, PhD
student, and Prof Dr Carl Herrmann from the Health Data Science unit, University
clinics Heidelberg in close collaboration with our lab.

Parts of the results presented in this thesis have been published in Cell Reports
(Rheinberger et al., 2023) under the Creative Commons CC-BY-NC-ND license and
are reproduced here in accordance with the rights of open-access publishing from

Elsevier.

2.1 HIV-1 integration site landscape in microglia cellular model

2.1.1 Establishment of HIV-1 infection in microglia cellular model

For this study, | was using an immortalized microglia cell line C20 (Garcia-Mesa et al.,
2017) from cryopreserved primary human microglia infected with viral particles
containing SV large antigen and human telomerase reverse transcriptase (hTERT).
This cell line expresses microglia cell surface markers and shows the same
morphology as primary cells (Garcia-Mesa et al., 2017). It is well known that
transcriptional signatures change upon transfer of primary microglia cells into cell
culture conditions due to sensitivity to environmental brain signals (Gosselin et al.,
2017). Yet, this cell line represents a valid tool to start investigating HIV-1 infection in
microglia, where the lack of relevant human models and the limited availability of
primary brain samples has restrained large scale genomic studies (Alvarez-Carbonell
et al., 2019, 2020; Garcia-Mesa et al., 2017; Ingram et al., 2020). C20 cells are less
susceptible to HIV-1 wild type infections because they lose the CD4 receptor for viral
entry over time after several passages (Garcia-Mesa et al., 2017). Therefore, | infected
the microglia cells with viral particles pseudotyped with vesicular stomatitis virus G
protein (VSV-G), which allows the viral particles to fuse with any cell membrane (Ci et
al., 2018). After three days post infection (3 d.p.i.), cells were harvested to perform
FACS analysis to control for p24 capsid protein, showing an efficient infection rate of
around 20% -30% p24 positive microglia cells (Figure 11A). Viral gene expression was
also confirmed by measuring gag mRNA levels by quantitative PCR (qPCR) (Figure
11B). Next, the integration level was assessed through Alu PCR, which is a nested
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PCR with primers annealing in the viral LTR region and genomic Alu repeats
(Liszewski et al., 2009; Tan et al., 2006). In the first PCR, the HIV LTR specific primer
contains a phage lambda-specific heel sequence. The second PCR is a qPCR with
primers annealing to the lambda-specific sequence, internal LTR primer and TagMan
probe, to ensure that only proviral sequences from the first round are amplified.

The microglia cells showed high integration levels over treated samples with integrase
(Raltegravir) and reverse transcriptase (Efavirenz) inhibitors (Figure 11C). For the
visualization of the integrated provirus, | performed HIV-1 DNA FISH with directly
labelled HIV-1 DNA probes. In addition, nuclear pore complex proteins (mAB414) were
stained to visualize the nuclear rim (Figure 11C, HIV-1 (green), mAB414 (red)). In

summary, | was able to establish productive HIV-1 infection in microglia cell model.
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Figure 11: Establishment of HIV-1 infection in microglia cellular model. (A) FACS plot of 3 biological
replicates (indicated in blue, yellow, red). Infected C20 cells (250 ng p24/ 1 mill cells) were fixed with
4% PFA and stained for intracellular p24 capsid protein with PE antibody for 30 min and then read on a
FACS celesta instrument. Plot was generated with FlowJo Software. (B) C20 cells were infected with
250 ng p24/ 1 mill cells. Bar plot of gag mRNA expression over mock measured by gPCR. Plot shows
mean of 3 biological replicates + SEM and was generated with GraphPad prism. (C) Bar plot of HIV-1
integration assay determined by Alu PCR. Integration levels are expressed over mock, over Raltegravir
(RAL) treated samples (10 uM) or samples treated with Efavirenz (EFV) (20 uM). Data represent mean
of 3 technical replicates + SEM and was generated with GraphPad prism. (D) HIV-1 3D DNA immuno-
FISH of HIV-1 infected C20 cells (250 ng p24/ 1 mill cells). Cells were fixed, permeabilized and
hybridized for 48h with directly labeled HIV-1 FISH probe. HIV-1 signal in red, DNA stained with Hochst

in blue, scale bar 5 um. Figure was adapted from (Rheinberger et al., 2023).
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2.1.2 Establishing an Integration site sequencing method

To sequence HIV-1 integration sites in microglia cellular model, | established linker
mediated (LM) PCR method (adopted from (Serrao et al., 2016)). At 3 d.p.i. (peak of
the productive infection), infected genomic DNA was isolated and sheared by
sonication to obtain fragments smaller than 500 bp. A partially double stranded
asymmetric linker with a 3’ -T overhang was ligated to the DNA to amplify fragments
from HIV 3’-LTR and the single stranded linker overhang in a first PCR step. The
second nested PCR was next performed with an inner LTR primer pair to introduce
lllumina sequence adaptors and barcodes (Figure 12A). To get a more precise
fragment size distribution of the library compared to an agarose gel (Figure 12B), the
libraries were loaded onto a Bioanalyzer DNA high sensitivity Chip. Average size
distribution of the libraries ranged from 364 bp to 427 bp (Table 1, Figure 12C). To
ensure that after the second nested PCR sequencing adapters were correctly added
to the viral-genome junctions, | used the NEBNext® Library Quant Kit for lllumina®
from NEB to perform a gPCR utilizing primers complementary to the P5 and P7
adapters. By including a library standard, molarities can be calculated. For the first
sequencing run, molarities ranged from 22 nM to 33 nM.

To determine integration sites (ISs), obtained reads were mapped onto the human and
HIV-1 chimeric genome and the chimeric reads were further processed and filtered to
obtain the IS position. Reads shorter than 15 bp were excluded from the alignment and
only uniquely mapped reads were further processed!. From the first sequencing run
2368 IS out of 3 biological replicates were obtained. One issue was that a large fraction
of fragments had very short genomic read left after adapters, linker and LTR region
were trimmed off. This resulted in a substantial portion of the reads that could not be
accurately mapped to the human genome. Looking at the Bioanalyzer profiles of the
sent libraries, one can observe a sharp peak at around 200 bp, indicating an
overamplification of short DNA fragments. Furthermore, a lot of reads had linker
duplications and concatemers. Based on these initial settings, the LM-PCR protocol
was optimized to obtain larger fragments, which are also less prone to
overamplification.

The first parameter changed was the purification method after linker ligation. Instead
of purifying the sample with the PCR clean up kit, | purified it with 0.9x AMpure beads,

1Analysis was performed by Ana Luisa Costa, Health Data Science unit, University Clinics Heidelberg.
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which allows for the efficient removal of unligated linker sequences (Figure 12D, first
panel). To restrict overamplification, sonication time was shortened, primer
concentration was lowered from 1.5 pM to 0.8 yM and cycle number of the second
nested PCR was reduced from 30 cycles to 13 cycles. Moreover, the input material of
the second PCR was lowered and the DNA of the first LM PCR was split into several
smaller reactions, to ensure proper amplification and no overload of DNA input. All
these adjustments led to more homogenous library size distribution (Figure 12D,
middle and right panel). 3 more microglia infections were performed and subjected to
the adjusted LM-PCR protocol. The 3 new IS libraries showed average library sizes
from 442 bp to 479 bp with library molarities form 164 nM to 334 nM (Figure 12E,F,
Table 1). Together with the 3 previously sequenced IS libraries 4,590 IS out of 6
biological replicates were obtained (Table 1, GEO accession number GSE205915).
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Figure 12: Integration sites sequencing optimization. (A) Schematic overview of linker-mediated PCR
method. Genomic DNA is sonicated, end repaired, and an asymmetric linker is annealed. In a first PCR
step, viral genome junctions are amplified with a primer pair annealing to the linker and the LTR region.
In a second PCR with an inner primer pair, lllumina indices and adapters are introduced, and PCR
products can be sent for lllumina paired end sequencing. Scheme was generated with BioRender. (B)
Sonicated infected genomic DNA was loaded onto a 2% agarose gel to check sonication efficiency. 100
bp DNA ladder served as DNA size standard. Gel was run at constant 90 V for 45 min and image was
taken with UV light. 1: Infection replicate 1; 2: infection replicate 2; 3: infection replicate 3. (C)
Bioanalyzer profiles of 3 LM-PCR ISs libraries. X-axis shows size in bp and Y-axis displays fluorescent
units. 35 bp marks the lower marker, 10380 bp marks the upper marker. (D) Bioanalyzer profiles of
ligated linker sample, 1. LM PCR and 2. LM PCR after protocol adjustments. X-axis shows size in bp
and Y-axis displays fluorescent units. 35 bp marks the lower marker, 10380 bp marks the upper marker.
(E) Sonicated infected genomic DNA was loaded onto a 2% agarose gel to check sonication efficiency.
1000 bp DNA ladder served as DNA size standard. Gel was run at constant 90 V for 45 min and image
was taken with UV light. 1: Infection replicate 4; 2: infection replicate 5; 3: infection replicate 6. (F)
Bioanalyzer profiles of 3 LM-PCR ISs libraries. X-axis shows size in bp and Y-axis displays fluorescent

units. 35 bp marks the lower marker, 10380 bp marks the upper marker.
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Average fragment Molarity based on

Sample Concentration (ng/ul) _
size (bp) gPCR (nM)
IS library 1 9.3 427 33.5
IS library 2 6.8 364 28.7
IS library 3 5.6 389 221
IS library 4 18 442 334
IS library 5 7.5 469 164
IS library 6 18 479 255

Table 1: IS libraries of C20 WT infections.

2.1.3 HIV-1 integrates into actively transcribing genes in microglia cellular
model
ISs profiles were annotated and further characterized with respect to their
chromosomal distribution and genic position compared to published IS profiles of CD4*
T cells and macrophages (Kok et al., 2016; Lucic et al., 2019) (Figure 13A and B)".
Most of the ISs were found on the gene dense chromosomes 17 and 19 in all 3 cellular
targets of HIV-1 (Figure 13A). 60.2 % of integrations were found in introns in microglia
(MDMs: 56.3%; CD4* T cells: 57.2%) and 14.5% in distal intergenic regions (MDMs:
11.7%; CD4" T cells: 17.3%) (Figure 13B). When comparing genic integration sites
between the 3 cellular HIV-1 targets, C20 genic ISs displayed higher similarity to CD4*
T cells (20% overlap, Jaccard index 0.209) than to MDM (5% overlap, Jaccard index
0.096) (Figure 13C)".
In order to determine transcriptional output of integration genes, RNA-Seq in
uninfected C20 cells was performed. Genes were stratified according to their
expression levels into highly expressed genes (top 10%), low expressed genes
(bottom 10%), mid expressed genes (remaining 80%) and non-expressed genes
(Figure 13D). Integrating the expression levels and the ISs data showed that 25% of
the genes where HIV-1 integrates are highly expressed genes in microglia, and about
60% are mid expressed genes, which goes along with the finding that HIV-1 integrates
into actively transcribing genes, previously shown for CD4* T cells and macrophages
(Figure 13D)".
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Figure 13: Integration site sequencing in microglia cellular model. (A) Integration site density per
chromosome for CD4* T cell IS (blue bar) (Lucic et al., 2019), MDM IS (light green bar) (Kok et al., 2016)
and C20 microglia IS from this study (purple bar)'. (B) Bar plots showing frequency of integration into
Promoter regions, 3' UTR, 5’ UTR, Exons, Introns, downstream and distal intergenic regions for CD4* T
cell IS (Lucic et al., 2019), MDM IS (Kok et al., 2016), and C20 microglia IS (this study)'. (C) Overlap
between genic integrations between CD4" T cells (blue, n=5199), MDM (light green, n=750) and C20
microglia (purple, n=2719)". (D) Genes were stratified into high (dark blue), medium (light blue), low
(grey) and non-expressed (light grey) genes based on RNA-Seq (global) of uninfected C20 microglia
cells. Integration genes (n=2719) were stratified in the same way to determine percentage of genes with

genic integration per expression class’. Figure was adapted from (Rheinberger et al., 2023).

Gene annotation using genome assembly hg38 showed that the top 30 genes where
genic integrations most frequently occurred in microglia (genes harboring > 5 HIV-1
insertions) were also recurrently targeted in CD4" T cells (56.8%) and were highly
expressed genes as assessed by RNA-Seq (Figure 14A and B)'. Gene ontology
enrichment analysis of integration genes revealed that numerous genes were part of
the histone modification and chromatin organization pathway in both microglia and
CD4* T cells, suggesting similar integration patterns for the two cellular reservoirs.
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Figure 14: Genes highly targeted in microglia cellular model are also frequently targeted in CD4*
T cells. (A) Top 30 IS genes in microglia targeted with > 5 IS. Dark blue: high expression level of the
gene, light blue: medium expression of the gene. Circled dot: gene harbors also > 5 integrations in CD4*
T cells’. (B) Top 30 IS genes in CD4* T targeted with > 12 IS. Dark blue: high expression level of the
gene, light blue: medium expression of the gene, grey: low expression, light grey: no expression’. Gene
ontology analysis of biological processes of IS target genes in microglia (C) or CD4* T cells (D). Color
indicates significance (FDR), size of the dot shows counts of the genes part in the respective pathway”.

Figure was adapted from (Rheinberger et al., 2023).

2.1.4 Genic integration requirements are corroborated in primary microglia
cell model

Gene expression profiles of microglia cells change due to environmental signals e.g.,

when culturing them for a longer time ex vivo. This might also influence HIV-1

integration profiles. Therefore, in addition to the immortalized microglia cell model,

integration sites from induced pluripotent stem cell (iPSC) derived microglia cells were
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sequenced to obtain ISs from a model system that is closer to primary microglia cells.
The cells were infected with the VSVG-HIV-1 GFP virus at MOI of 0.5 in the laboratory
of Jonathan Karn and the obtained DNA was subjected to the LM-PCR protocol in our
laboratory, enabling the sequencing of virus-host genome junctions. From one
infection, | subsampled 2 LM libraries, with an average fragment size of 411 bp and
426 bp and molarities of 49 nM and 91 nM (Figure 15A,B). 2639 integration sites out
of 2 technical replicates were obtained. Chromosome distribution showed similar
enrichment of IS to C20 with most of IS on chromosome 17 and 19 (Figure 15C)'.
Using a pseudobulk scRNA-Seq data of uninfected iPSC-derived microglia (also
performed in the lab of Jonathan Karn) expression levels of all genes were segregated
into four classes based on their expression levels and showed that large proportion of
IS mapped to high and mid expressed genes (95%) (Figure 15D)'. Overall feature
distribution of IS displayed similar integration frequency into introns in iPSC-derived
microglia (61%) and C20 cells (60%), as well as distal intergenic regions (iPSC-derived
microglia 14.2%, C20 14.5%) and promoter regions (iPSC-derived microglia 20.1%,
C20 20.1%), thereby indicating a comparable HIV-1 integration landscape in brain
microglia cellular models (Figure 15E).
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Figure 15: HIV-1 integrates into introns of active genes in iPSC-derived microglia. (A) Bioanalyzer
profiles of linker ligation, 1. LM PCR, and 2 technical replicates of second LM PCR. X-axis shows
fragment length in bp, Y-axis displays peaks of certain fragments size in fluorescent units. (B) Table
showing the QC values of the iPSC integration sites libraries including concentration, average size and
library molarity. (C) Integration density per chromosome for C20 microglia (purple bars) and iPSC-
derived microglia (light grey bars)'. (D) Genes were stratified into high (dark blue), medium (light blue),
low (grey) and non-expressed (light grey) genes based on RNA-Seq of C20 cells or pseudobulk scRNA-
Seq for iPSC-derived microglia cells (global). Integration genes were stratified in the same way to
determine % of genes with genic integration per expression class'. (E) Bar plots showing frequency of
integration into Promoter regions (Microglia: 20.1%, iPSC-derived microglia: 20.1%), 3' UTR (Microglia:
2%, iPSC-derived microglia: 2%), 5° UTR (Microglia: 0.1%, iPSC-derived microglia: 0.2%), Exons
(Microglia: 1.9%, iPSC-derived microglia: 1.4%), Introns (Microglia: 60.2%, iPSC-derived microglia:
61%), downstream (Microglia: 0.9%, iPSC-derived microglia: 1%, from transcription end site (TES) to 3
kb downstream) and distal intergenic regions (Microglia: 14.5%, iPSC- derived microglia: 14.2%) for

C20 and iPSC-derived microglia®. Figure was adapted from (Rheinberger et al., 2023).
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2.1.5 HIV-1 target genes are associated with active chromatin marks in
microglia cellular model
To map the chromatin profiles surrounding the integration site, chromatin
immunoprecipitation in uninfected C20 microglia cells was performed followed by deep
sequencing of the chromatin mark H3K36me3, found at active gene bodies, H3K27ac
and H3K4me1, which identify active enhancers, H3K27me3 and H3K9me3, which are
associated with heterochromatin and H3K9me2 which marks facultative repressed
chromatin. Chromatin IPs of H3K27ac and one replicate of H3K9me2 were generated
by Martin Kampmann during his master thesis.
For chromatin IP, C20 cells were crosslinked with 1% formaldehyde for 7 min, stopped
with glycine and after nuclei isolation subjected to sonication. For efficient chromatin
IP and subsequent sequencing DNA fragment size of the input should be around 500
bp (Figure 16A). After chromatin IP overnight, several washing steps and
decrosslinking, ChiP efficiency was tested by gPCR. ChIP qPCR results of H3K36me3
showed a good enrichment over input of GAPDH intron 7 positive control region and
absence of signal from the negative primer gene desert region. For H3K27me3 signal
was enriched over input at the promoter region of myelin transcription factor 1 (MYT1)
and depleted from GAPDH and gene desert (Figure 16B). After library preparation,
average fragment size was around 500 bp for all 4 libraries (Figure 16C).
H3K4me1 ChIP qPCR displayed enrichment over input at GAPDH intron 1 and no
signal at the satellite 2 (SAT2) repeat region, while H3K9me3 ChIP showed the
opposite trend. Negative gene desert region had no signal for both (Figure 16D). Size
distribution showed an average of 500 bp for the H3K4me1 libraries and around 700
bp for the H3K9me3 libraries. H3K9me2 ChlIP displayed enrichment over input of SAT2
and negative primer set and depletion at the GAPDH intron 1 region, as well as a size
distribution of around 600 bp (Figure 16F,G). For all ChlPs, rabbit and mouse IgG
controls gave minor to no signal. All libraries were sent out for sequencing together

with the respective inputs.
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Figure 16: Quality controls of histone chromatin immunoprecipitation libraries. (A) Fraction of de-
crosslinked input chromatin loaded onto 2% agarose gel to probe fragment size after sonication. Gel
was run at constant 90 V for 45 min. 1000 bp DNA ladder served as fragments size control. (B) Bar
plots showing percentage of input results after H3K36me3 and H3K27me3 ChIP in C20 cells of 2
biological replicates. Rabbit IgG (IgG Rb) served as negative control. GAPDH primer set was used as
positive control for H3K36me3 and negative control for H3K27me3, MYT1 primer set served as positive
control for H3K27me3 and negative control for H3K36me3. Negative primer set was used as negative
control for both ChIPs. Data represent mean + SEM and plot was generated with GraphPad prism. (C)
Bioanalyzer profiles of 2 biological replicates of H3K36me3 and H3K27me3 ChlP-Seq libraries. X-axis
shows fragment length in bp, Y-axis displays fluorescent units. (D) Bar plots showing percentage of input
results after H3K4me1 and H3K9me3 ChIP in C20 cells of 2 biological replicates. Rabbit IgG (IgG Rb)
served as negative control. GAPDH primer set was used as positive control for H3K4me1 and negative
control for H3K9me3, SAT2 primer set served as positive control for H3K9me3 and negative control for
H3K4me1. Negative primer set was used as negative control for both ChlPs. Data represent mean *

SEM and plot was generated with GraphPad prism. (E) Bioanalyzer profiles of 2 biological replicates of
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H3K4me1 and H3K9me3 ChlIP-Seq libraries. X-axis shows fragment length in bp, Y-axis displays
fluorescent units. (F) Bar plots showing percentage of input results after H3K9me2 ChIP in C20 cells of
1 biological replicate. Mouse 1gG (IgG mouse) served as negative control. GAPDH primer set was used
as negative control and SAT2 and negative primer set served as positive control for H3K9me2. Plot was
generated with GraphPad prism. (G) Bioanalyzer profiles of 1 biological replicate of H3K9me2 ChlIP-

Seq library. X-axis shows fragment length in bp, Y-axis displays fluorescent units.

In addition to chromatin marks, | also profiled accessible chromatin regions in C20 cells
using ATAC-Seq in uninfected cells. ATAC-Seq is an assay to profile genomic regions
that exhibit accessible chromatin, i.e., regions that are not occupied by nucleosomes
using a protocol developed by Buenrostro et al. (Buenrostro et al., 2015).

For ATAC-Seq, nuclei were isolated and tagmented with Tn5 transposase, which cuts
and inserts adapters at accessible genomic sites. DNA is then isolated and amplified
by PCR, to introduce sequencing indices (Figure 17). Quality assessment of ATAC-
Seq library is described in Figure 24.
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//J///J/_//@J/@//@/L

l

DIND _D_ D

Amplification of fragments and sequencing

Figure 17: ATAC sequencing. Schematic representation of ATAC-Seq protocol. Nuclei are isolated and
digested with Tn5 transposase, which is cutting the DNA that is not occupied by nucleosomes and at
the same time inserting illumine sequencing adapters. Subsequently, DNA is isolated and amplified by

PCR, to introduce indexes. Scheme was generated with BioRender.

First, integration genes were plotted from the TSS to the TES, stratified according to
their expression levels into high, mid, low and non-expressed, and mapped to all
chromatin marks tested. H3K36me3 was enriched at gene bodies of high and mid
expressed integration genes, whereas H4K4me1 and H3K27ac were enriched at TSS
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scalable with transcription levels (Figure 18A)'. The repressive chromatin marks
H3K9me2, H3K9me3 and H3K27me3 were underrepresented at integration genes at
all expression classes (Figure 18B)'. ATAC-Seq signal was enriched the most at TSS
of integration genes in high and mid expression class, and to a lesser extend in low
and non-expressed (Figure 18C)".

Next, genes were stratified into genes with and without I1Ss in high, mid, low and non-
expressed class and epigenetic marks and ATAC-Seq signal were profiled. H3K36me3
and H3K27me3 were similarly enriched or depleted, respectively, at genes with and
without IS in high, mid and low expression class, whereas in the non-expressed genes,
genes harboring IS were enriched in H3K36me3 and depleted in H3K27me3,
suggesting that in addition to expression levels of the integration genes, surrounding
chromatin plays a role in IS targeting (Figure 18D)'. Also, ATAC-Seq signal and
enhancer marks (H3K4me1 and H3K27ac) were enriched at TSS of IS target genes in
the low and non-expressed genes (Figure 18E,F)', further supporting the role of

chromatin in addition to gene expression on HIV-1 integration genes.
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Figure 18: HIV-1 target genes are associated with active chromatin marks. Metagene plots of ChIP-

APKM

Seq signal (in Reads per kilobase per million mapped reads (RPKM)) of genes containing IS in microglia
divided according to their expression levels into 4 groups: high (black), mid (dark blue), low (light blue)
and non-expressed (gray). Plots show the full gene body and 20% of its length upstream of the
transcription start site (TSS) and downstream of the transcription end site (TES). Confidence intervals
(95%) are shown as shaded regions. (A) H3K36me3, H3K4me1, H3K27ac (B) H3K9me2, H3K9me3
and H3K27me3 C) ATAC-Seq signals’.

Metagene plots of ChlP-Seq signal (in RPKM) of genes containing IS in microglia by transcription level
(N(high)=710; N(mid)=1,788; N(low)=64; and N(none)=185). Plots show the full gene body plus 20% of
its length upstream of the TSS and downstream of the TES. Averaged signal along genes with IS in
microglia is shown in dark gray. Averaged signal along randomly sampled gene set of equal size is
shown in light blue. Confidence intervals (95%) are represented as the light-colored regions. (D) for
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chromatin marks H3K36me3 and H3K27me3. (E) for ATAC-Seq. (F) for chromatin mark H3K4me1
andH3K27ac'. Figure was adapted from (Rheinberger et al., 2023).

2.1.6 Chromatin landscape surrounding HIV-1 insertions in microglia cellular
model is characterized by high H3K36me3 signal
In addition to genic characterization of HIV-1 IS in microglia, the chromatin
encompassing the precise insertion sites within a range of plus/minus 10 kb compared
to random matching controls (RMC) was subsequently inspected. The RMC IS data
set was generated to ensure that the sites had equivalent distances to a transcription
start site (TSS) as the actual sites, as well as a comparable ratio of genic to intergenic
regions. H3K36me3 chromatin mark was enriched at the IS when compared to the
RMC, while enhancer marks H3K4me1 and H3K27ac were depleted at IS but enriched
in the vicinity regions. All repressive chromatin marks tested (H3K9me2, H3K9me3 and
H3K27me3) were underrepresented at the IS (Figure 19A)".
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Figure 19: Chromatin mark distribution surrounding HIV-1 integration sites. (A) ChIP-Seq signal
of histone marks in C20 cells in RPKM for the chromatin marks H3K36me3, H3K4me1, H3K27ac,
H3K9me2, H3K9me3, and H3K27me3. X-axis shows the IS vicinity (10 kb). Microglia IS in purple,
random matched controls (RMCs) in gray. Confidence intervals (95%) are shown as light-colored
regions. RMC were generated with the same distance to the nearest TSS and the same intergenic/genic

ratio’. Figure was adapted from (Rheinberger et al., 2023).

When comparing genic and intergenic IS with their corresponding random matched
control (RMC) set, a higher enrichment of H3K36me3 was observed at the genic sites
compared to the intergenic sites (Figure 20A left panel). In the comparison between
intergenic IS and their intergenic RMC, a higher level of gene body chromatin mark
was detected at IS. The same was true for the enhancer marks, intergenic IS had less
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enrichment compared to genic ones but more enriched compared to intergenic RMC
(Figure 20A middle and right panel). For the repressive chromatin marks H3K9me3
and H3K27me3 they were also underrepresented for the intergenic IS compared to
RMC (Figure 10B middle and right panel). H3K9me2 was unchanged (Figure 20B left
panel)'. In summary, HIV-1 IS in C20 cells associate with the gene body chromatin
mark H3K36me3 and have enriched enhancer marks within = 10 kb in their vicinity.
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Figure 20: Chromatin mark distribution surrounding HIV-1 integration sites at genic and
intergenic sites. (A) ChlP-Seq signal of histone marks in RPKM for the chromatin marks H3K36me3,
H3K4me1 and H3K27ac. Microglia IS were divided into genic (blue) and intergenic sites (purple). X-axis
shows the IS vicinity (£10 kb). RMC sets are shown in lighter blue for genic sites and lighter purple for
intergenic IS. Confidence intervals (95%) are shown as light-colored regions. RMC were generated with
the same distance to the nearest TSS. (B) ChIP-Seq signal of histone marks in RPKM for the chromatin
marks H3K9me2, H3K9me3 and H3K27me3. Microglia IS were divided into genic (blue) and intergenic
sites (purple). X-axis shows the IS vicinity (£10 kb). RMC sets are shown in lighter blue for genic sites
and lighter purple for intergenic IS. Confidence intervals (95%) are shown as light-colored regions. RMC

were generated with the same distance to the nearest TSS'.

2.1.7 HIV-1 IS partition with active transcription and genic and super
enhancers in microglia cellular model and CD4* T cells

To obtain a comprehensive overview of the HIV-1 integration landscape in microglia
and to achieve a detailed characterization at high resolution (200 bp bins,
corresponding to nucleosomal scale), histone profiles and chromatin accessibility
datasets generated in this work were integrated using the 10-state ChromHMM
chromatin model (Ernst and Kellis, 2010, 2017). According to the emission signal of
histone chromatin IP, RNA-Seq or ATAC-Seq per genomic bin, the genome was
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classified into 10 different states. Global overlap of the genome with each state in
percentage is stated in the all states column (Figure 21A)'. The predominant patterns
associated with HIV-1 IS were linked to four specific chromatin states, namely active
transcription (35.1%), genic enhancers (5.7%), weak enhancers (5.6%), and a state
enriched with H3K27ac and H3K9me2 (4.3%) (One-sided binomial test, p-value <
0.05). Conversely, quiescent states (44.8%), heterochromatin (0.9%), and both high
and low Polycomb states (0.3% and 0.5%) were significantly less targeted than
expected when compared to the overall distribution of chromatin states (One-sided
binomial test, displayed as All states, p-value < 0.05) (Figure 21A). In summary, these
findings suggest that microglia I1Ss tend to be located within genomic regions
characterized by genic enhancers or regions with high levels of transcriptional activity.
It has been established that a key characteristic of HIV-1 integration is the occurrence
of hotspots for genic insertion, which are regions of local IS enrichments. HIV-1
hotspots have been identified in both in-vitro studies and in patients (Bedwell et al.,
2021; Brady et al., 2009b; Cohn et al., 2015; Francis et al., 2020; Ikeda et al., 2007,
Kok et al., 2016; Lucic et al., 2019; Maldarelli et al., 2014; Schroder et al., 2002;
Sherrill-Mix et al., 2013; Wagner et al., 2014; Wang et al., 2007). Previous research
has described the association of HIV-1 integration with both genic and distal
enhancers, including SEs, in T cells (Bedwell et al., 2021; Chen et al., 2017; Francis
et al., 2020; Lucic et al., 2019). In order to investigate the previously observed
connection between IS and genic enhancers in microglia at the nucleosomal level (as
shown in Figure 21A) and to identify additional genomic signatures that are associated
with IS on a larger genomic scale, a recently developed non-negative matrix
factorization (NMF)-based method was applied (Quintero et al., 2021)". In this
approach, epigenetic signatures were assigned to all 50 kb partitions of the genome.
The bins were distinguished by their RNA-Seq, ChIP-Seq, and ATAC-Seq signals,
encompassing a of total of 8 features. To simplify the initial data matrix, NMF was
employed to decompose it into two matrices: the exposure matrix (H) (depicted in
Figure 21B) and the signature matrix (W) (shown in Figure 21C)'. These matrices
share a common dimension, the signatures (k=4). The exposure matrix (H) represents
how much each chromatin feature contributes to the signatures, enabling the
identification of the biological characteristics present in each signature. On the other
hand, the signature matrix (W) assigns each genome bin to a signature, based on the
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chromatin features observed in each signature. As a result, the distribution of relevant
biological traits (such as HIV-1 IS and SEs) is linked to the identified signatures.

The majority of microglia integrations were found in two signatures: signature 1
(H3K36me3, high transcription/RNA-Seq with 15.3% of bins containing IS) and
signature 4 (H3K27ac, H3K4me1, accessible chromatin/ATAC-Seq with 8.3% of bins
containing 1S). In contrast, there were fewer integrations in signatures 2 (H3K9me2
and H3K9me3 with 1.3% of bins containing I1S) and 3 (H3K27me3 with 1.1% of bins
containing IS) (Figure 21C). Bins that couldn't be assigned to any specific signature
formed a distinct fifth signature.

Comparing the chromatin signatures obtained in the NMF analysis with the locations
of SE revealed that signature 4 targeted by HIV-1 was also enriched in SE (12.7% in
signature 4, compared to 0.8%, 0.1% and 0.2% in the signature 1, 2 and 3,
respectively) (Figure 21C).

The main HIV-1 target cell type are CD4* T cells with well characterized integration site
profiles. To compare if chromatin requirements are preserved in the brain target cell
type of HIV-1 infection, NMF analysis was applied to CD4* T cell chromatin data'. NMF-
based decomposition identified 4 signatures: signature 1 (H3K27me3), signature 2
(H3K36me3), signature 3 (H3K4me1 and me3, H3K27ac), and signature 4
(H3K9me3). HIV-1 1S in CD4* T cells partitioned with signatures 2 (H3K36me3, 28.32%
of IS overlap) and signature 3 (H3K27ac, H3K4me1, H3K4me3 rich, 32.66%) (Figure
21D), with signature 3 also having a high overlap with SE (27.13%). This analysis
confirms that the chromatin landscape of HIV-1 integration profiles is largely conserved
between T cells and microglia cellular model (Bedwell et al., 2021; Francis et al., 2020;
Lucic et al., 2019).
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Figure 21: HIV-1 IS associates with genic and super enhancers in microglia cellular model and
CD4"* T cells. (A) 10-state ChromHMM model generated on microglia genomic data sets. The model
includes emissions (in purple) and percentage of overlap (in blue) for each state. Each row represents

a different state based on chromatin modifications and chromatin accessibility, while columns indicate
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the chromatin features used to create the model (ChIP-Seq and ATAC-Seq). Darker colors in the right
panel indicate higher emission probabilities for each feature. The columns also show the global state
ratios for the entire genome (All states) and the percentage of overlap between each chromatin state,
the IS and the RMC set. Darker colors represent a larger overlap between the regions displayed and
the corresponding state. States targeted by integrations significantly more than expected are
represented in bold, while states targeted significantly less than expected are represented in bold and
underlined text (exact binomial one-sided test, p < 0.05)". (B) Summarized ATAC-Seq, ChIP-Seq, and
RNA-Seq signal (8 features) over the 50-kb windows (n = 57,238) in C20 microglia cells. Resulting H
matrix was visualized as a heatmap. The colors in the heatmap display the exposure values of each
feature (columns) in the signatures (rows)'. (C) The W matrix of the NMF performed on the summarized
ATAC-Seq, ChIP-Seq, and RNA-seq signal over the 50 kb windows (n=57,238) in C20 microglia cells
was visualized as a heatmap. In this heatmap, the columns indicate the signatures, and the rows
represent the features (50-kb windows). The color in this heatmap displays the contribution of the feature
to each signature. The columns on the right side of the heatmap indicate I1Ss (purple) and SEs (gray)
that were mapped to the signature bins, and their fractions are shown as percentages. Unassigned bins
were clustered in the upper section'. (D) The H matrix resulting from NMF applied to the summarized
ChIP-Seq signal of CD4" T cells over 50 kb windows (n=57,238) is represented as a heatmap. The
colors indicate the exposure values of the six features in the signatures. Heatmap representing the W
matrix resulting from NMF applied to the summarized ChlP-Seq signal of CD4* T cells over 50 kb
windows (n=57,238). The rows represent the features (50 kb windows) and the columns represent the
signatures. The color indicates the contribution of each feature to each signature. The right-hand
columns display the fractions of IS (purple) and SE (gray) mapped to the signature bins, with

percentages indicated'. Figure was adapted from (Rheinberger et al., 2023).

2.1.8 LEDGF/p75 and CPSF6 host factors are involved in HIV-1 integration
process in microglia cell model

LEDGF/p75 is the main viral integrase host interaction partner, leading the
preintegration complex towards H3K36me3 gene bodies and therefore being essential
for gene body targeting of HIV-1 in CD4* T cells (Debyser et al., 2015; Van Maele et
al., 2006). Depletion of LEDGF/p75 in T cells or HEK293T cells diminishes integration
and redirect the remaining IS to less gene dense regions (Bedwell et al., 2021; Sowd
et al.,, 2016; Vranckx et al., 2016). To test whether HIV-1 integration process in
microglia cells depends on LEDGF/p75, | employed siRNA knockdown to transiently
deplete LEDGF/p75 in C20 cells, followed by infection after 48h with VSVG HIV-1
(Figure 22A,B). Integration levels were assayed by Alu PCR and showed a significant
decrease in HIV-1 integration to 0.1 FC over NT (p-value < 0.0001) in the absence of
LEDGF/p75 (Figure 22C).
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A second important host factor in HIV-1 integration in T cells is CPSF6, a CAinteraction
partner (Lee et al., 2012; Sowd et al., 2016). CPSF6 is known to direct the PIC into
speckles associated domains and depletion of CPSF6 halts PIC at the nuclear
periphery in T cells and macrophages (Bedwell et al., 2021; Francis et al., 2020; Li et
al., 2020a). Transient depletion of CSPF6 by siRNA transfection in C20 cells and
subsequent HIV-1 infection also led to a significant decrease in HIV-1 integration levels
to 0.2 FC over NT (p-value < 0.001) (Figure 22C).

In summary, these findings support the notion that LEDGF/p75 and CPSF6 are
universal HIV-1 integration host factors.
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Figure 22: LEDGF/p75 and CPSF6 are important for HIV-1 integration in microglia cellular model.
(A) MTT assay in C20 cells was performed at Oh and 48h post transfection with siRNA pool targeting
LEDGF/p75 (50 nM) or CPSF6 (50 nM) and compared to non-targeting (NT) siRNA pool (50 nM). Data
represent mean of 3 biological replicates + SE and plot was generated with GraphPad prism. (B)
Representative immunoblot image for LEDGF KD (upper panel) and CPSF6 KD (lower panel) at
timepoint of infection and 24 h post infection. Proteins were detected by immunoblotting using the
following antibodies: LEDGF/p75, CPSF6 and beta actin. Actin served as loading control. UT: untreated,
NT: non-targeting. (C) Bar plot representing 3 biological replicates of integration assay by Alu PCR. C20
cells were infected for 24 h with 250 ng p24 / 1 mill of cells after LEDGF KD or CPSF6 KD for 48 h by
siRNA transfection. Data are presented as mean + SEM. Unpaired student’s t-test was performed using
GraphPad prism; **** = p<0.0001; *** = p<0.001.
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2.2 HIV-1 latency in microglia cellular model

2.2.1 Establishing HIVgko virus infection in microglia cellular model

To date there is a lack of treatment that specifically targets the stably integrated virus,
leading to the persistence of latent reservoirs throughout the body, including the CNS
and microglia cells. The development of HAND in HIV-1 infected people has a
significant impact on the quality of life and overall health of individuals living with HIV-
1 (Clifford and Ances, 2013). Therefore, it is important to study HIV-1 latency and to
discern the differences between actively replicating and latent microglia cells.

To start addressing this question | employed a dual color virus that harbors a csGFP
under the viral LTR promoter and a kusabira orange fluorophore under the ef1alpha
promotor (Battivelli and Verdin, 2018). The latter is constitutively expressed when the
virus is integrated, whereas the GFP is only expressed when HIV-1 is replicating. C20
cells were infected with VSVG pseudotyped HIVgko virus, and 3 d.p.i. integrated virus
was visualized by HIV-1 DNA FISH (Figure 23A) and integration levels were assayed
by Alu PCR (Figure 23B). In addition, mRNA was extracted to test for gag mRNA
expression (Figure 23C). Altogether, HIVeko established a productive infection in C20
microglia cellular model.

Due to the reporter expression, latent and actively replicating cells can be distinguished
and sorted using a FACS sorter (Figure 23D). For the uninfected and actively
replicating cells (10% of the population) approximately 50,000 cells were sorted, for
the latent population (0.7 — 1 %) from 8,000 to 45,000 cells were sorted and checked
for purity (Figure 23E,F). RNA extraction was performed of the uninfected, the actively
replicating and the latent cells and by qPCR expression levels of viral gag mRNA was
tested (Figure 23G). As expected, viral gag mRNA was most expressed in actively
replicating cells, and only on a basal level expressed in the latent cells, when compared
to the uninfected cells (Figure 23G, unpaired student’s t-test; ** = p<0.01).

In response to viral infection, cells upregulate inflammatory response genes
(Catalfamo et al., 2012; Deeks et al., 2013; Kamat et al., 2012; Vandergeeten et al.,
2012). To investigate inflammatory response within microglia latency model system,
MRNA expression of key pro-inflammatory cytokines, CXCLS8, IL6 and IL1b, was
tested. Inflammation marks were upregulated in active and latent cells compared to
uninfected (between 2 to 4 fold increase) (Figure 23H). For IL6 and IL1b there was a
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trend of more expression in the latent cells compared to the active ones, without
reaching statistical significance.

Altogether, integration, gene expression and FACS assays support that HIVeko
infection is a good model system to study HIV-1 latency in microglia cellular model.
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Figure 23: Sorting actively and latently infected C20 cells using HIVcko virus. (A) HIV-1 3D DNA
Immuno-FISH of HIV-1 infected C20 microglia cells (250 ng p24/ 1 mill cells). Cells were fixed,
permeabilized and hybridized for 48h with directly labeled HIV-1 FISH probe. Nucleus stained with
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Hochst, HIV-1 DNA in red; scale bar 5 um. (B) Bar plot of HIV-1 integration assay determined by Alu
PCR of C20 microglia cells infected with HIVeko (250 ng p24/ 1 mill of cells). Integration levels are
expressed over mock, over Raltegravir (RAL) treated samples (10 uM) or samples treated with Efavirenz
(EFV) (20 uM). Data represent mean of 3 technical replicates + SEM. Graph was generated with
GraphPad prism. (C) C20 cells infected with HIVeko (250 ng p24/ 1 mill cells). RNA of infected cells was
harvested 3 dpi and viral gag mRNA levels were assay by gPCR over mock. Bar plot shows mean of 3
biological replicates + SEM. Graph was generated with GraphPad prism. (D) Schematic representation
of sorting set up. C20 cells were infected with HIVeko virus, and 3 dpi cells were sorted on a BD FACS
Aria Il instrument into uninfected cells (grey), actively transcribing cells (green and red) and latent cells
(red) to perform ATAC-Seq. Scheme was generated with BioRender. (E) Gating strategy for sorting of
C20 cells infected with HIVeko virus. Cells were gated on live cells using SSC-FSC channel. Based on
FITC-A and PE-A signal cells were sorted into uninfected (FITC-A/PE-A"), double positive (FITC-A*/PE-
A*) and single positive (FITC'A-/PE-A"). Plot was generated using FlowJo software. (F) Resorting of
sorted HIVeko C20 cells. 5,000 cells were sorted to check sorting purity. Plot was generated using
FlowJo software. (G) mRNA was extracted from sorted cell populations and assayed by qPCR for viral
gag mRNA expression over uninfected. Bar plot shows mean of 3 biological replicates + SEM. Statistical
analyses was performed with GraphPad prism. Unpaired student’s t-test was performed; ** = p<0.01.
(H) mRNA was extracted from sorted HIVeko infected C20 cell populations and assayed by qPCR for
mMRNA expression of CXCLS8, IL6 and IL1b in uninfected (grey), active (green) and latent (red) C20 cells.
Bar plot shows mean of 3 biological replicates + SEM. Graph was generated with GraphPad prism.

Figure was adapted from (Rheinberger et al., 2023).

2.2.2 The global chromatin accessibility exhibits comparable patterns in latent
and actively replicating cells of microglia cellular model

After successful establishment of HIVeko infection in C20 cells, the aim was to
investigate changes on the chromatin between uninfected, active and latent cells that
might influence the outcome of viral infection and latency establishment. To do so, |
used this viral construct for sorting uninfected, latent and actively replicating cell
populations and subsequently performed ATAC-Seq with the isolated nuclei.

C20 cells were infected with the viral construct and 3 d.p.i. sorted into uninfected,
actively replicating, and latent cells. For the uninfected condition, about 80,000 cells
were sorted, for the FITC/PE™* population 8,000 to 45,000 cells were sorted. Nuclei
were isolated and processed for ATAC-Seq assay, which involves the utilization of Tn5
transposase to profile genomic regions that exhibit accessible chromatin, i.e., regions
that are not occupied by nucleosomes using a protocol developed by Buenrostro et al.
(Buenrostro et al., 2015) (Figure 17). Quality assessment of the ATAC-Seq libraries by
Bioanalyzer displayed the characteristic mono-, di- and trinucleosomal size distribution
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for the uninfected and active population libraries and to a lesser extend in the latent
cells (Figure 24A). After sending the libraries for sequencing, first quality check (QC)
of the mapped reads by plotting their read length distribution resembled the previously
observed size distribution for the transposase reactions in all 3 cell populations (Figure
24B). The ATAC-Seq analysis yielded a total of 107,949,036 uniquely mapped reads
for uninfected samples (replicates merged), 175,833,394 reads for active cells
(replicates merged) and 67,889,466 reads for latent cells (replicates merged)?. Out of
that, 92,812 peaks in uninfected samples, 95,401 peaks in active cells, and 54,744
peaks in latent cells could be called, using a peak calling cutoff of MACS2 Q < 0.001.
The fraction of reads in the called peaks (FRIP score) was > 0.2, apart from one latent
replicate, which could be due to the low number of nuclei isolated and the risk of over
tagmentation (Figure 24C)".
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Figure 24: Quality controls of ATAC sequencing. (A) Bioanalyzer profiles of ATAC-Seq libraries of 2
sorted uninfected C20 samples (upper panel), 2 sorted actively replicating C20 samples (middle panels)
and 2 sorted latent C20 samples (lower panel). X-axis shows fragments length in bp, Y-axis displays

fluorescent units. (B) Frequency of read length distribution of uninfected, actively replicating, and latent

2 Analysis was performed by Dr Carl Herrmann, Health Data Science unit, University Clinics Heidelberg.
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ATAC-Seq libraries. ATAC-Seq was performed with 80,000 nuclei of uninfected C20 cells, about 80,000
nuclei of FITC*/PE* actively replicating cell population and 8,000 to 45,000 nuclei of FITC/PE* latent
cell population?. (C) Quality controls of ATAC-Seq analysis. Table displays uniquely mapped reads per

replicate, FRIP score, and number of peaks called?. Figure was adapted from (Rheinberger et al., 2023).

Gene ontology (GO) analysis of the global open genomic regions of each infection
population showed in the uninfected cells, 1,285 biological processes (BP) being
significantly enriched (FDR < 0.5), in the active cells 1,381 BP terms and in the latent
cells 1,290 BP terms (Supplementary Table 2, (Rheinberger et al., 2023)). Looking at
the top 30 enriched GO terms showed an enrichment of glia and neurological terms in
biological processes in all 3 cell populations (Figure 25A,B and C), supporting the
microglia identity of the C20 cells?.

To investigate the chromatin accessibility differences among active, latent, and
uninfected cell populations, differential peak analysis was performed by Ana Luisa
Costa and Carl Herrmann. Surprisingly, no significant global changes in chromatin
accessibility between the 3 cell states were observed, and only a limited number of
peaks, namely 6, 161 and 379 peaks exhibited differential accessibility between
uninfected and latent, active and latent, and uninfected and active populations,
respectively (Figure 25D, red dots represent significantly changed regions; false
discovery rate [FDR] < 0.1)2. The 6 genes upregulated in latent cells compared to
uninfected included microRNAs, the transmembrane glycoprotein embigin, lysine
methyltransferase 2C and pterin-4 alpha-carbinolamine dehydratase 2. For the
differential expressed genes in active versus latent cells, they were involved in
processes like cell-cell adhesion, cell-junction organization or actin cytoskeleton, while
in the active versus uninfected cells genes of glycoprotein metabolic processes,
adherence junction organization or negative regulation of cell adhesion were changed.
Altogether, no global changes of gene accessibility could be observed between
uninfected, actively replicating and latent C20 cells.
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Figure 25: Chromatin accessibility is similar between active and latent HIV-1 infected microglia

cellular model. (A) Gene ontology analysis for biological processes of uninfected ATAC-Seq accessible
peaks (n=92,812). On the X-axis is displayed -log10 adjusted p-value. Plot was generated with
GraphPad prism. (B) Gene ontology analysis for biological processes of active accessible peaks
(n=95,401). On the X-axis is displayed -log10 adjusted p-value. Plot was generated with GraphPad
prism. (C) Gene ontology analysis for biological processes of latent accessible peaks (n=54,744). On
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the X-axis is displayed -log10 adjusted p-value. Plot was generated with GraphPad prism. (D)
Differential peak analysis of 2 independent ATAC-Seq experiments. Volcano plots represent log fold
change (logFC) versus false discovery rate (FDR) of differentially accessible regions of the cellular
genome identified in the three cell states. Significantly changed peaks are displayed in red (FDR <0.1)2.

Figure was adapted from (Rheinberger et al., 2023).

2.2.3 CTCEF is released from the genome in active viral replication

Chromatin accessibility is commonly recognized as a characteristic feature of active
regulatory elements that serve as sites where transcription factors are recruited
(Tsompana and Buck, 2014). In order to identify candidate regulatory genomic regions
in productively and latently HIV-1 infected microglia cells, transcription factor
footprinting on the three cell populations was performed using TOBIAS tool (Bentsen
et al., 2020)'. TOBIAS uses ATAC-Seq data, transcription factor motifs and sequence
annotations as input for the analysis. The tool is calculating TF binding scores based
on the accessibility of the region and the depth of the TF footprint and based on a
threshold bound and unbound sites can be distinguished (Bentsen et al., 2020).
When comparing all 3 cell populations, several transcription factor binding sites (TFBS)
were detected to be differentially occupied which have well established roles in HIV-1
transcription and general cell activation, e.g., nuclear factor kB (NF-kB), signal
transducer and activator of transcription 1 (STAT1), and activator protein 1 (AP-1)
component FOS (Figure 26A,B,C, colored dots indicate overrepresented footprints in
the 3 states, FDR < 0.05, predicted differential binding score > |0.05|) (Gosselin et al.,
2017; Van Lint et al., 2013; Stroud et al., 2020).

NF-kB was found to be more occupied in the actively replicating and latent cells when
compared to the uninfected cells (Figure 26A,C), while STAT1 displayed increased
footprint scores in active versus latent cells (Figure 26B), supporting the overall active
cell state of the C20 cells and HIV-1 infection. FOS showed enriched occupancy in
uninfected cells both compared to latent and to active cells (Figure 26A,C) and
enrichment in the latent cells compared to the active ones (Figure 26B).

Interestingly TFBS of the main architectural protein CTCF, which is involved in 3D
genome organization and transcriptional regulation, were predicted to be more
occupied in the latent and uninfected cells when compared to the active cell population.
Looking at the differential occupied CTCF footprints confirmed an overall reduction of
predicted CTCF footprints in productive infection (800 footprints in active cells, 2621 in
latent and 1556 in uninfected) (Figure 26D)".
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Next, the focus was on CTCF footprints at least occupied in one of the 3 infection states
and profiling them in uninfected, latent and actively replicating cells to further
investigate a possible role of CTCF in HIV-1 infection. A large fraction of the TFBS
were predicted to be stably bound in all 3 infection populations (blue bars, Figure 26E),
but there was also a fraction of TFBS which was dynamically binding. A large portion
of the CTCF TFBS stably bound in uninfected became unbound in HIV-1 actively
replicating cells, whereas the dynamic sites between active and latent cells were
predicted to have an inverse CTCF binding pattern (Figure 26E)".
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Figure 26: CTCF is released from the genome in active viral replication. Differentially bound TFBS
between cell populations presented as volcano plot against the —log10(p- value) of all investigated TF
motifs. Higher accessibility is indicated by positive x values, while lower accessibility is indicated by
negative values in the first mentioned population. Each dot on the graph represents a single motif. Dot
size displays the number of binding sites. (A) Uninfected/active infection (right/left represents a higher
signal in uninfected/active, respectively). (B) Latent/active infection. (C) Uninfected/latent infection’. (D)
Venn diagram displaying the numbers of predicted CTCF footprints found to be shared between the

three conditions or uniquely bound. Green: active cell population (800 footprints); red: latent cell
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population (2621 footprints); grey: uninfected cell population (1556 footprints)!. (E) River chart
displaying the binding dynamics of all predicted CTCF TFBSs bound in at least one infection condition.
Purple color indicates TFBSs are predicted as bound, lilac color indicates TFBSs are predicted as
unbound for the conditions represented on the x axis. Changes between the conditions can be traced

by the links between condition bars’. Figure was adapted from (Rheinberger et al., 2023).

In order to validate the predicted global depletion of CTCF occupancy on chromatin in
productively infected cells, | sought to analyze the protein content from sorted cells.
However, low frequency of latent cells (~1%) at 3 d.p.i., precluded obtaining sufficient
cell number of the sorted latent cells to perform established protein characterization
assay by subcellular protein fractionation. As an alternative approach, | employed
biochemical fractionation on bulk infected cell population to isolate tightly chromatin-
bound factors by gradually increasing the salt concentration. Therefore, microglia cells
were infected with HIVgko virus at a high infection rate (from 40% to 60% of infection)
to obtain most of the infected cells actively producing viral proteins (Figure 27A). 3
d.p.i. biochemical fractionations of the bulk infected cells were performed, to isolate
cytoplasm from the nuclear fraction and further separating the nuclear fraction into low
salt, high salt, and insoluble fractions (Figure 27B). Alpha tubulin and histone H2B
showed a clear separation of cytoplasm and the nuclear fractions, serving as
cytoplasmatic and nuclear markers, respectively. Comparison of the nuclear high salt
chromatin bound fractions between mock and infected samples showed a release of
CTCF from the genome upon HIV-1 infection (Figure 27C,D). Of note, inhibition of viral
integration by Raltegravir (10 uM) showed chromatin bound CTCF as in mock samples,
supporting the notion obtained by ATAC-Seq that CTCF is released from the genome

upon active viral transcription.
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Figure 27: CTCF is released from the nuclear bound fraction in productive HIV-1 infection. (A)
Representative FACS plot of C20 cells infected with HIVeko. Cells were gated for FITC*/PE* (productive
infection) and FITC/PE* (latent infection). Plot was generated with FlowJo software. (B) Representative
immunoblot image of biochemical fractionation of mock and infected C20 cells (250 ng p24 / 1 mill cells).
Proteins were detected by immunoblotting using the following antibodies: CTCF, alpha tubulin and
histone H2B. WCL: whole cell lysate; C: cytoplasm; NL: nuclear low salt; NH: nuclear high salt; P:
insoluble pellet. Alpha tubulin served as cytoplasmic marker, histone H2B served as nuclear marker. (C)
Representative immunoblot image of nuclear high salt fractions of mock, infected and infected in the
presence of Raltegravir (RAL, 10 uM) C20 cells. Proteins were detected by immunoblotting using the
following antibodies: CTCF and histone H2B. (D) Bar plot displaying quantifications of nuclear high salt
fractions of 3 biological replicates. CTCF signal was normalized to H2B and expressed as percentage
of mock. Data are represented as mean + SEM. Statistical analyses was performed using GraphPad
prism. Unpaired student’s t-test was performed; **** = p<0.0001; ** = p<0.01; * = p<0.05.
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2.3 3D genome organization plays an important role in HIV-1

integration

2.3.1 HIV-1 integrates in close proximity to the boundaries of TADs in
microglia and CD4* T cells

CTCEF is an important factor for 3D genome organization (Wang et al., 2019) and has
essential roles in the formation of TADs. TADs are genomic regions that have a high
frequency of internal DNA interactions which facilitate contacts of regulatory features
e.g. enhancers or TF with their target promoters and genes (Dixon et al., 2012; Hnisz
et al., 2013; Lieberman-aiden et al., 2009; Nora et al., 2012; Rao et al., 2014). The
architectural protein CTCF is enriched at TAD boundaries, and depletion of the protein
can influence TAD structure and loop domains leading to misregulation of genes
(Lupiafiez et al., 2015; Narendra et al., 2015; Nuebler et al., 2018; Rao et al., 2017;
Wutz et al., 2017).

The differential binding of CTCF in infection identified by ATAC-Seq analysis pointed
to a possible involvement of CTCF in HIV-1 infection, including the influence of the 3D
chromatin structure. To investigate that possibility, we obtained published Hi-C data of
NeuN- cells of primary brain tissue samples, available through the PsychEncode portal

(https://psychencode.synapse.org/). The Hi-C was performed on sorted nuclei

negative for the NeuN marker of brains from healthy patients (Hu et al., 2021). NeuN
is a neuronal marker absent in glia cells within the brain, meaning that all NeuN
negative cells of the brain were sorted (microglia, oligodendrocytes, Astrocytes) to
perform Hi-C. At the time of the analysis, this data set represented the sole available
Hi-C data of primary microglia-containing cells.

The TAD coordinates were used to plot the relative distance of TAD border, the region
insulating two TADs from each other, to TAD midpoint regions?. For the analysis,
boundary regions were defined as the midpoints between two consecutive TAD
intervals. First, microglia ATAC-Seq derived CTCF footprints were mapped to the
NeuN-derived TAD coordinates, using relative distances for each TAD (boundary to
midpoint). The distribution density plots of CTCF footprints with respect to NeuN" TAD
coordinates showed a characteristic enrichment of CTCF at the borders, as expected
(Dixon et al., 2012) (Figure 28A, upper panel). Mapping microglia HIV-1 IS (dark blue
line) showed a prominent enrichment towards TAD borders when comparing it to 10
IS subsampling experiments (light blue lines) and to the random control sites (black
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dotted line), which is a random IS data set generated based on the same distance to
the TSS and genic to intergenic ratio as the microglia IS data set obtained in this study
(Figure 28A, middle panel).

Additionally, ChIP-Seq profiles in C20 microglia demonstrated strong enrichment of
the gene body and HIV-1 IS-associated histone mark, H3K36me3, in proximity to TAD
borders. There were no noticeable variations in the densities of genic and active
enhancers (H3K4me1 and H3K27ac) or the heterochromatin mark H3K27me3.
However, the signal for H3K9me3 was reduced at the boundaries (Figure 28A, lower
panel)?.

In order to investigate whether the observed association in microglia between TAD
borders and enriched HIV-1 ISs is maintained in the major blood target cell type, TAD
coordinates from CD4* T cells were used (Javierre et al., 2016; Nanni et al., 2020).
Mapping of CD4* T cell-derived CTCF ChIP-Seq peaks (Figure 28B, upper panel;
GEO: GSE13105515, (Qi et al., 2021)) confirmed TAD border regions. Notably, I1Ss
from ex vivo infections of CD4* T cells and patient samples (curated previously, (Lucic
et al., 2019)) showed enriched density profiles towards TAD borders (Figure 28B,
middle panel, dark blue line), followed by H3K36me3, enhancer marks and promoter
proximal H3K4me3 (Figure 28B, lower panel)®. These results suggest that IS
enrichment at transcriptionally active chromatin at TAD borders is a common feature
of HIV-1 integration.
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Figure 28: HIV-1 integrates close to TAD boundaries in microglia cellular model and CD4* T cells.
(A) CTCF TFBS footprints (gray line, upper panel), ISs in microglia (dark blue line, middle panel), and
microglia ChlP-Seq peaks for H3K27me3 (brown line), H3K36me3 (red line), H3K4me1 (orange line),
H3K9me3 (violet line), and H3K27ac (blue line) (lower panel) plotted as density location over the
boundary-to-midpoint regions of NeuN- (oligodendrocytes, astrocytes, microglia) TAD boundaries (n =
2,077) (Hu et al., 2021). Light blue lines (middle panel) represent 10 bootstrapped subsamples obtained
based on the real IS data set and black dotted line represents a random IS control data set?. (B) CD4*
T cell CTCF binding sites (gray line, upper panel), ISs in CD4* T cells (dark blue line, middle panel), and
CD4* T cell ChIP-Seq peaks for H3K27ac (blue line), H3K27me3 (brown line), H3K36me3 (red line),
H3K4me1 (orange line), H3K4me3 (green line), and H3K9me3 (violet line) (lower panel) plotted as
density location over the boundary-to-midpoint regions of consensus TAD boundaries (n = 2,171)
(Javierre et al., 2016; Nanni et al., 2020). Light blue lines (middle panel) represent 10 bootstrapped
subsamples obtained based on the real IS data set and black dotted line represents a random IS control

data set?. Figure was adapted from (Rheinberger et al., 2023).
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2.3.2 HIV-1 integration close to TAD boundaries is independent of gene
expression level

Apart from enriched CTCF binding and active chromatin marks, TAD boundary regions
are also characterized by high transcriptional output and active transcription start sites
(Dixon et al., 2012). To assess the transcription levels of integration genes at TAD
boundaries, genic integration genes were stratified according to their expression levels
into normalized expression categories using C20 and CD4"* T cell RNA-Seq data sets
(this study and (Lucic et al., 2019)) (Figure 29A and B, microglia k=9/ CD4" T cells
k=10, 9/10 highest expression class based on logTPM)'. The fraction of IS per
expression category was then plotted against 10 bins along the TAD boundary-to-
midpoint regions of either NeuN" or consensus CD4"* T cell TAD boundaries, showing
that HIV-1 insertions are found enriched at TAD boundaries independent of gene
expression, when comparing boundary to midpoint in C20 and T cells (paired t test
comparing frequencies of integration at boundary versus midpoint, p = 0.035) (Figure
29C and D)2.

A B
C20 Microglia CD4+ T cell
K-means cluster =9 K-means cluster = 10
No No Cluster No Cluster
expr] expr| ] g exqu exp17r ] 190
1 1 _ 7 f— 8
2| 8 2 ] 6 2 2 1 z
3 A ] —— 3 4 - al————— 5
4 B 4 1 3 5 ] 5| 4
5 I. 5 % 6 .. 6 3
3 ] 6 No g 7 1
8 ] g xer 9 g ’e\Jxopr
9 [ 9 10| P 1| 10
0 2 4 6 8 ) 100 200 300 400 0.0 25 5.0 7.5 100 0 500 1000 1500
log(TPM) N(IS genes) log(TPM) N(IS genes)
c . NeuN- D CD4* T cells
> =4 9 10
8) ° o8 g g— . -+ T o9
L < °7 54 - e . - __ e8
T - °6 = ' ' o7
o o . o5 o ' ' e 6
c o 4 c N A ' 5
O« 3 S 54 °
[ ‘B 4
3 2 2 3
g e ;\lo expr § ° ?
~ o] E.; 2 s No expr
2. 2]
5 24 =
g ° ! S 2|
i<l N S5 ©
g8 Pl 5
S o = &
w -
0. (005, (0.1, (0.15,(0.2, (0.25,(0.3, (0.35, 0.45, w
[,05]{, X5 g 25]6 3 03 8416_5] 0 005 0.1 015 0.2 25 0.3 35 0.4, (0.45,
.05D. .15) 25] 35] .4]'0.45] 0.5]
TAD Boundary TAD Midpoint TAD Boundary TAD Midpoint

Figure 29: HIV-1 integration close to TAD boundaries is independent of gene expression level.
(A) HIV-1 integration genes in C20 cells were scored and clustered based on logTPM using RNA-Seq
from this study (k=9). Maximum 5,000 genes per cluster to ensure comparable gene sets and non-
expressed genes were assigned to a separate cluster'. (B) HIV-1 integration genes in CD4* T cells were
scored and clustered based on logTPM using RNA-Seq (Lucic et al., 2019) (k=10). Maximum 5,000

genes per cluster to ensure comparable gene sets and non-expressed genes were assigned to a
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separate cluster’. (C) TAD boundary-to-midpoint regions were separated in 10 bins, and frequency of
IS per host gene expression class stratified by expression strength was plotted along the TAD regions
for NeuN- (oligodendrocytes, astrocytes, microglia). Paired t test comparing frequencies of integration
at boundary versus midpoint (p < 0.05)2. (D) TAD boundary-to-midpoint regions were separated in 10
bins, and frequency of IS per host gene expression class stratified by expression strength was plotted
along the TAD regions for CD4* T cells. Paired t test comparing frequencies of integration at boundary
versus midpoint (p < 0.05)?. Figure was adapted from (Rheinberger et al., 2023)

2.3.3 HIV-1ISs TAD border proximity is H3K36me3 dependent

In addition to highly transcribed genes, HIV-1 targets H3K36me3 marked gene bodies
directed by the LEDG/p75 — IN interaction. Considering H3K36me3 enrichment at TAD
borders, C20 ISs were stratified based on whether they are genic or intergenic, or if
they overlapped H3K36me3 ChlP-Seq peaks or not. Interestingly, intergenic ISs (728
of 4,590 IS) and ISs not overlapping H3K36me3 peaks (2,140 of 4,590 ISs) were
depleted at NeuN" derived TAD boundaries and rather enriched towards the TAD
midpoint, pointing to a H3K36me3 dependency of IS enrichment towards TAD
boundaries (Figure 30A)2. TAD Insertion dependency on H3K36me3 could be
confirmed in the T cell background by using previously curated IS in Jurkat cells either
in LEDGF/p75 knockout conditions (LKO) or expressing an IN binding mutant of
LEDGF/p75 (IBD) (Li et al., 2020a). In both conditions IS were depleted at CD4"* T cell
TAD boundaries compared to WT Jurkat IS (Figure 30B)?. TAD-proximal HIV-1
insertion biases seemed to be CPSF6 independent as ISs sequenced from CPSF6
knockdown (CKD) Jurkat cells or infected with mutant viruses with impaired CA-CPSF6
interaction did not influence TAD-proximal proviral positioning (Figure 30B) (Li et al.,
2020a). These data are strengthening the H3K36me3 dependent HIV-1 insertions into
TAD boundaries.
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Figure 30: IS TAD border proximity is H3K36me3 dependent. (A) HIV-1 ISs in microglia overlapping
(red line, n = 2,486) and non-overlapping (pink line, n = 2,104) H3K36me3 ChIP-Seq peaks, or genic
(light green line, n = 3,862) and intergenic (dark green line, n = 728) ISs were plotted as density location
over the boundary-to-midpoint regions of NeuN- (oligodendrocytes, astrocytes, microglia) TAD
boundaries (n = 2,077)2. (B) CD4* T cell ISs (red line, n = 13,544), Jurkat wild type (WT) HIV-1 I1Ss
(yellow line, N = 823,169), HIV-1 N74D and A77V CA mutants ISs in Jurkat cells (blue line, n = 726,694),
ISs in Jurkat CKD (green line, n = 91,081), ISs in Jurkat IBD/ (violet line, n = 81,346), and ISs in Jurkat
LKO (orange line, n = 65,717) were plotted as density location over the boundary-to-midpoint regions
of consensus CD4"* T cell TAD boundaries (n=2,171). IS were taken from (Li et al., 2020a)?. Figure was
adapted from (Rheinberger et al., 2023).

2.3.4 CTCF co-immunoprecipitates with LEDGF/p75 and HIV-1 integrase

HIV-1 PIC is targeted to H3K36me3 enriched regions via LEDGF/p75 binding to viral
integrase (Van Maele et al., 2006). Due to the strong dependency of IS TAD border
proximity and H3K36me3, | probed for the possibility of an interaction between CTCF
and LEDGF/p75 by co-immunoprecipitations. HEK293T cells were transfected with
CTCF-eGFP or eGFP alone and CTCF was precipitated with GFP-Trap beads.
Immunoblots showed that LEDGF/p75 co-immunoprecipitated with CTCF as well as
RAD21, which is known to interact with CTCF (Li et al., 2020b; Nanni et al., 2020)
(Figure 31A). Reciprocal interaction was shown by using HEK293T cells expressing
LEDGF/p75-HA and immunoprecipitating with HA-antibody (Figure 31D). CTCF
binding to LEDG/p75 could also be shown by immunoprecipitation of endogenous
CTCF both in C20 and Jurkat T cell line (Figure 31C and D).

As LEDGF/p75 is one of the main interacting partners of viral integrase, the next
question arising was whether CTCF also interacts with viral integrase. Co-
immunoprecipitation of transfected Flag-IN in HEK293T cells showed interaction of
CTCF with viral integrase (Figure 31E). Co-transfection of Flag-IN and siRNA targeting
LEDGF/p75 revealed that IN-CTCF interaction is lost upon LEDGF/p75 KD, indicating
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that integrase CTCF interaction is LEDGF/p75 dependent (Figure 31F). As expected,
silencing of LEDGF/p75 led to a loss of binding to the chromatin mark H3K36me3
(Figure 31F). Interestingly, interaction of CA interactor CPSF6 with CTCF could not be
detected (Figure 31A-C), in agreement with the previous observation that IS TAD
border enrichment is lost in LKO but not in CKO background (Figure 30B).
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Figure 31: CTCF co-immunoprecipitates with LEDGF/p75 and HIV-1 integrase. (A) HEK293T cells
were transfected with either CTCF-eGFP or eGFP. Immunoprecipitations of the nuclear extracts were
performed using GFP-TRAP beads. Associated proteins were detected by immunoblotting using the
following antibodies: LEDGF/p75, RAD21, CTCF, CPSF6, Anti-GFP. (B) Immunoblot image of co-
immunoprecipitation experiment of endogenous CTCF in C20 microglia cell model using CTCF antibody.
IgG served as a negative control for the IP. Associated proteins were detected by LEDGF/p75, Rad21
and CPSF6 antibody. (C) Immunoblot image of co-immunoprecipitation experiment of endogenous
CTCF in Jurkat T cells using CTCF antibody. IgG served as a negative control for the IP. Associated
proteins were detected by LEDGF/p75, Rad21 and CPSF6 antibody. Input (IN), IP
(immunoprecipitation), FT (flow through). (D) HEK293T cells were transfected with LEDGF/p75-HA and
immunoprecipitation of nuclear extracts was performed using anti-HA antibody (C29F499) or IgG
(negative control). Proteins were detected by anti-HA or CTCF antibody. Hemagglutinin (HA). (E)
HEK293T cells were transfected with Flag-IN (integrase) and immunoprecipitations of nuclear extracts
were performed with M2-antibody (anti-Flag) or IgG antibody (negative control). Proteins were detected
using LEDGF/p75, CTCF and M2 antibodies. (F) HEK293T cells were transfected with Flag-IN and
either siRNA pool targeting LEDGF/p75 or NT control. After 48h, immunoprecipitations of nuclear
extracts were performed using M2-antibody or 1gG. Associated proteins were detected by CTCF, M2,
LEDGF/p75 or H3K36me3 antibodies. Figure was adapted from (Rheinberger et al., 2023).
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2.3.5 CTCF depletion is influencing H3K36me3 chromatin mark at TAD
boundaries

CTCF binding together with active epigenetic chromatin marks is enriched at TAD
boundaries (Dixon et al., 2012). To test a possible role for CTCF in influencing the
chromatin around TAD borders, a Bayesian model network to infer the potential
influence of CTCF on the distribution of the repressive marks H3K27me3 and
H3K9me3 and the active chromatin marks H3K4me1, H3K27ac, H3K4me3 and
H3K36me3 was trained. Therefore, 20 kb genomic windows around the TAD midpoints
were used of consensus CD4" T cell TAD boundaries and published ChlP-Seq data
sets of histone marks and CTCF in CD4* T cells (Lucic et al., 2019; Qi et al., 2021)2.
1,800 TAD boundary regions were randomly sampled and bootstrapped to infer
direction and strength of the influence indicated by arrow size. It was observed that
polycomb repressive mark H3K27me3 was directed towards CTCF, while H3K9me3
heterochromatin histone PTM had an unresolved directionality. The model predicted
CTCEF directionality towards most transcriptionally active chromatin marks, including
H3K36me3, H3K27ac, and H3K4me3, while it had a less defined directionality for
H3K4me1 (Figure 32A). In conclusion, the Bayesian network analysis indicated a
driving role of CTCF in shaping the chromatin at TAD margins, specifically for active
chromatin marks.

To test this hypothesis experimentally, | focused on the main HIV-1 integration
determining chromatin mark H3K36me3. | transiently depleted CTCF in C20 cellular
model by siRNA transfection (Figure 32B) and fixed the cells and extracted chromatin
for CTCF and H3K36me3 ChIP after 48 h (Figure 32C). As positive control regions for
ChIP-gPCR, GAPDH intron 7 was chosen for H3K36me3, and hg19 imprinting locus
(Kurukuti et al., 2006) served as positive control for CTCF ChIP. Gene desert negative
primer set was used as negative control for both. ChIP-qPCR in NT conditions showed
a clear enrichment over input signal of H3K36me3 ChIP and CTCF ChlP at their
positive control regions compared to isotype control (Figure 32D, all panels, dot).
Significant reduction in CTCF signal was observed in CTCF KD conditions compared
to NT control at the hg19 imprinting locus (Figure 32D, middle panel). H3K36me3 ChIP
showed a reduced signal in CTCF KD conditions at GAPDH intron 7 region, without
reaching statistical significance (Figure 32D, left panel). Two replicates of CTCF and
H3K36me3 ChIP in NT and CTCF KD conditions were chosen and libraries were
prepared, with an average size distribution of around 500 bp (Figure 32E,F).
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Figure 32: CTCF Bayesian modeling and ChIP-Seq quality control analysis in NT and CTCF KD
conditions. (A) Bayesian network based on TAD centered regions in CD4* T cells (20 kb windows, n =
2,171). Directed inference between CTCF and six histone modifications at TAD boundaries was
generated by 2,000 bootstraps randomly sampling 1,800 TAD boundary regions each time. Arrow size
indicates the direction of the influence. (B) Representative immunoblot image of CTCF KD in C20 cells.
Cells were transfected with either NT siRNA pool or siRNA pool targeting CTCF (CTCF KD) for 48h
before being crosslinked with 1% formaldehyde for ChIP-Seq. Proteins were detected by
immunoblotting using the following antibodies: CTCF, beta actin. (C) Representative 2% agarose gel
image of sonicated de-crosslinked chromatin in NT and CTCF KD conditions. 1000 bp DNA ladder
served as fragment size standard. Gel was run at constant 90V for 45 min. (D) Bar plots showing
percentage of input results after CTCF and H3K36me3 ChIP in C20 cells (NT and CTCF KD) of 3
biological replicates. Rabbit IgG (IgG Rb) served as negative control. GAPDH primer set was used as
positive control for H3K36me3, Hg19 imprinting region served as positive control for CTCF and negative
primer set was used as negative control. Statistical analysis was performed with GraphPad prism. Data

represent mean + SEM and were analyzed by unpaired t test (*= p £ 0.05, ns= p >0.05). (E) Bioanalyzer
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profiles of 2 biological replicates of CTCF and H3K36me ChIP in NT condition. X-axis shows fragment
length in bp. Y-axis displays amount of each fragment size in fluorescent units. (F) Bioanalyzer profiles
of 2 biological replicates of CTCF and H3K36me ChIP in CTCF KD condition. X-axis shows fragment
length in bp. Y-axis displays amount of each fragment size in fluorescent units. Figure was adapted from
(Rheinberger et al., 2023).

Differential peak analysis of the CTCF ChlIP-Seq between NT and KD conditions
showed depletion of 90% of CTCF (FDR < 0.05), both genome-wide (Figure 33A) and
at TAD boundary regions (Figure 33B)'. Correlation analysis of H3K36me3 ChIP-Seq
peaks between NT and CTCF KD revealed moderate differences between the
replicates (Spearman correlations coefficients above 0.7) and between the conditions
(Spearman’s correlation coefficients below 0.5) (Figure 33C)". Analysis of H3K36me3
distribution specifically at TAD boundaries showed significant reduction of this
signature at genomic sites where CTCF was depleted and strongly bound in the NT
condition (One-sided Wilcoxon test, p = 4.029e"'3, comparing H3K36me3 differences
between very low and very high initial CTCF levels in NT condition), suggesting that
CTCEF is indeed influencing H3K36me3 deposition and/or stability at TAD boundaries
and therefore shaping chromatin environment at TAD margins (Figure 33D)".
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Figure 33: ChIP-Seq analysis of H3K36me3 binding to chromatin in CTCF KD. (A) CTCF ChIP-Seq
differential peak analysis between CTCF KD and NT conditions displayed as volcano plot (-log10(FDR)
vs log2Fold change). Orange dots indicate significantly differential peaks between NT and CTCF KD
(FDR<0.05, dashed line)'. (B) Averaged mean fold change of CTCF binding between CTCF KD and NT
condition (CTCF-KD/-NT peaks FDR<0.05) for each TAD boundary (yellow) and fold change of non-
TAD boundary associated genome-wide CTCF (gray) displayed as density plot'. (C) Spearman’s
correlation coefficients for pairwise comparisons of ChlP-Seq peaks in NT H3K36me3 ChIP-Seq and
CTCF KD H3K36me3 ChIP-Seq shown as heat map for each replicate’. (D) Boxplot comparing
H3K36me3 level differences between CTCF KD and NT (log2 fold change (log2FC)) at CTCF peaks
with significant loss of CTCF binding upon KD (FDR % 0.05, fold change < 1) sorted by the initial CTCF
binding level in NT condition (from very low to very high, in blue shades). One-sided Wilcoxon test, p =
4.029e"3, comparing H3K36me3 differences between very low and very high initial CTCF levels in NT

condition’. Figure was adapted from (Rheinberger et al., 2023).
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2.4 Identification of CTCF and RAD21 as putative host factors

influencing HIV-1 integration

241 CTCEF affects HIV-1 integration levels in microglia cellular model and
CD4* T cells

Upon integration, HIV-1 is subjected to the hierarchically organized host chromatin and
the underlying principles of genome folding and organization, influencing both HIV-1
integration but also transcription (Einkauf et al., 2019, 2022; Lucic et al., 2019). Given
my previous findings that CTCF plays a role in HIV-1 infection (see Figures 26 and 27),
interacts with LEDGF/p75 and IN (Figure 31), and IS are enriched at CTCF bound TAD
border regions, a subsequent question emerged regarding a potential influence of
CTCF on HIV-1 integration. To test this hypothesis, | transiently depleted CTCF in C20
cells by siRNA transfection for 48 h, infected the cells with HIV-1 and subsequently
measure integration levels by Alu PCR (Figure 34A). Integration levels were decreased
upon CTCF KD to 0.4 over NT (**= p < 0.01), while total viral levels remained
unchanged and viability was not impaired (Figure 34B,C and D). To test if the influence
of CTCF on HIV-1 integration was preserved in the main HIV-1 blood cellular target,
CD4* T cells, | transiently depleted CTCF by siRNA in primary CD4" T cells (Figure
34E and F). Integration levels in T cells exhibited a significant reduction to 0.5 (*=p <
0.05) in CTCF KD when normalized to total viral levels, suggesting that CTCF influence

on HIV-1 integration levels is a common feature of HIV-1 integration (Figure 34G).
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Figure 34: CTCF influences integration efficiency in microglia like cells and CD4* T cells. (A)
Representative immunoblot image of CTCF KD in C20 cells. Cells were transfected with either non-
targeting (NT) siRNA pool or siRNA pool targeting CTCF (CTCF KD) (50 nM) for 48h before being
infected with HIV-1. Proteins were detected by immunoblotting using the following antibodies: CTCEF,
beta actin. (B) MTT assay of CTCF KD in C20 cells. Cells were transfected with either NT siRNA pool
or siRNA pool targeting CTCF for 48h. Viability was calculated as percentage of NT. Data represent
mean + SEM of 3 biological replicates. Graph was generated with GraphPad prism. (C) Boxplot
displaying HIV-1 integration levels measured by Alu PCR in microglia cells transfected with the CTCF
siRNA pool (CTCF KD) relative to NT siRNA control transfection for 48h and subsequent HIV-1 infection
of 3 biological replicates. Data represent mean + SEM and were analyzed by unpaired t test (**= p <
0.01) using GraphPad prism. (D) Scatterplot representing total viral DNA copies (gag) per cell in
microglia cells transfected with the CTCF siRNA pool (CTCF KD) or NT siRNA control transfection for
48h and subsequent HIV-1 infection of 3 biological replicates. Data are displayed as mean + SEM and
analyzed by unpaired t test (ns, not significant, p > 0.05) using GraphPad prism. (E) Representative
immunoblot image of CTCF KD in CD4" T cells. Cells were transfected with either NT siRNA pool or
siRNA pool targeting CTCF (CTCF KD) (600 nM) for 48h before being infected with HIV-1. Proteins were
detected by immunoblotting using the following antibodies: CTCF, beta actin. (F) MTT assay of CTCF
KD in CD4" T cells. Cells were transfected with either NT siRNA pool or siRNA pool targeting CTCF for
48h. Viability was calculated as percentage of NT. Data represent mean + SEM of 3 biological replicates
and plot was generated using GraphPad prism. (G) Boxplot displaying HIV-1 integration levels
measured by Alu PCR in CD4" T cells transfected with CTCF siRNA pool (CTCF KD) relative to NT
siRNA control transfection for 48h and subsequent HIV-1 infection of 3 biological replicates. Integration
levels were normalized to total viral DNA (gag) levels measured by qPCR. Data represent mean + SEM
and were analyzed by unpaired t test (*= p < 0.05) using GraphPad prism. Figure was adapted from
(Rheinberger et al., 2023).
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2.4.2 CTCF depletion redistributes HIV-1 insertion sites in microglia cellular
model
To further investigate into the potential impact of CTCF on HIV-1 IS distribution, |
transiently depleted CTCF in C20 cells by siRNA transfection, as previously described.
CTCF KD or control cells were subsequently infected with HIV-1 and the genomic DNA
was processed using LM-PCR protocol to sequence genome-wide viral-genome
junctions (Figure 35A). Fragments size distribution analysis with Bioanalyzer showed
uniform libraries with average sizes ranging from 441 bp to 519 bp (Figure 35B,C).
Quality control for proper lllumina adapter addition to the 6 prepared libraries,
performed by amplifying DNA fragments with the P5 and P7 adapter primers,
estimated full-length library molarities between 2.87 nM to 209 nM.
2,814 1S in NT and 2,326 IS in CTCF KD conditions were obtained from 3 biological
replicates. Profiling H3K36me3 chromatin mark within = 10 kb region surrounding the
respective IS revealed a decreased signal of H3K36me3 at HIV-1 IS in the CTCF KD
compared to NT control (Figure 35D)', suggesting that CTCF is contributing to HIV-1
targeting to H3K36me3 enriched chromatin regions.
When mapping the integration sites onto the TAD boundary to TAD midpoint regions
of human brain NeuN- TAD borders, CTCF KD IS were depleted at the boundaries
(Figure 35E, brown line) compared to NT IS (yellow line, Figure 35E) and previously
sequenced ISs (green, Figure 35E)", hinting that CTCF integration site distribution is
changing upon CTCF KD.
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Figure 35: CTCF KD redistributes HIV-1 integration sites. (A) Representative immunoblot image of
CTCF KD in C20 cells. Cells were transfected with either NT siRNA pool or siRNA pool targeting CTCF
(CTCF KD) for 48h before being infected with HIV-1 and harvested for DNA extraction and ISs
sequencing. Proteins were detected by immunoblotting using the following antibodies: CTCF, beta actin.
(B) Bioanalyzer profiles of 3 biological replicates of LM-PCR IS libraries in NT and CTCF KD conditions.
X-axis shows fragment length in bp. Y-axis displays amount of each fragment size in fluorescent units.
(C) Table displaying quality controls of IS libraries in NT and CTCF KD conditions, including
concentrations, average fragment size and library molarity. (D) H3K36me3 ChIP-Seq profile plot in
RPKM (on CTCF KD and CTCF NT) at vicinity (+10 kb) of ISs obtained in CTCF KD (red, n=2,326) and
CTCF NT (gray, n=2,814). Confidence intervals (95%) are indicated as light-colored regions'. (E)
Microglia IS (green), NT IS (yellow) or CTCF KD IS (brown) plotted as density locations over the

boundary-to-midpoint regions of NeuN~ (Oligodendrocytes, Astrocytes, Microglia) TAD boundaries
(n=2,077)". Figure was adapted from (Rheinberger et al., 2023).
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2.4.3 RAD21 influences HIV-1 integration levels

My findings so far support the role of structural protein CTCF in modulating the levels
of HIV-1 integration and in redistributing HIV-1 insertions. Although we observed a
depletion of CTCF KD integration sites at the TAD boundaries compared to NT control
sites, whether CTCF’s role in 3D genome organization and TAD boundary formation
contributes to this phenotype still needs to be investigated.

The mechanism how CTCF is contributing to TAD border and loop formation is by loop
extrusion. The cohesin complex is loaded onto the DNA by NIPL. DNA is extruded until
the complex encounters two convergently bound CTCF proteins. The complex consists
of SMC3, SMC1, SA1/SA1 and Rad21 proteins (Fudenberg et al., 2016; Wutz et al.,
2017). In order to start investigating whether RAD21, as part of the cohesin complex
being involved in TAD border establishment, would also influence HIV-1 integration
levels, | transiently depleted RAD21 in C20 cells by siRNA transfection (Figure 36A,
B). After 48 h cells were infected with HIV-1 and 24h post infection, integration levels
were assessed by Alu PCR. HIV-1 integration was diminished by RAD21 KD, while
total viral levels stayed unchanged (Figure 36C and D). Quantification of 2LTR circle
number as an indicator of insufficient integration showed a decreased trend when

comparing RAD21 with NT condition, without reaching statistical significance.
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Figure 36: RAD21 influences HIV-1 integration efficiency. (A) Representative immunoblot image of
Rad21 KD in C20 cells. Cells were transfected with either NT siRNA pool or siRNA pool targeting Rad21
(Rad21 KD) (10 nM) for 48h before being infected with HIV-1. Proteins were detected by immunoblotting
using the following antibodies: Rad21, beta actin. (B) MTT assay of Rad21 KD in C20 cells. Cells were
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transfected with either NT siRNA pool or siRNA pool targeting Rad21 for 48h. Viability was calculated
as percentage of NT. Data represent mean + SEM of 4 biological replicates using GraphPad prism. (C)
Boxplot displaying HIV-1 integration levels measured by Alu PCR in HIV-1 infected microglia cells
transfected with the Rad21 siRNA pool (Rad21 KD) relative to NT siRNA control transfection for 48h of
4 biological replicates. Data represent mean + SEM and were analyzed by unpaired t test (****= p <
0.0001) using GraphPad prism. (D) Scatterplot representing total viral DNA copies (gag) per cell in HIV-
1 infected microglia cells transfected with the Rad21 siRNA pool (Rad21 KD) or NT siRNA control
transfection of 4 biological replicates. Data are displayed as mean + SEM and analyzed by unpaired t
test (ns, not significant, p > 0.05) using GraphPad prism. (E) Scatterplot representing 2LTR copies per
cell in HIV-1 infected microglia cells transfected with the Rad21 siRNA pool (Rad21 KD) or NT siRNA
control transfection of 4 biological replicates. Data are displayed as mean + SEM and analyzed by
unpaired t test (ns, not significant, p > 0.05) using GraphPad prism.
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3 Discussion

HIV-1 mainly targets cells of the hematopoietic lineage, but it can also infect cells of
the CNS, mainly microglia cells. The persistence of latent HIV-1 reservoirs throughout
the human body is still the main impediment for an HIV-1 cure. Upon treatment
interruption in patients previously receiving ART for viral suppression, viral replication
can resume from latently infected cells, leading to high viral loads within weeks. The
main latent reservoir, and the most characterized one, are memory CD4* T cells of a
resting phenotype. Over the past three decades, the primary focus of research has
been directed towards either reactivating or 'locking' the latent reservoir in HIV-1
infected patients. Additionally, there have been approaches utilizing CRISPR/Cas9
technology to either remove the provirus or target viral receptors. Up to now the main
difficulty is that current therapies do not achieve the full reactivation of the whole latent
reservoir pool in the absence of general T cell activation, as well as effective killing of
the reactivated cells, due to the reservoir heterogeneity. In the recent years, it became
increasingly evident that also other cell types and tissues might contribute to fueling
the latent reservoir, including brain microglia cells (Tang et al., 2023). The development
of HIV-associated neurological disorders in PLWH emphasized even more the
importance of studying this so far unexplored latent reservoir of HIV-1. Therefore, this
thesis focused on obtaining the first HIV-1 insertion data in microglia cellular models,
investigation of the chromatin integration sites landscape and the possible contribution

of genomic and transcriptional determinants to IS selection and early latency events.

3.1 Characterization of microglia integration sites landscape

3.1.1 Establishment of an integration site sequencing method

The first step in characterizing HIV-1 insertions in the microglia cellular model was the
establishment of a method to sequence ISs. | used the linker mediated PCR method,
which is a well-known sensitive and efficient protocol for sequencing retroviral
integration sites both in in vitro infections and patient material (Gillet et al., 2017;
Maldarelli et al., 2014; Plaza-Jennings et al., 2022; Schroder et al., 2002; Sunshine et
al., 2016; Wagner et al.,, 2014; Wu et al., 2003). The method employs a double

stranded asymmetric linker that is annealed to the sonicated DNA fragments to prevent
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linker-linker ligations, and which serves as an annealing point for the subsequent PCR
steps. After the first ISs sequencing of HIV-1 infected C20, bioinformatic analysis
revealed that the genomic fragments after trimming the LTR and linker sequences
were too short for precise mapping to the human genome, and many duplicated linker
sequences were formed. Therefore, the LM-PCR protocol was optimized at several
steps. Sonication time was shortened to increase fragment length for improved
mapping in the analysis. A more stringent clean up by AMpure beads was introduced
after linker ligation to remove unligated linker sequences, which can, if still present,
serve as primers and lead to unwanted PCR artifacts. Furthermore, primer
concentration was reduced, cycle number of the second nested PCR and the sample
input was lowered as well as the annealing temperature increased to prevent PCR
recombination and mispriming. PCR recombination is an event that happens during
incomplete elongation step and a partial DNA fragment acts as a primer, annealing to
a DNA fragment elsewhere in the genome (Wells et al., 2020). In PCR reactions with
mixed templates, as it is the case with different ISs in the pool of host genome
fragments, homologous DNA strands amplified from different chromosomes can cross-
hybridize and anneal via the LTR and linker regions to form large PCR bubbles (Kalle
et al., 2014). By lowering of the input DNA material per PCR reaction and the PCR
cycle number both artifacts could be reduced in the IS libraries.

A way of ensuring correct IS assignment is the paired end sequencing. Both genomic
fragments have to align on the same chromosome to come from a true IS. Another
way of avoiding false positive I1Ss is the implementation of 3’ LTR and 5’ LTR primers,
to get genomic fragments from both ends of the viral insertion site. The difficulty here
is, that the 5’ LTR of the here used pNL4.3 virus strain is highly mutated, which makes
it hard for primer annealing (Wells et al., 2020). In the first IS sequencing of my thesis,
5 LTR primers were included but due to the very low IS yield, for the following runs
only 3' LTR primers were used, as in most of the viral-genome junction mapping
methods (Sunshine et al., 2016; Wagner et al., 2014).

3.1.2 Integration site landscape in microglia follows the determinants
observed in blood reservoirs

Comparison of C20 ISs with the main HIV-1 cellular reservoirs, CD4* T cells and

macrophages, showed that HIV-1 integration has certain genomic and chromatin

determinants that are shared among the different cellular and tissue reservoirs. The
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analysis support gene bodies of actively transcribed genes as predominant target of
HIV-1 integration, as well as the dependency of integration on LEDGF/p75 and CPSF6
host factors, mediating the target biases towards active genomic regions (Bedwell et
al., 2021). Nonetheless, limited numbers of samples that were sequenced in C20 cells,
as well as the limited number of available ISs in MDMs (only 1000 sites), made the
analysis possibly less robust (Kok et al., 2016). Precise definition of the extent and
molecular basis of differences in the targeted genes between HIV-1 target reservoirs
needs further investigations, especially because previous work showed that also not
all HIV-1 target genes in CD4* T cells have been discovered yet (Lucic et al., 2019).
Within gene bodies, HIV-1 insertions are found mostly in intronic regions (Schroder et
al., 2002; Singh et al., 2015; Sowd et al., 2016). Additionally, in T cells, HIV-1 was found
to reside close to SPADs, which are regions close to nuclear speckles, where splicing
factors are stored (Bedwell et al., 2021; Chen et al., 2018b; Francis et al., 2020; Li et
al., 2020a). Whether and how splicing processes are impacting HIV-1 integration
biases is still unclear and needs further investigations. Moreover, SPAD proximity has
so far only been shown for T cells and macrophages and still needs to be explored if it
is also the case in microglia cells.

The relationship between cis and trans regulatory elements, transcription, and regions
associated with speckles is evident, yet additional research is needed to understand
the individual contributions of each these features to the IS.

Genome-wide integration of genomic analysis showed that association of HIV-1 IS with
gene body H3K36me3 mark and enhancers is a common feature of HIV-1 integration
sites both in microglia cellular model and T cells. Interestingly, in the brain, genomic
variants of disease risk genes were found to be enriched in microglia-enhancers, most
prominently for Alzheimer disease (Nott et al., 2019). The observation that in C20 cells
HIV-1 insertions are close to enhancers, opens the possibility that also HIV-1 insertions
close to enhancers could disrupt important microglia genes leading to the development
of Alzheimer or other neurological diseases. It remains for future studies to gather more
integration sites and enhancer landscapes in primary brain tissues for a more
comprehensive analysis, including patient material.

To help identifying common retroviral integration determinants, the principle of defining
recurrently targeted genes informed a lot in recent years about HIV-1 insertion biases.
One way of defining RIGs was initially based on the cross comparison of different IS
studies and the occurrence of a gene in 2 or more of these studies (Lucic et al., 2019;
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Marini et al., 2015). Arecent large scale IS study from Bedwell and colleagues defined
RIGs and recurrent avoided genes (RAG) by setting a statistical threshold for insertion
across 10 in vitro (also including non-target cells of HIV-1) and patient studies. Genes
that were experimentally targeted significantly more than expected by chance were
considered a RIG, genes that were targeted less than expected by chance were
considered as a RAG (Bedwell et al., 2021). Both ways of RIG definitions come to the
same conclusion that HIV-1 targets certain genes, irrespective of the target cell type,
highlighting that other characteristics of these genes as chromatin marks, nuclear
position or regulatory elements are defining integration.

Gene ontology analysis of RAGs derived from non-neuronal cells revealed neuronal
gene ontology terms to be enriched. It is noteworthy that comparison of the here
identified microglia target genes with the RAGs gene list revealed a tendency for
microglia target genes to align more closely with RAGs (one sixth of RAGs were
targeted in microglia). While this increased targeting of RAGs in microglia may be
attributed to the specific integration pattern of these cells, it's important to note that, as
of now, this analysis is based on the only available dataset for microglia. Further
investigations with integration sites in primary microglia are needed to confirm these
findings.

While microglia cellular models like C20 and iPSC-derived microglia used in this study
permit studying several concepts of HIV-1 integration process including large-scale
genomic studies and IS sequencing, they do not fully recapitulate microglia properties
in vivo (Alvarez-Carbonell et al., 2017; Garcia-Mesa et al., 2017; Gosselin et al., 2017).
It is known that microglia cells highly depend on the environmental signals, as
transferring primary microglia form brain surgery into in vitro culture is changing
transcriptional profiles (Gosselin et al., 2017). Future experiments involving microglia
inflammation and activation studies would certainly benefit from valuable primary
microglia samples.

In the course of my PhD thesis, a study was published where HIV-1 ISs from
physiological microglia were obtained from HIV-infected patients with and without
encephalitis (HIVE) (Plaza-Jennings et al., 2022). The authors sequenced around
1200 ISs from sorted NeuN- cells and observed similar overall IS distribution between
T cells and NeuN- cells. Chromosome 19 showed the highest density of HIV-1 ISs,
integration genes were highly expressed and integration into A subcompartement was
favored, as observed in T cells and C20. Moreover, comparison of active enhancer
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marks (H3K4me3, H3K27ac), transcriptionally repressive modifications (H3KO9me3,
H3K27me3) and chromatin accessibility (ATAC-Seq) clearly showed that HIV-1
integrates close to active and away from repressive chromatin to the same extent in T
cells and microglia containing primary cells (~10* bp and 10°-102 bp from the nearest
active and repressive marks, respectively) (Plaza-Jennings et al., 2022).

Remarkably, the authors of the Plaza-Jennings study generated 81 IS libraries using
LM-PCR method from 34 unique donors (7 from HIVE and 27 from HIV* patients)
obtaining only around 1200 ISs, predominantly from HIVE samples. This is
emphasizing how technically challenging IS sequencing in the brain is, as HIV-1
integration is a rare event, and the sample quality of frozen post-mortem tissues is
limited. In addition to in vitro infections of C20 and iPSC-derived microglia that
highlighted that the main epigenetic signatures from microglia containing tissues and
T cells are common, primary sample ISs are valuable to investigate reactivation
potential, intactness of the virus and clonal expansion of ISs, as this cannot be studied
in vitro. Plaza-Jennings and co-authors did observe less recurrent integration in NeuN-
cells compared to T cells, which is not surprising considering the low IS number and
the fact that it is the only primary microglia data set so far. Of note, they observed
similar clonal expansion percentages as in T cells (Plaza-Jennings et al., 2022). Since
viral load rebounds after treatment interruption, it is of great importance to get further
insights into the capacity of the provirus for reactivation and expansion in microglia. It
would be valuable to obtain information about the proviral sequence of ISs as
intactness of the virus is impacting the capacity of viral reactivation and viral rebound.
Intact proviruses in blood cells have been found to be enriched in ZNF genes in the
heterochromatic B2 and B4 compartment of the genome under long-term ART (Huang
et al., 2021; Lian et al., 2023). It remains for future studies, to implement single cell
methods in the microglia infection research to further investigate its contribution to
HAND development and viral rebound after ART interruption. Applying scATAC-Seq
together with RNA-Seq could identify transcriptionally active proviruses together with
the IS (Ma et al., 2020; Wang et al., 2020).

New integration requirements and differences could be identified in future studies using
HIV-1 patient-derived postmortem tissue, considering the role of immune signaling and
environmental signaling cues in shaping epigenetic and transcriptional landscape of

brain tissue in health and disease.
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3.2 Early latency events in HIV-1 infection

The establishment of latent reservoirs, cell subsets or anatomical sites harboring long-
lasting replication competent virus compared to the actively replicating viral pool, is still
the main bottleneck for an HIV-1 cure. Latency is established early on in infection, also
in the CNS (Chavez et al., 2015; Churchill et al., 2015), making it important to assess
the establishment of early latency events, where preexisting chromatin states that HIV-

1 encounters could influence the outcome of proviral transcription.

3.2.1 Transcription factor networks in active and latent C20 cells

Unexpectedly, as observed by ATAC-Seq, the global chromatin accessibility did not
show changes between the uninfected, latent, and productive infection states.
Chromatin accessibility is highly dynamic and is known to change during cell
differentiation and mitosis (Martin et al., 2023; Yu et al., 2023). It cannot be excluded
that as ATAC-Seq was performed in bulk, and single cells are heterogenous, possible
overall differences in accessibility were evened out over the populations. In future
studies, scATAC-Seq approaches could help to clarify if the lack of global changes in
accessibility were due to the chosen timepoint or technical limitations (Wang et al.,
2020).

In contrast, several transcription factors whose binding sites were distinctively
accessible with respect to the viral presence and/or gene expression could be
identified in microglia. In particular, we found several TFs that have well-established
roles in regulating HIV-1 transcription, neuronal tissue development and function and
host cell nuclear organization, including NF-kB, Members of the Myocyte enhancer
factor 2 (MEF2) family and CTCF (Gosselin et al., 2017; Van Lint et al., 2013). In line
with a main role of NF-kB family in HIV-1 LTR transcription and reactivation from
latency, an increased footprint in productive infection compared to uninfected and
latent cells was observed. NF-«B is an inducible transcription factor which is
sequestered in the cytosol during latency, and translocation into the nucleus
reactivates viral transcription by binding to the LTR (Van Lint et al., 2013). A TF motif
found to be occupied more in uninfected and latent cells compared to active is the TF
family FOS. The FOS TF family consists of c-FOS and FOSb, which dimerize with c-
Jun to form AP-1 TF complex (Milde-Langosch, 2005). AP-1 has well-known roles in
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activating HIV-1 transcription, as it has a binding site in the HIV-1 promoter (Duverger
et al., 2013). The formation of dimers cannot be distinguished in the footprinting tool
TOBIAS, which was used for the analysis, as it is based on TF motifs that are fed to
the algorithm. It does not provide information about cooperative binding of TFs,
dimerization or can distinguish between different TF family members (Bentsen et al.,
2020). Therefore, the predicted increased FOS occupancy in the latent and uninfected
cells represents an interesting target for further investigation.

Another TF class which was predicted to be more occupied in the latent cells compared
to uninfected and active cells were SMADs. SMADs are phosphorylated following
TGFp signaling and translocate to the nucleus where they regulate anti-inflammatory
response genes (Hata and Chen, 2016). TGFB/SMAD signaling has recognized roles
in neuroprotection in Alzheimer’s disease and could therefore also well be involved in
the development of HAND during HIV-1 infection in the brain (Von Bernhardi et al.,
2015; Tesseur et al., 2006; Ueberham et al., 2012).

Neuronal and microglia homeostasis regulators, the MEF2 TF family, were found to be
less bound in microglia latently infected cells. Interestingly, MEF2 TFs were linked to
heritability and disease progression of Alzheimer's disease (AD) (Tansey et al., 2018;
Young et al., 2021), as well as microglia-mediated immune responses and loss of
cognitive ability in aged mice (Deczkowska et al., 2017; Yang et al., 2015). MEF2A and
D were also found to be key regulators of the aging transcriptional signature in the
brain, where their suppression was involved in neuronal cell death, thus opening a
possibility that MEF2 TFs might contribute to HIV-1 latency in microglia and/or HAND
establishment (Gonzalez-Velasco et al., 2020). This interesting candidate merits
further investigations in the future, especially validations by ChlP-Seq for the different
paralogs A, B, C and D, which cannot be distinguished by TF footprinting.

In conclusion, assessment of chromatin accessibility did not reveal gross changes, but
rather pointed to plausible differential TF networks between active, latent and
uninfected HIV-1 infected C20 cells, which would need further investigations by ChiP-
Seq binding assay.

3.2.2 CTCF is released from the genome in productive infection

CTCF was revealed as a dynamic factor in HIV-1 infection. CTCF is a transcription
factor that is involved in transcriptional activation, repression and 3D chromatin
organization via DNA looping and insulation (Cuddapah et al., 2009; Hansen et al.,
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2017; Hou et al., 2008; Luan et al., 2022; Nuebler et al., 2018; Oomen et al., 2019;
Zuin et al., 2014).

Because HIV-1 proviruses do not harbor CTCF binding sites, it is tempting to speculate
that CTCF contributes to viral gene expression via its pivotal role in TAD formation and
looping (Dixon et al., 2012; Nora et al., 2012). If the unbound CTCF in active viral
transcription has an influence on 3D chromatin organization or if it is TAD structure
independent still needs to be investigated. Ongoing viral replication could perturb
genome organization and/or CTCF and other architectural proteins, as previously
found in HIV-1 infection in the brain in patients that developed HIVE. The Plaza-
Jennings study comparing Hi-C in microglia of HIV- patients and HIVE patients found
a switch of interferon genes from heterochromatic regions (B) into the euchromatic A
compartment leading to higher gene expression in HIVE, and a significant switch from
A to B compartment of homeostatic genes, being lower expressed. Furthermore, the
HIVE patients showed genome wide weaker TAD boundaries. The authors concluded
that HIV infection in the brain induces open chromatin and compartment switching
which is accompanied by increase in inflammatory gene expression (Plaza-Jennings
et al., 2022). Another example of compartment switch comes from influenza infection,
where the viral protein NS1 causes a transcriptional readthrough of POL-II thereby
resulting in compartment switching from B to A (Heinz et al., 2018).

The question that remains unresolved is if CTCF release from the genome is occurring
in the regions of the genome proximal to the provirus, and/or whether it is genome-
wide in response to the viral replication. Either way, CTCF, alone or as a part of larger
complex could contribute to transcriptional networks reprogramming and 3D genome
remodeling, either locally or genome wide. Of note, one indication that CTCF is
released due to viral replication and not due to sensing the viral particle is the finding
that Raltegravir treatment, which blocks viral integration, restores CTCF on the
genome comparable to mock levels.

The data gathered thus far solely present evidence for quantitative changes in CTCF
on chromatin in HIV-1 replicating cells (fractionation) or predicted TF binding (ATAC-
Seq). It remains for future studies to precisely map CTCF genome binding by ChlIP-
Seq or Cleavage Under Targets and Tagmentation (Cut&Tag) (suitable for low cell
numbers) during productive and latent infection in different HIV-1 target cells to obtain
information about CTCF differentially occupied positions in the genome.
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Apart from having global genome-wide effects, CTCF’s role in HIV-1 latency could be
through different mechanisms. It has been shown that CTCF is highly dynamic and in
constant exchange with cofactors and the genome (Agarwal et al., 2017; Hansen et
al., 2017, 2018; Oomen et al., 2019). A small subset of CTCF TFBS can rapidly
respond to environmental signals in development and differentiation (Arzate-Mejia et
al., 2018; Hansen et al., 2018; Wang et al., 2019). In pluripotent stem cells
differentiating into neurons a pool of stress sensitive CTCF was found in nuclear
speckles, and was downregulated by proteasomal degradation upon oxidative stress
(Lehman et al., 2021). This interesting study points to a dynamic regulation of CTCF
upon stress by rapid changes in protein stability. An earlier study proposed that
oxidative stress and hypoxia induces de-SUMOylation of a pool of CTCF, rendering it
available for gene expression regulation (Kitchen and Schoenherr, 2010; Wang et al.,
2012). Similarly, HIV-1 infection induces oxidative stress, which could lead to some
influence on CTCF protein stability on DNA to induce specific gene expression profiles
(Shytaj et al., 2020). Along the lines of posttranslational protein modifications,
Investigations in human cell lines revealed that phosphorylation of CTCF zinc finger
domains upon starvation stress by sensitive large tumor suppressor (LATS) kinases
impairs CTCF DNA binding. This led to locus-specific release of a subset of CTCF
TFBS, disrupting local chromatin domains and consequently decreasing gene
expression of genes within that domain (Luo et al., 2020). It could well be that also
during active HIV-1 infection, the host cell stress response is regulated by a subset of
CTCEF sites that might be induced by posttranslational modifications.

Apart from influencing the host genome, CTCF could also have an active role in HIV-
1 latency. A recent study demonstrated by ATAC-Seq that CTCF also plays a role in
HIV-1 latency in T cells, established by reversal to latency of actively HIV-1 replicating
T cells after 12 weeks (Jefferys et al., 2021). Knockout of CTCF in actively replicating
T cells reduced the level of latency establishment in cells depleted for CTCF over time,
highlighting a necessity of CTCF for latency establishment in T cells. In my PhD thesis
the focus was on understanding the contribution of early latency events, rather than
reversal to latency as in activated CD4" T cells after longer culturing time period
(Jefferys et al., 2021), thus adding an additional layer to the role of architectural protein
CTCEF early in the HIV-1 replication cycle. It could be that CTCF rebinding to the host
genome during reversal to latency is important to re-establish silencing of the virus.
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Arole for CTCF in the viral life cycle was proposed for several DNA viruses by binding
of CTCF to their genomes. For KSHV, CTCF binds to several regions on the viral
genome, repressing lytic replication (Chen et al., 2012a). In HPV 18 infection, CTCF
was proposed to serve as a host cell restriction factor, as mutation of the CTCF binding
site led to an increase in E6 and E7 viral transcripts (Paris et al., 2015). CTCF binding
between OriP and Cp promoter of EBV genome negatively affects transcription of the
latency protein Ebna2, which defines latency types of EBV virus infection (Chau et al.,
2006). Altogether, different to HIV-1, for these viruses it is known that via direct binding
of CTCF, latency is maintained.

Genome binding profiling of CTCF throughout HIV-1 infection will confirm
experimentally at which genomic positions CTCF is dynamically binding during HIV-1
infection, and further clarifying if CTCF has a direct influence on latency or response
to the virus is affecting CTCF.

3.3 3D genome topology in HIV-1 infection

During viral infections, viruses are subjected to the hierarchically organized host
genome, which they can exploit for their viral life cycle. Conversely, the host 3D
chromatin organization can be influenced by the viral infection. For HIV-1, the impact
of 3D host chromatin on infection is largely underexplored but has been in focus in the
recent years. In my PhD thesis TAD boundaries were determined as a new feature of
HIV-1 integration, and possible outcomes for viral replication and latency

establishment are discussed below.

3.3.1 HIV-1 integrates close to TAD boundaries

HIV-1 1Ss, both in T cells and C20 microglia cellular model, were found enriched close
to TAD boundaries, which are regions insulating two neighboring TADs. TAD
boundaries are characterized by a high transcriptional output, active chromatin marks,
CTCF and cohesin binding, housekeeping genes and replication origins (Dixon et al.,
2012; Emerson et al., 2022; Hnisz et al., 2013; McArthur and Capra, 2021; Nanni et
al., 2020; Nora et al., 2012; Rao et al., 2014). The analysis indicated that enrichment
of ISs at border regions is H3K36me3 dependent, but independent of the high
transcriptional level, indicating that the chromatin and structural determinants at the
boundaries are important for integration. A recent study cross comparing 37 Hi-C data
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sets could show that TAD boundaries are highly evolutionary conserved among
different cell types and that these stable TAD boundaries are further enriched in CTCF
binding and immunologic heritability traits (McArthur and Capra, 2021). Moreover,
clustered CTCF TFBS at TAD boundaries were found to promote long-term residence
of cohesin and loop extrusion blocking leading to strong TAD boundary insulation
(Chang et al., 2023). These factors could contribute to HIV-1 insertion biases at TAD
borders by providing a stable component of 3D genome among different HIV-1 targets
for correct integration. Cis-regulatory elements like promoters and enhancers are
unevenly distributed throughout the genome and can be bound by master transcription
factors regulating highly transcribed cell identity genes and forming clusters at TAD
boundaries (Madani Tonekaboni et al., 2021). Because HIV-1 insertions were found to
cluster close to enhancers it is tempting to speculate that these attributes could
contribute to the integration at TAD boundaries. A recent study in peripheral blood
samples of HIV-1 patients also revealed decreased distance of genic ISs to frequently
interacting regions (FIREs), supporting the here presented insertion biases towards
TAD boundaries (Einkauf et al., 2022).

The proviral positioning close to TAD boundaries could influence the outcome of HIV-
1 infection through facilitating 3D long-range contacts. Viral transcription could be
enhanced or silenced, leading to productive viral infection or latency. The gene
expression of HIV-1 is dependent and regulated by TF binding to the 5’ LTR, the HIV-
1 tat protein and the chromatin state of the provirus. Furthermore, the activation of the
promoter occurs as a result of the creation of a gene loop that connects the 5' LTR with
the 3' LTR poly(A) signal (Van Lint et al., 2013; Perkins et al., 2008). It could therefore
be envisaged that positioning of the provirus close to the insulating regions between
interacting genomic regions in the complex 3D genome of the host cell could promote
additional looping mechanisms between the viral LTR promoter and the host genome.
For example, an adoption of a distal enhancer by the HIV-1 LTR could promote active
viral transcription or reactivation from latency. This mechanism, termed ‘enhancer
hijacking’ was previously shown to be involved in oncogenic transformation of cancer
cells (Drier et al., 2016; Groschel et al., 2014; Haller et al., 2019). Interestingly, Einkauf
and colleagues found a higher 3D contact frequency of active HIV-1 provirus in
patients, as well as more active epigenetic signals, a higher accessibility and increased
transcription in the 3D contact regions, suggesting that 3D genomic cis- and trans
regulatory elements could influence HIV-1 transcription (Einkauf et al., 2022). Another
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recent study investigating chromatin accessibility, mMRNA expression, protein levels,
genome wide 3D genomic contacts as well as HIV-1 LTR 3D contacts in HIV-1 infected
Jurkat clones observed increased chromatin accessibility at host and proviral genome
in HIV-1 actively transcribing Jurkat clones. At the genomic level, HIV-1 integration and
transcription did not induce alterations in chromatin conformation, however, 3D
contacts of the HIV-1 genome were detected up to 300 kb away from the provirus on
the same chromosome as the IS. Moreover, in the accessible chromatin in the 3D
contact regions of the LTR the authors found enriched motifs of several zinc finger TFs,
including CTCF, concluding that virus-host interactions might be mediated by cis
regulatory elements and TFs in a host environment dependent manner to regulate HIV-
1 accessibility (Collora and Ho, 2023).

In contrary to switching on transcription, HIV-1 provirus could also be silenced by being
embedded adjacent to TAD boundaries, for example by heterochromatin spreading
from neighboring TADs upon interruption of CTCF insulator binding or through the high
transcriptional output at boundary regions, having an insulation effect (Dixon et al.,
2012, 2016; McArthur and Capra, 2021). Latently infected HIV-1 cells are
heterogenous and the IS plus the surrounding host genome influence the unique
reactivation potential of each of them (Chen et al., 2017; Einkauf et al., 2022). Even
within latent isogenic clones that contain the same IS, reaction potential differs (Collora
and Ho, 2023). Indeed, in HIV-1 latency, cell fate decision is stochastically driven by
noise. Viral transcription is regulated by stochastic fluctuations of tat protein, and if
initial transcript burst reaches a critical threshold, viral fate changes to exponential viral
growth (Pai and Weinberger, 2017; Rouzine et al., 2015; Weinberger et al., 2005).
Proviral positioning close to TAD boundaries together with the cis regulatory elements
like enhancers or CTCF binding could lead to an influence of tat transcriptional circuits
by increasing transcriptional activation events. Thereby, the IS surrounding genome at
any given time within a cell is potentially influencing proviral fate. It remains for future
studies to investigate the role of TAD boundary targeting of HIV-1 for viral infection
outcome and reactivation potential.

For several DNA viruses it was shown that they use the 3D host genome to influence
their transcription. HBV forms a cccDNA that was found to interact with host DNA
regions being rich in active enhancers and promoter signals (H3K4me3, H3K9ac,
H3K4me1, H3K27ac) (Yang et al., 2020), while inactive viral DNA was found close to
chromosome 19 at heterochromatic regions 12, 27, 44, 52 and 58 Mb (Tang et al.,
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2021). More specifically, cccDNA was found at 19p13.11 locus in hepatoma cells,
where it uses an enhancer element to switch on viral transcription (Shen et al., 2020).
Hi-C in cells infected with EBV showed 15,000 contacts between EBV and the human
genome, mostly contacts enriched in H3K27ac and H3K4me1 (Wang et al., 2020).
When the virus reactivates from latency, the interaction sites were found to change
from heterochromatin to euchromatin (Moquin et al., 2018).

Conversely to using 3D chromatin for the viral life cycle, viral infections can also
influence host 3D genome organization and host gene transcription. The DNA virus
HPV can disrupt the host genome by dividing one TAD into two, and thereby locating
the PEGp enhancer towards the CCDC10 gene, increasing its expression (Cao et al.,
2020). Interaction between HPV integrant and the host chromosomes leads to long
range interactions of more than 500 bp, inducing host gene dysregulation through
host/host interaction disruption in TADs (Groves et al., 2021). The retrovirus HTLV-1
disrupts the host chromatin structure by loop formation between virus and host genome
through insertion of an ectopic CTCF site introducing long-range interactions
(Melamed et al., 2018). Arecent study on a non-integrating virus SARS-CoV-2 showed
a direct influence of viral infection on host genome. They discovered A compartment
weakening upon infection as well as A and B compartment mixing. Furthermore, intra
TAD contacts were reduced, H3K27ac signal decreased and cohesin was depleted
from intra TAD regions. These genomic perturbations correlated with transcriptional
suppression of interferon response genes, while increasing H3K4me3 signal in
promoters of proinflammatory genes, with possible implications for long covid
development (Wang et al., 2023).

In their recent study, Plaza-Jennings and colleagues investigated genome-wide 3D
contacts of brain microglia nuclei of uninfected and HIV* patients with encephalitis
brains. They revealed that in microglia cells of chronically HIV-1 infected patients with
inflammation in the brain, parts of the genome shifted from B to A compartment. As the
provirus does not harbor CTCF binding sites and is thereby not inserting ectopic CTCF
sites into the host genome with the possibility of changing 3D contacts, the authors
went on and found in particular type 1 interferon response genes to be switched from
B to A compartment (Plaza-Jennings et al., 2022). These 3D changes driven by
immune activation could render these regions susceptible for new viral integrations

(Plaza-Jdennings et al., 2022). Genome wide chromatin contacts measured by Hi-C in
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4 HIV-1 infected Jurkat cell clones did not show global changes and only mild increase
in H3K27ac contacts between infected and uninfected clones, but not at ISs (Collora
and Ho, 2023). The authors conclude that this could on one side be due to the high
degree of heterogeneity between single cells and the hypotetraploidy of the Jurkat cell
line diluting out possible effects of the IS. On the other side, it could be that HIV-1
provirus is subjected to the existing host architecture without changing 3D chromatin
upon integration. It is known that within the transcription unit, actively transcribing
provirus is changing chromatin accessibility of host chromatin at IS, that could lead to
aberrant host gene expression (Collora and Ho, 2023; Liu et al., 2020).

Collectively, these studies suggest that viral infections can indeed impact 3D host
chromatin organization, influencing host gene expression, in particular of viral
response genes. Whether this is the case for HIV-1 infection, remains to be further
investigated. One of the primary unresolved questions in the field of 3D genome
organization is the connection between genome structure and its functionality, also
during viral infections. At present, available data suggest that rather than serving as a
dominant determinant of gene function, TADs and loops establish a foundational
structural framework, where structure could have influence on transcription and
transcription can also affect looping structure (Cattoni et al., 2017; Finn and Misteli,
2019; Haarhuis et al., 2017; Lupiafiez et al., 2015; Mirny et al., 2019; Nagano et al.,
2013; Narendra et al., 2015; Nora et al., 2017; Nuebler et al., 2018; Rao et al., 2017;
Wutz et al., 2017). Cell populations are highly heterogenous, especially in HIV-1
infection and potential functional roles of genome topology are tightly linked to the
developmental timing, the specific organism, and genomic context. With the
advancement of more sophisticated single-cell techniques (like single cell Hi-C
(Ramani et al., 2017)), 3D genome organization studies in HIV-1 infection could give
more insights into the structure to function relationship for viral infections (Bintu et al.,
2018; Boettiger et al., 2016; Cattoni et al., 2017; Finn et al., 2019; Mateo et al., 2019;
Nagano et al., 2013; Stevens et al., 2017; Wang et al., 2016b).

3.3.2 CTCF interacts with LEDGF/p75 and viral integrase

By immunoprecipitating CTCF in HEK293T cells or endogenously in C20 and Jurkat
cells | could show that CTCF partners with the host factor LEDGF/p75, as well as with
viral IN in a LEDGF/p75 dependent manner. Interaction of CTCF protein with known

HIV-1 integration co-factors has not been reported so far and interaction can be direct
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or indirect, mediated through a large protein complex, where additional partners would
still have to be identified. A large proteome-wide quantitative screen in HelLa cells using
sucrose gradient centrifugation identified CTCF interaction with LEDGF/p75 (Caudron-
Herger et al., 2019), concluding that most chromatin CTCF interactions are RNA
dependent.

LEDGF/p75 is a known HIV-1 viral IN interactor and is recognizing via its PWWP
domain the host chromatin mark H3K36me3, H3K36me2 and an additional site at the
interface between nucleosomal DNA and the histone H2A-H2B acidic patch (Acke et
al., 2022; Eidahl et al., 2013; Pradeepa et al., 2012; Vansant et al., 2020). Although
the protein interaction was detected in the absence of HIV-1 infection, CTCF binding
to LEDGF/p75 could contribute to HIV-1 integration process. This is supported by the
finding of impairment of integration efficiency observed upon CTCF loss in C20 and T
cells. Moreover, the observed HIV-1 IS enrichment at TAD boundaries, which, together
with the protein binding of CTCF to LEDGF/p75 and the H3K36me3 and CTCF
enrichment at TAD margins further support a role for CTCF in HIV-1 targeting. It is still
unclear when during viral replication cycle and where in the nucleus the interaction of
CTCF, LEDGF/p75 and viral IN is happening. Whether this interplay is taking place in
the context of PIC remains to be further investigated. Microscopy based techniques
like proximity ligation assay could aid in further clarification. Published ISs generated
in LEDGF/p75 KO conditions in Jurkat cells shifted away from TAD boundaries,
indicating that the H3K36me3 signal as well as the lost CTCF binding to viral IN and
LEDGF/p75 could be driving factors in HIV-1 targeting towards TAD boundaries. It
remains elusive if TAD boundaries or H3K36me3 signal are changing upon
LEDGF/p75 KO, which so far was not investigated.

CPSF6 interaction with CTCF was not detected in any of the cellular backgrounds
tested, in line with the notion that it contributes to integration site selection through the
association with viral CA rather than with viral IN (Sowd et al., 2016). CPSF6 binds to
viral CA and directs the PIC towards highly transcribed regions close to nuclear
speckles. Analysis of IS distribution in Jurkat and HEK293T cells with LEDGF/p75 KO
showed HIV-1 insertions shifted away from gene bodies and closer to the TSS, as well
as less recurrent IS targeting, while sites sequenced in CPSF6 depletion or from
infection with viral mutants impaired for the CA/CPSF6 interaction revealed insertions
outside of gene dense regions in the nuclear periphery close to LADs (Achuthan et al.,
2018; Bedwell et al., 2021; Burdick et al., 2020; Chin et al., 2015; Francis et al., 2020;
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Li et al., 2020a; Singh et al., 2022). In the analysis performed by Carl Herrmann and
Ana Luisa Costa, TAD border proximal targeting in T cells seemed not to be affected
by CPSF6 impairments, in contrast to ISs in LKO conditions that were shifted towards
TAD midpoints. Considering the finding that CPSF6 KO ISs were found in the nuclear
periphery close to LADs, it is tempting to speculate that PIC is hold back at the nuclear
pore regions because CPSF6 is missing to navigate towards SPADs, but might be
targeted towards LAD border regions, which are also rich in CTCF binding (Chen et
al., 2018a; Guelen et al., 2008; Kaczmarczyk et al., 2022). LADs and inter-LAD regions
are separated by CTCF binding to prevent heterochromatin spreading, and previous
studies showed that LAD regions can be determined by Hi-C methods (Barski et al.,
2007; Fraser et al., 2015; Kind et al., 2015). Although majority of HIV-1 insertions were
found outside of LADs (Marini et al., 2015), a possible scenario in CPSF6 depleted
conditions could be that stalled PICs are released at the nuclear periphery and the
CTCF-LEDGF/p75-IN protein complex directs HIV-1 into LAD border regions, which
are also enriched in active chromatin marks (Barski et al., 2007; Guelen et al., 2008).
To test this hypothesis, genome-wide contact frequencies complemented by Lamin
Dam-ID in CPSF6 KO, in CTCF KD or double KD conditions together with ISs mapping
would be important to clarify if insertions in the absence of CPSF6 end up in LAD

border regions.

3.3.3 CTCF KD influences H3K36me3 deposition

Identifying the genome-wide patterns of histone post-translational modifications and
CTCF and their consequential functional implications for HIV-1 integration and
persistence would significantly contribute to our understanding of how 3D genome
organization influences HIV-1 integration biases. Therefore, a Bayesian network
approach was applied that not only infers co-occurrence but also the causal
relationships of chromatin modifications and a driving role for CTCF in influencing the
chromatin around it was observed. CTCF KD in C20 cells followed by H3K36me3
ChIP-Seq indicated indeed an influence on H3K36me3 deposition at CTCF sites that
are highly bound in the NT conditions. One hypothesis of how this could be achieved
is through heterochromatin spreading into active chromatin regions upon removal of
CTCF’s barrier function. It is known that CTCF insulates active from repressive
chromatin regions, which are dynamically regulated by chromatin modifying enzymes
(Chung et al., 1993; Cuddapah et al., 2009; Dowen et al., 2014; Groner et al., 2012;
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Lensch et al., 2022; Li et al., 2002; Probst et al., 2009). To experimentally address this
hypothesis, further investigation by performing Hi-C in CTCF depleted conditions to
obtain information about changes in TAD border formation and looping would be
needed. CTCF depletion in ChlIP my experiments was performed transiently by siRNA
transfection, resulting in depletion of 90% of CTCF from TFBS upon KD. Previous
functional studies on CTCF showed differences between transient depletion, protein-
based depletion, or KO. Hi-C in partially depleted HEK293T cells showed only mild
insulation loss (Zuin et al., 2014). Inducible degron system in mESCs revealed
differences between complete and near complete loss of CTCF (Nora et al., 2017).
Furthermore, transient depletion showed resistance of approximately 20% of CTCF
binding sites, being constitutively bound (Khoury et al., 2020). Persistent sites were
shown to depend on position and cohesin binding and are mostly at enhancers and
involved in genome architecture (Luan et al., 2021). This emphasized the importance
of complete depletion of CTCF for functional studies, as the remaining CTCF can still
take over functions.

Furthermore, H3K27me3 ChIP-Seq would help to clarify if the positions previously
occupied by H3K36me3 are now modified with H3K27me3. It is also known that
H3K36me3 prevents the binding of PRC2 complex and is therefore prohibiting the
deposition of polycomb repressive chromatin mark H3K27me3 (Schmitges et al., 2011;
Yuan et al., 2011).

It cannot be excluded that the influence of CTCF on H3K36me3 deposition is through
other mechanisms, independent of the structural role of CTCF. For example, CTCF
could bind or indirectly influence the function of SETD2, the only methyltransferase
depositing H3K36me3 (Edmunds et al.,, 2008), and thereby affect H3K36me3
deposition. SETD2 binds to CTD of POL-Il and catalyzes co-transcriptional H3K36me3
modification (Kizer et al., 2005; Xiao et al., 2003). In support of this scenario is the
finding that promoters of genes downregulated upon CTCF depletion in mouse
embryonic stem cells (MESCs) were shown to contain CTCF TFBS (Nora et al., 2017).
RNA-Seq of CTCF KD in C20 could aid to clarify if the genes were H3K36me3 signal
was reduced are also transcriptionally downregulated. It is likely that CTCF depletion
disrupts additional processes in the cell other than 3D genome organization (Luan et
al., 2022). Moreover, CTCF and H3K36me3 were found to be involved in alternative
splicing regulation (Luco et al., 2010; Shukla et al., 2011). At CD45 DNA locus it has
been shown that CTCF binds to unmethylated exon DNA, pausing POL-II and thereby
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leading to exon recognition and incorporation into pre-mRNA (Shukla et al., 2011).
Heterogenous ribonucleoprotein L (hnRNPL) is a splicing factor binding to skipped
exons during alternative splicing and is binding to SETDZ2 as well, mediating a crosstalk
between splicing and transcription machinery (Bhattacharya et al., 2021). It could well
be that CTCF influences the crosstalk between co-transcriptional epigenetic
modifications and the splicing machinery which needs further investigations.

3.4 Host factors influencing integration

HIV-1 infection is dependent on many host factors to complete its replication cycle.
Extensive research has been done so far to identify host factors required for efficient
HIV-1 replication, including functional high throughput screenings by siRNA and
CRISPR/Cas9 (Brass et al., 2008; Hiatt et al., 2022; Konig et al., 2008; Park et al.,
2017), as well as assessment of physical interactions of viral protein interactors (Jager
etal., 2011). Among the common reported factors important for HIV-1 are well studied
host cell proteins including LEDGF/p75, CPSF6, TNPO3, NUP153 or CypA. All of them
come into place at different steps in the viral replication cycle mostly at a level of
nuclear import and HIV-1 integration. During my thesis, | identified two additional host
factors playing a role in HIV-1 integration: the architectural proteins CTCF and RAD21.
How they mechanistically influence HIV-1 integration levels still needs to be further
investigated.

3.41 CTCF

CTCEF is a protein with many essential roles in the complex environment of the human
cell. It is a transcription factor that can through its looping function result in activating
or restricting gene expression (Fudenberg et al., 2016; Hou et al., 2008; Nora et al.,
2017). Furthermore, it is an architectural protein involved in 3D genome organization
by influencing TAD border formation (Wutz et al., 2017).

CTCF depletion during HIV-1 infection by siRNA transfection reduced HIV-1 integration
levels significantly, both in C20 cells and T cells, suggesting that CTCF is an important
host factor engaged in HIV-1 integration. One of the possible scenarios by which CTCF
could influence HIV-1 integration is through its binding to LEDGF/p75, however the
mechanism through which CTCF contributes to insertional biases is still unknown.

Comparison of ISs in the absence of LEDGF/p75 to the ones in CTCF depletion would
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provide additional insights if IS distribution is shifted in the same way. Moreover,
protein domain deletion experiments could clarify through which domains of
LEDGF/p75 and CTCF the interaction is mediated. In the absence of CTCF, HIV-1
could not be efficiently targeted to TAD boundaries and be integrated there. This is
supported by the observation that ISs in the absence of CTCF are redirected away
from NeuN- TAD boundaries and to regions with lower H3K36me3 signal. To take into
account that upon CTCF KD, 3D structure and H3K36me3 deposition could change
(discussed in the previous chapter) (Nora et al., 2017; Zuin et al., 2014), Hi-C in CTCF
depleted conditions would be necessary to investigate probable 3D genome
organization changes and the possibility that IS are shifted due to the disturbed 3D
structure.

Certainly, it cannot be excluded that the effect of CTCF depletion on integration is
independent of CTCF’s functional role in 3D genome architecture, as CTCF has
pleiotropic effects and can affect several processes in the cell. One possibility could
be that CTCF is influencing indirectly integration efficiency via its function as a
transcription factor and/or recruiter of other TFs on chromatin including tissue-specific
activators, repressors, or POL-ll, impacting the expression of important HIV-1
integration co-factors. Moreover, the RNA binding capacity of CTCF was found to be
essential for CTCF’s functions, suggesting the possibility that RNA targeting could also
be important for CTCF’s role in HIV-1 integration efficiency (Caudron-Herger et al.,
2019; Saldafa-Meyer et al., 2014, 2019).

3.4.2 RAD21

RAD21 is part of the cohesin complex being involved in loop extrusion and 3D
chromatin organization (Davidson et al., 2019; Fudenberg et al., 2016; Hansen et al.,
2018; Kim et al., 2019; Krietenstein et al., 2020; Nuebler et al., 2018; Wutz et al., 2017).
Due to the finding that CTCF KD reduced integration efficiency and the IS enrichment
close to TAD boundaries, the question arose if also other factors involved in the 3D
genome organization could have a role in the integration process. A genome wide
siRNA screen identified RAD21 as a putative factor involved in RT kinetics or viral DNA
stability (Konig et al., 2008). siRNA KD of RAD21 and subsequent HIV-1 infection in
my thesis showed a reduction in integration. These results support the notion that 3D
genome organization and TAD border structure might be important for the virus to
successfully integrate. Nonetheless, also for RAD21 differences between KD and full
protein depletion on 3D genome organization need to be considered. While CTCF
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reduction leads to insulation loss at TAD boundaries, RAD21 KD reduced loop
domains (Nora et al., 2017; Rao et al., 2017; Schwarzer et al., 2017; Wutz et al., 2017,
Zuin et al., 2014). Hi-C in RAD21 depleted conditions in C20 as well as IS sequencing
would aid to investigate if changes in 3D genome organization influences HIV-1
integration and if ISs would be shifted to similar positions as in CTCF KD. To further
investigate if 3D genome is the determining factor, depletion of other factors involved
in the loop extrusion process and cohesin complex as SMC1, SMC3, PDS5, SCC3,
WAPL or NIPBL/MAU could be probed in integration assay and IS sequencing (Gligoris
et al., 2014; Grubert et al., 2020; Li et al., 2020b). HIV-1 infection experiments using a
delta N-terminus mutant of CTCF (being responsible for binding RAD21) as well as
double KD of RAD21 and CTCF could help to investigate if reduction in integration
efficiency is due to the cohesin — CTCF interaction and their role in loop anchoring (Li
et al., 2020b; Pugacheva et al., 2020). Hsieh and colleagues recently suggested a
‘time buffering model’ for enhancer-promoter loops mediated by RAD21. A loop can
sustain short term depletion (several hours) of structural proteins, possibly through
epigenetic signals and TF binding, while the establishment of new loops is impaired
(Hsieh et al., 2022). In my experiments, HIV-1 infection was performed at 48 h of
RAD21 KD, which, following this model, would mean that loop structure might indeed
be impaired, influencing integration efficiency. The beforementioned experiments will
aid to further investigate the role of cohesin — CTCF loop anchoring in HIV-1
integration.

Eukaryotes have three different SMC complexes all involved in different biological
processes in the cell. The cohesin complex contains SMC1 and SMC3 and plays a
role in sister chromatid cohesion, gene expression regulation and DNA repair
(Nishiyama, 2019). Chromatid cohesion is unlikely to contribute to HIV-1 integration as
HIV-1 infects interphase nuclei. SMC2 and 4 are part of the condensin complex
regulating interphase chromatin compaction into mitotic chromosomes, while SMC5/6
play a role in DNA replication and repair, but it is less characterized as the other SMC
members (Palecek, 2019; Paul et al., 2019). Two recent studies investigated a role for
SMC5/6 in latency establishment by silencing expression from unintegrated lentiviral
DNA through compaction and SUMOylation (Dupont et al., 2021; Irwan et al., 2022).
Having this in mind it is tempting to speculate that also other SMC and associated
proteins could be involved in other steps of the viral replication cycle (like integration).
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It cannot be excluded that RAD21 implications in HIV-1 integration are independent of
its structural role together with CTCF. RAD21 is not only part of the cohesin complex
as a structural protein but is also involved in replication stress and double strand break
repair through non-homologous end joining (NHEJ) pathway. Apart from reducing
integration efficiency, | could also observe a trend in reduction of 2LTR circles,
suggesting that RAD21 not only has influence on HIV-1 integration but also on the
formation and/or stability of 2LTR circles. 2LTR circle formation has been shown to be
dependent on host factors involved in NHEJ like Ku80, XRCC4, ligase 4, Mre11 or
NBS1 (Jeanson et al., 2002; Kilzer et al., 2003; Li et al., 2001), implying that also
RADZ21 could be a host factor involved in 2LTR circle formation.
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4 Conclusion and Perspectives

HIV-1 infects target cells of the hematopoietic lineage, mainly CD4* T cells and
macrophages, but also other tissue types e.g., the CNS, early during HIV-1 infection.
The establishment of latent reservoirs through the stable integration into the host
genome is the main barrier for an HIV-1 cure, which makes it important to study the
nature of these latent cells for the development of new therapeutic strategies. Cellular
determinants of HIV-1 integration and latency have been mostly studied in T cells, but
to obtain potential cell type specific differences in the IS profiles and latency programs
between tissue types it is of great importance to explore other target types.

In my PhD study, | started to investigate IS profiles together with chromatin and
transcriptional profiles using microglia cellular models, concluding that IS determinants
are shared between T cells and microglia cells.

Nonetheless, the conclusions obtained in the cellular model would benefit from further
studies in patient-derived primary microglia from post-mortem tissue samples. Using
additional approaches as for example matched IS and proviral sequencing (MIP-Seq)
or long read sequencing to obtain additional information about the intactness of the
HIV-1 provirus could help to understand the fraction of replication competent virus in
the brain (Einkauf et al., 2019). Central questions that remain to be addressed are how
the latent clones in the brain contribute to the viral rebound and inflammation and
whether and how this is influenced by the integration site.

HAND development in PLWH is a severe complication of HIV-1 infection in the brain
but the detailed mechanism of how it is developing is still not fully clear. Although C20
cells are a good starting point to investigate HIV-1 infection and latency in microglia
cells, more advanced models are required, especially to study immune signaling and
inflammation pathways. The advancements in differentiation protocols of pluripotent
stem cells and organoid developments in the recent years helped to establish systems
that fully recapitulate brain microenvironments to study HIV-1 infection in in vitro
conditions (Dos Reis et al., 2020, 2023).

Chromatin accessibility in active and latently infected cells identified differentially
occupied TF between the conditions highlighting different transcriptional networks.
One of the factors prominently involved was CTCF, with a dynamic binding behavior
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throughout infection. The findings are based on sequencing and biochemical methods.
Further insights into the mechanism of CTCF being involved in HIV-1 infection could
be gained through high resolution imaging of CTCF in infection to see the
spatiotemporal resolution of the interaction with PIC. The central questions that remain
open are if CTCF is influencing viral replication and/or if it is involved in the response
to the virus. | started establishing Cut&Tag method in the lab, with the aim to profile
CTCF binding in active, latent and uninfected sorted cells, under conditions of limited
cell numbers. With that approach one could investigate qualitative changes in CTCF
binding throughout infection to analyze genomic regions affected by infection. In
addition, scCut&Tag and obtaining IS from active and latent single cells by scATAC-
Seq could inform about the role of CTCF in HIV-1 infection and transcription
(Bartosovic et al., 2021; Janssens et al., 2022; Wang et al., 2020). Nonetheless, CTCF
as a potential influencer of HIV-1 transcription, is not targetable therapeutically due to
its pleiotropic effects in 3D genome organization, looping, gene transcription and
splicing (Fudenberg et al., 2016; Hou et al., 2008; Nora et al., 2017; Saldafia-Meyer et
al., 2019; Shukla et al., 2011; Wutz et al., 2017).

The thesis also suggested an influence of CTCF in H3K36me3 chromatin mark
deposition around TAD boundaries. This observation needs further investigations by
additional profiling of other chromatin marks as H3K27ac or H3K4me3 to investigate if
CTCF has a general role in shaping the chromatin landscape around TAD boundaries.
The mode of action of this influence remains unclear and further imaging and IP
experiments including for example epigenetic remodeling enzymes such as SETD2

could give insights in the mechanism of CTCF on epigenetic marks.

3D genome is important in HIV-1 infection and gained more appreciation in the recent
years in HIV-1 research. Many viruses exploit or influence 3D genome and nuclear
architecture on multiple scales. HIV-1 viral positioning close to TAD boundaries could
influence the outcome of viral infection. Also recent studies identified increased 3D
contacts of the provirus supporting the notion that 3D environment is an important
factor in HIV-1 infection (Collora and Ho, 2023; Einkauf et al., 2022). To specifically
address if TAD structure rearrangements are influencing integration and latency,
chromosome conformation capture-based approaches are necessary on infected cells
and would be the most informative on a single cell level. Hi-C or 4C in HIV-1 infected
single clones could give insights if the virus does change 3D host genome, on the
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global or local level, respectively. By generating cell clones via targeting viral insertions
through CRISPR/Cas9 at defined positions with different proximities from TAD
boundaries, the influence on viral transcription could be inferred. Under physiological
conditions HIV-1 integration is a single event per cell, thus single cell data are
necessary to further identify the possible influence of host genome architecture on viral
positioning and transcription.

Up to now there is still no HIV-1 cure due to the establishment of life-long HIV-1 latent
reservoirs in different cell and tissue types throughout the human body. Microglia cells
are the main HIV-1 target cells in the brain, difficult to target with ART and a possible
contributor to the development of neurological disorders in HIV-1 infected patients.
Therefore, it is important to get further insights into the IS landscape and the latency
establishment mechanisms of this cell type for the development of new HIV-1
therapies. Through the integration of the IS profiles, together with transcription,
epigenetics, and chromatin accessibility | defined the first IS landscape in microglia
cellular models and revealed that the main hallmarks of HIV-1 integration were
corroborated in the brain background. Future studies in patient samples and iPSC-
derived cellular systems are needed to deepen our understanding of the contribution
of latent provirus in the brain for viral rebound, clonal expansion, and brain
inflammation. The latent reservoir in patients is characterized by complex
transcriptional and phenotypic signatures, with different susceptibility to immune
responses (Chomont et al., 2009; Dufour et al., 2023; Gantner et al., 2020). In the
blood, less than 10% of the latent clones harbor intact proviral sequences, which are
vulnerable to host immune activity (Gaebler et al., 2019; Hiener et al., 2017; Ho et al.,
2013; Lee et al., 2017). Whether this is the case for latent proviruses in the brain, to
which extent they clonally expand and how immune cascades act to control viral
replication in the brain still requires additional high throughput single cell IS analysis
studies. My findings in the second part of my thesis also point to the importance of
further exploring the 3D genome organization and its functional implications for HIV-1
infection in both blood and brain reservoirs, which could contribute to the future therapy
development.
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5 Material and Methods

5.1 Materials

Antibodies
Antibody Company Catalog number
Anti-Histone H3 (tri methyl K36) antibody - Abcam ab9050
ChIP Grade

Anti-Histone H3 (acetyl K27) antibody - ChIP Abcam
Grade

Tri-Methyl-Histone H3 (Lys27) (C36B11) Rabbit CellSignaling
mAb

Anti-Histone H3 (mono methyl K4) antibody - Abcam

ChIP Grade

Anti-Histone H3 (tri methyl K9) antibody - ChIP  Abcam
Grade

Anti-Histone H3 (di methyl K9) antibody Abcam
[mAbcam 1220] - ChIP Grade
CTCF (D31H2) XP® Rabbit mAb CellSignaling

Mouse IgG2a, Kappa Monoclonal [MOPC-173] Abcam
- Isotype Control - ChIP Grade

Rabbit Control IgG-ChIP grade Abcam

anti-beta actin Sigma
LEDGF/p75 Antibody Bethyl labs
Anti-CPSF6 antibody Abcam
Anti-HIV-1 p24-PE (KC57) Beckman Coulter
Anti- RAD21 Upstate, Sigma
Anti-GFP antibody Abcam
Anti-HA-tag antibody (C29F4) CellSignaling

Monoclonal anti-Flag M2 antibody produced in  Sigma

mouse

ab4729

#9733

ab8895

ab8898

ab1220

#3418
ab18413

ab46540
a2228
A300-848A
ab99347
6604667
05-908
ab6556
#3724
F3165-1MG
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Plasmids
Name Source Identifier
pNL4.3 NIH Aids Reagent ARP-114
Program
HIVGKO (Battivelli and Addgene,
Verdin, 2018) #112234
pMD2.G Addgene 12259
pWPI-eGFP Addgene, kindly 12254
provided by Prof.
Dr. Oliver T.
Fackler
pcDNA3.1(+)-HA-LEDGF/p75 synthesized at
GenScript Biotech
pKS070 - pCAGGS-3XFLAG-(human)CTCF- Addgene Addgene,
eGFP #156448

pCMV-2b Flag-Integrase

(Alietal., 2019)

Cell lines
Name Reference
C20 microglia (Garcia-Mesa et al., 2017), Kindly
provided by Dr Alvarez-Carbonell
Jurkat E6.1 ATCC, TIB-152
HEK293T cells ATCC, CRL-3216
TZM-bl cells (Wei et al., 2002)

(iPSC)-derived human microglial cells (iIMG)

TempoBioscience, Cat#SKU 1001.1

Viral strains
Virus Source Identifier
HIV-1 (NL4.3) NIH AIDS reagent ARP-114
program
HIVGKO (Battivelli and Addgene,
Verdin, 2018) #112234
HIV-EGFP (Garcia-Mesa et

al., 2017)
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Kits

Kit

Company

Arcturus® PicoPure® RNA isolation kit

CellTiter 96® Non-Radioactive Cell Proliferation
Assay

ChIP DNA Clean & Concentrator

DNeasy® Blood and tissue Kit

End-It™ DNA End-Repair Kit

High-Capacity cDNA Reverse Transcription Kit
lllumina Tagment DNA Enzyme and Buffer Small Kit
NEBNext® dA-Tailing Module

NEBNext® Ultra™ [l DNA Library Prep Kit for
lllumina®

NEBNext® Multiplex Oligos for lllumina® (Index
Primers Set 1)

NEBNext® Multiplex Oligos for lllumina® (96 Dual
Index Primer Pairs set 1)

NucleoSpin Gel and PCR Clean-up

NucleoSpin RNA Mini kit

Taq DNA polymerase and taqg PCR Core Kit
Phusion® High-Fidelity PCR Kit

Applied Biosystems
Promega

Zymo Research

QIAGEN

Epicentre

Applied Biosystems

lllumina

New England Biolabs GmbH
New England Biolabs GmbH

New England Biolabs GmbH
New England Biolabs GmbH
Machery-Nagel
Machery-Nagel

QIAGEN
New England Biolabs GmbH

Equipment
Name Company
CFX96 Touch™ Real-Time PCR Detection BioRad
System

Heraeus PICO 1700

Biometra TS1 ThermoShaker
Biometra TSC ThermoShaker
NanoPhotometer®

NP80

Bioruptor® Plus sonication device
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FlexCycler? Analytic Jena

Thermal Cycler Applied Biosystems by
lifetechnologies

Qubit 4 Thermo Fisher Scientific

UVP UVsolo touch Analytic Jena

Vortexer Neolabs

Software

Software name Source

BioRender BioRender

CFX Manager BioRad

Excel Microsoft

FlowJo V10 FLOWJO software

GraphPad Prism 9 GraphPad software

Image J NIH

5.2 Molecular and Cell Biology methods

5.2.1 Cell culture and cell lines

HEK293T cells for virus production and TZM-bl cells were cultivated in Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 10% FBS and 1% penicillin—
streptomycin at 37°C and 5% COa..

Microglia C20 cell line (kindly provided by Dr Alvarez-Carbonell) was cultured in
BrainPhys Neuronal medium supplemented with 1% penicillin—streptomycin, 10%
FBS, 1% N2-Supplement, 500 mg Normocin and 1% L-Glutamine at 37°C and 5%
COo..

Jurkat cells were cultured in Roswell Park Memorial Institute (RPMI) medium
supplemented with 1% penicillin—streptomycin, 10% FBS at 37°C and 5% COa-.

5.2.2 Induced pluripotent stem cells (iPSC)-derived human microglial cells
Sheetal Sreeram, from our collaborators at Jonathan Karn lab at Case Western
Reserve University, obtained and infected iPSC-derived microglia. Briefly, iPSC-
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derived human microglial (iMG) cells (Tempo Bioscience, Cat#SKU 1001.1) were
plated in Tempo iIMG maintenance media on plates pre-coated with Matrigel matrix
(Corning, Cat#356254) according to the manufacturer’s instructions. 3 days post
culture, approximately 1 million iIMG cells per well were infected with vesicular
stomatitis virus glycoprotein (VSV-G) pseudotyped eGFP HIV-1 reporter virus at ~300
infectious units (IFU)/ 1 million cells by directly adding viral supernatants to the culture
media. 24 hours post-infection (hpi), the virus-containing media was exchanged with
fresh media. Percentage of GFP positive iMG cells was quantified by flow cytometry
using LSR Fortessa instrument 5 days post infection (dpi). Therefore, cells were
harvested, washed, and resuspended in Phosphate-Buffered Saline (PBS) buffer
before fluorescence measurement. DNA from infected and uninfected iIMG were
harvested at 5 dpi (for infected cells) and DNA was extracted using Qiagen blood and

tissue kit according to the manufacturer's instructions.

5.2.3 CD4*' T cell isolation from whole blood

CD4* T cells were isolated from buffy coats obtained from healthy anonymous blood
donors at the Heidelberg University Hospital Blood bank, using Ficoll density gradient
purification. First, buffy coat was mixed with RosetteSep Human CD4* T cell
enrichment cocktail beads (StemCell Technologies) and incubated for 20 min at RT.
Next, blood was mixed in a 1:1 ratio with PBS/2% Fetal Bovine Serum (FBS), overlayed
onto Ficoll (Cytiva) and centrifuged at 2400 rpm for 30 min, 37°C with breaks off. T
cells were collected, washed, and incubated for 5 min at RT with ACK buffer (150 mM
NH4Cl, 10 mM KHCOs3, 0.1 mM Na2EDTA). After 2 more washes with PBS /2% FBS
cells were resuspend in complete T cell medium (RPMI-1640+10% FBS + IL-2 (10
ng/ml)) and activated with Dynabeads Human T-Activator CD3/CD28 (Gibco) for 72h
in humidified incubators at 37°C and 5% CO..

5.2.4 DNA Plasmids preparation and construct assessment by restriction
enzyme digestion

VSVG envelope DNA plasmids and CTCF-GFP and HA-LEDGF were transformed into

DH5a competent cells (NEB). Proviral constructs were transformed into MAX

Efficiency™ Stbl2™ competent cells (ThermoFisher). 1 pl plasmid was added to 30 pl

competent cells and incubated for 30 min on ice. Heat shock was performed for 45 sec

at 42°C and the transformation reaction was stored on ice for 2 min. 500 pl Lysogeny
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broth (LB) medium was added, and cells were incubated for 1 hour at 37 °C with 120
rpm agitation. Cells were then plated on LB Agar plates containing ampicillin (50 pg/ml)
and incubated over night at 37°C.

To obtain large-scale amounts of plasmids, colonies were picked and incubated at
37°C and 120 rpm in 7 ml LB medium supplemented with ampicillin (50 pg/ml) for 5-6
hours. All non-viral plasmids were cultivated in 250 ml LB-medium plus ampicillin (50
pug/ml) overnight at 37°C after inoculation with 2 ml of the small over day bacterial
culture.

For proviral constructs, colony was picked and incubated at 37 °C and 120 rpm in 7 ml
terrific broth (TB) medium supplemented with ampicillin (50 ug/ml) for 16 hours before
transferring it into a 250 ml of TB medium larger overnight culture. Before harvesting,
150 pg/ml chloramphenicol was added to the cultures for 5-6 hours.

Plasmids were isolated with NucleoBond Xtra Maxi Plus kit (MacheryNagel) according
to the manufacturer instructions. The plasmid pellet was air dried for one hour and
eluted in water, vortexed and frozen at -20°C. The next day the concentration was
determined with NanoPhotometer® NP80 (Implen) at 260 nm.

1 pg of the plasmids were digested with the corresponding restriction enzymes (pNL4.3
WT: Nhel + EcoRl, fragment size 13319 bp+1506 bp; HIVeko: Kpnl, fragment size
7000 bp, 6753 bp, 300 bp; pMD.2G: Kpnl, fragment size 1594 bp + 4228 bp) and the
recommended reaction buffer for 2 h at 37 °C.

5.2.5 DNA fragments separation by agarose gel electrophoresis
The digested vectors were separated by gel electrophoresis with a 1% agarose gel
containing MIDORI Green Advance DNA stain (NIPPON Genetics, 1:10°000) at

constant 90 V for 45 min and appropriate fragment size was verified under UV light.

5.2.6 Virus production

The day before transfection, 5x108 HEK293T cells were seeded in 15 cm cell culture
dishes. Viral stocks were produced by transfecting either 25 ug of pNL4.3 viral plasmid
DNA (AIDS Reagent Program, ARP-114) or 45 ug HIVeko (Addgene Plasmid#112234)
viral DNA together with 10 ug pMD.2G packaging plasmid (Addgene Plasmid, #12259)
with polyethylenimine (PEI) transfection method. Briefly, plasmid DNA and PEI were
diluted in Opti-Mem medium (Gibco) in a 1:3 ratio and added dropwise to cells after 20

min of incubation. Supernatants were collected after 48 h and filtered with a 0.45 pm
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syringe filter (Roth) followed by DNase treatment (15 U/ml (Sigma) and 10 mM MgClz>)
for 2 h at 37°C. Viral particles were purified by 20% sucrose in PBS gradient purification
at 28’000 rpm, 1.5 h at 4 °C and resuspended in PBS, before storing them at -80°C.

5.2.7 SG-Pert RT activity assay

To determine virus titers, SG-PERT assay was performed as previously described in
(Pizzato et al., 2009) to quantify active RT units in the viral stocks.

5 ul of concentrated virus were lysed with 5 pl 2x lysis buffer (0.25% Triton X-100, 50
mM KCI, 100 mM TrisHCI pH 7.4, 40% glycerol) for 10 min. Ribolock™ RNase inhibitor
(Fermentas, 0.4 U/uL) was added immediately prior to use. 90 ul of 1X dilution buffer
(50 mM (NH4)2SO4, 200 mM KCI and 200 mM Tris—HCI, pH 8.3) were added to the
lysed sample and 10 pl of the dilution were immediately mixed with 10 yl of 2X PCR
reaction mix (10 mM (NH4)2S04, 40 mM KCI and 40 mM Tris—Cl pH 0.3, 10 mM MgClo,
0.2 mg/ml BSA, 1/10,000 SYBR Green |, 400 uM dNTPs, 1 uM forward primer (5'-
TAGTTGTTGGGCTTCGCTTT-3'), 1 MM  reverse primer (reverse: 5-
TTGTCGGCTTTACCTGCTTT-3’), 1.2 ug/ml BMV RNA). HotStartTag polymerase (0.2
U/reaction) was added immediately prior to PCR reaction.

Cycler conditions were the following using the CFX96 Touch platform (Bio Rad):

37°C 30 min RT reaction

95°C 5 min

95°C 5s

55°C 5s

72°C 20s 45x
83°C 11s

Data analysis was performed with the CFX Maestro Software (Bio Rad). Real time Ct
values of 10-fold serial dilutions of a recombinant HIV-1 RT standard were compared
to the analyzed sample (activity of undiluted standard is 5,088 * 10° pUnits RT/uL).

5.2.8 HIV-1 infectivity assay

To assess HIV-1 infectivity, TZM-bl cell line was infected with HIV-1 virus. TZM-bl cells

are engineered to harbor a -galactosidase gene and a luciferase reporter under the
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HIV-1 LTR and they express CD4, CCR5 and CXCR4 receptors for viral entry on their
plasma membrane.

The day before infection, 5’000 cells per 96-well were plated. The next day, virus was
diluted in 10-fold serial dilutions in DMEM medium, and medium was exchanged with
virus containing medium. 48 h later, medium was removed, and cells were fixed with
4% PFA for 10 min. After washing once with PBS, (-galactosidase activity was
assessed by addition of 100 ul B-galactosidase/X-gal substrate to the cells and
subsequent incubation 2 h — 4 h. To calculate multiplicity of infection (MOI), blue cells

were counted and infected cells / ul were calculated.

5.2.9 HIV-1 infection

Microglia cells were infected with 250 ng p24 /1 million cells of vesicular stomatitis virus
glycoprotein (VSV-G) pseudotyped pNL4.3 WT or HIVeko virus through spinoculation
for 90 min at 2’300 rpm and 37°C or by only mixing cells and virus. Infected cells were
cultivated for 3 days at 37°C and 5% CO..

5.2.10 Flow cytometry

Productive infection was measured by flow cytometry analysis on BD FACSCelesta™.
Therefore, cells were harvested by trypsinization and fixed with 4% PFA for 90 min to
inactivate the virus. After washing with 2% FBS in PBS, HIV-1 p24 was stained with
Anti-HIV-1 p24-PE (KC57) (Beckman Coulter) antibody in 0.1% Triton X-100/PBS for

30 min on ice and washed again 3 times before measuring on the BD FACSCelesta™.

5.2.11 FACS sorting

Approximately 24 million C20 microglia cells were infected with 250 ng p24 HIVeko
virus/ 1 million cells by spinoculation (2’300 rpm, 1.5 h, 37°C). 3 dpi, cells were washed
with PBS, trypsinized and filtered in 2% FBS/PBS through a 45 ym filter before sorting
on BD FACSAria™ Fusion Cell Sorter into 3 populations: FITC/PE-, FITC*/PE* and
FITC/PE*. For each cell population, about 80’000 cells were sorted. For the latent
FITC/PE" population 8000 to 45’000 cells were sorted. 5000 cells were resorted to
check for sorting purity and used for ATAC-Seq as in (Buenrostro et al., 2015).
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5.2.12 3D Immuno DNA FISH

Probe labeling

HIV-1 FISH probes were generated by labeling HIV-1 DNA (pHXB2) plasmid. Biotin-
dUTP nucleotide mix containing 0.25 mM dATP, 0.25 mM dCTP, 0.25 mM dGTP, 0.17
mM dTTP and 0.08 mM biotin-16-dUTP in H.O was prepared. 3 ug of pHXB2 were
diluted in a final volume of 12 yl with H2O and combined with 4 ul of nucleotide mix
and 4 pl Nick translation mix (Roche). Labeling was performed at 15°C for 5 h. Probes
were precipitated in 100% ethanol with sodium acetate (3 M), 10 pl herring sperm
(Sigma) and 10 pl human COT DNA (Sigma) overnight and resuspended in 2x
SSC/10% dextran sulfate/50% formamide, denatured at 95°C for 5 min and stored at
-20°C until use.

Hybridization and probe development

Approximately 1.5x10° microglia cells were plated on coverslips on the day of infection
in a 24-well plate. 3 dpi cells were washed with PBS and fixed in 4% PFA in PBS for
10 min. Coverslips were extensively washed with PBS and cells were permeabilized
in 0.5% triton X-100/PBS for 10 min, followed by another 3 washes with PBS-T.
Subsequently, the cells were incubated in a solution consisting of 0.5% Triton X-100
and 0.5% saponin in PBS for 10 min. After three more PBS-T washes, the coverslips
were treated with 0.1 M HCI for 10 min, followed by three additional PBS-T washes. To
further permeabilize the cells, they were exposed to 0.5% Triton X-100 and 0.5%
saponin in PBS for 10 min, followed by another set of three PBS-T washes. Next, RNA
digestion was carried out using RNAse A (100 ug/ml) for 30 min at 37°C. The coverslips
were then equilibrated for 5 minutes in 2x SSC and incubated overnight at 4°C in a
hybridization solution composed of deionized formamide, 20x SSC, sterile water (pH
7.0). Probe hybridization was performed with 2 — 4 ul of HIV-1 probe in 6 ul reaction in
2x SSC/10% dextran sulfate/50% formamide, denatured at 95°C for 5 min and then
placed on ice for 1 min. After spotting the probe on a glass slide and sealing the
coverslip with rubber cement, the slide was placed at 80°C for 5 min on a heating plate
for denaturation. Subsequently, the hybridization reaction was incubated at 37°C for
48 to 72 h in a closed 15 cm dish in an incubator. Probe detection was carried out by
washing the coverslips with 2x SSC and 0.5x SSC at 37°C and 65°C, respectively; 1h
blocking in TSA blocking buffer (TNB) and detection with streptavidin-HRP in TNB
(1:1500) for 40 min at 37°C. Coverslips were then washed with TNT wash buffer four
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times at RT, before incubation with Fluorescein Plus amplification reagent (1:500 in
TSA Plus amplification diluent, part of TSA Plus Fluorescein kit) for 5 min at RT.
Following this, 5 additional washes with TNT buffer were conducted, and the cell nuclei
were counterstained with Hoechst 33342 (diluted 1:10,000 in PBS) followed by two
PBS washes. Finally, coverslips were mounted with mowiol. For confocal microscopy
and manual image analysis, 3D stacks were acquired with a Leica TCS SP8 confocal

microscope using a x63 oil immersion objective.

5.2.13 Small interfering RNA (siRNA) gene expression silencing in microglia
cells
The day before transfection, 2x 10° microglia cells were seeded in 6-well plates or 2
mill cells into 10 cm dishes (for IS sequencing and ChlP-Seq) to ensure a confluency
of 50% on the day of transfection.
Transfection was performed with jetPRIME® (Polyplus transfection®) according to the
manufacturer's instructions. In brief, 110 pmol (for 50 nm siRNA end concentration) of
either ON-TARGETplus Non-targeting Control siRNA (Horizon Discovery), ON-
TARGETplus Human PSIP1 siRNA SMARTPool, ON-TARGETplus Human CPSF6
SMARTPool (Horizon Discovery), ON-TARGETplus Human CTCF SMARTPool
(Horizon Discovery) or ON-TARGETplus Human RAD21 SMARTPool were mixed with
200 pl jetPRIME® buffer. Then 4 pl jetPRIME® reagent were added to the siRNA mix,
incubated for 10 min at RT and added dropwise to the cells.
For IS sequencing and ChIP-Seq in CTCF KD conditions, Lipofectamine™ RNAIMAX
transfection reagent was used. In brief, 22 pmol (for 10 nm siRNA end concentration)
of either ON-TARGETplus Non-targeting Control siRNA (Horizon Discovery) or ON-
TARGETplus Human CTCF SMARTPool (Horizon Discovery) were diluted in 1 ml Opti-
MEM medium (Gibco). 30 ul Lipofectamine® RNAIMAX Reagent were diluted in 1 ml
Opti-MEM medium, mixed with the diluted siRNA and incubated for 10 min at RT.
Mixture was added dropwise to the cells.
48 h post transfection, cells were trypsinized, counted and replated for infection. Cell
pellets for western blot analysis to confirm KD were harvested. Microglia cells were
infected with 250 ng p24/ 1 million of cells of VSV-G pseudotyped HIV-1 WT or GKO
virus and harvested after 24h of infection for western blot analysis and DNA extraction.
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5.2.14 siRNA CTCF expression silencing in CD4* T cells

siRNA transfection in CD4* T cells was performed using the Amaxa™ 4D-
Nucleofector™ Protocol for stimulated Human T Cells (Lonza) according to
manufacturer’s instructions. Briefly, 10 million cells were one time washed in PBS and
then resuspended in 100 uL P3 Primary Cell 4D-Nucleofector™ Solution plus 600 nM
siRNA pool targeting CTCF or non-targeting control (Horizon) and were transfected
with program EH100 using Single Nucleocuvette™ in a 4D-Nucleofector® X Unit
(Lonza). Transfected cells were incubated 10 min with RPMI-1640 medium without
FBS or antibiotics at 37°C before resuspension in complete RPMI-1640 medium.

48 h after transfection, CD4" T cells were infected with HIV-1gko by spininfection at

2’150 rpm, 2 h at 32°C to establish single round infections.

5.2.15 MTT assay

Cell viability upon siRNA transfection was measured through the CellTiter 96® Non-
Radioactive Cell Proliferation Assay (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide (MTT)) (Promega). 1x 10* microglia cells were plated per well in a
96 well plate and transfected with either ON-TARGETplus Non-targeting Control siRNA
(Horizon Discovery), ON-TARGETplus Human PSIP1 siRNA SMARTPool, ON-
TARGETplus Human CPSF6 SMARTPool (Horizon Discovery), ON-TARGETplus
Human CTCF SMARTPool (Horizon Discovery) or ON-TARGETplus Human RAD21
SMARTPool with jetPRIME® (Polyplus transfection®) according to the manufacturer's
instructions for each time point of interest. On the day of transfection and the time point
of infection, new medium plus MTT solution (15 ul) was added to the cells and after 2
h the reaction was stopped by the addition of 100 ul of the solubilization/stop solution.
Absorbance values at 570 nm were acquired the next day with an Infinite 200 PRO
(Tecan) multimode plate reader. Reactions were conducted in triplicate, and the
average signal of the triplicates was normalized over the matched NT controls and

expressed as percentage.

5.3 Nucleic acid based methods

5.3.1 RNA isolation of sorted RNA
RNA was isolated for mRNA expression analysis with Arcturus™PicoPure™ RNA

Isolation Kit according to manufacturer’s instructions. Concentration and purity were
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determined using a NanoPhotometer® NP80 (Implen). The concentration was
measured by evaluating the optical density at 260 nm and the OD260nm/OD280nm

ratio was verified to be within the range of 1.8 and 2.0 to ensure sample purity.

5.3.2 Reverse transcription

RNA was isolated from uninfected and HIV-1 infected cells (WT and HIVeko) 3 dpi with
NucleoSpin RNA Mini kit (MacheryNagel) according to manufacturer’s instructions.
250 to 500 ng of RNA were reverse transcribed using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). In brief, 10x RT buffer, 25x dNTP Mix (100 nM),
10x RT Random primers, RNase inhibitor and MultiScribe Reverse Transcriptase were
mixed with 250 ng to 500 ng of RNA. RNA was reversed transcribed using SimpliAmp
Thermal Cycler under the following conditions:

25°C 10 min
37°C 120 min
85°C 5 min
4°C o

5.3.3 Quantitative real time PCR

cDNA of HIV-1 infected microglia was diluted 1:10 and subjected to quantitative
polymerase chain reaction (QPCR) analysis in triplicates using iQ™ SuperMix (BioRad)
and commercially available TagMan Gene Expression Assays (Thermo Fisher
Scientific). Activation was measured by IL-6 (HS00174131_m1), CXCLS8
(HS00174103_m1), IL1b (HS00174128_m1) and TNFa (HS1555410_m1) expression.
Viral mRNA expression was measured with HIV-1 gag primer probe mix (500nM of
each primer, 200 nM probe) (Appendix Primer List) and normalized to Eukaryotic 18S
rRNA Endogenous Control (VIC™/TAMRA™ probe, primer limited) (Applied
Biosystems) using the following program:

98°C 3 min

98°C 10 sec

60°C 40 sec 45x
72°C 10 min
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Relative expression was calculated using the AAC; method (Livak and Schmittgen,
2001). Statistical analysis was performed using GraphPad Prism.

5.3.4 DNA isolation

DNA was extracted using Blood and tissue kit (Qiagen) according to the manufacturer's
instructions and concentration and purity determination was performed using a
NanoPhotometer® NP80 (Implen). The concentration was measured by evaluating the
optical density at 260 nm and the OD260nm/OD280nm ratio was verified to be within
the range of 1.8 and 2.0 to ensure sample purity.

5.3.5 Integration assay by Alu-PCR

The amount of integrated HIV-1 vDNA was quantified through Alu-PCR (Liszewski et
al., 2009; Tan et al., 2006). Briefly, in a nested PCR, an integrated virus is amplified
with an Alu specific primer harboring a A tag and a HIV-1 LTR specific primer in the first
reaction (Appendix Primer List). In the second qPCR, proviral sequences are amplified
using lambda-specific primer (AT) and an internal LTR primer. First round PCR was
performed with Alu1 primer (0.1 uM), HIV LTR specific primer LM667 (0.3 uM), 10 mM
dNTPs, 10x buffer, AmpliTag DNA polymerase (Thermo Fisher Scientific) and 100 ng
DNA. PCR was performed using SimpliAmp Thermal Cycler (Thermo Fisher Scientific)
with the following reaction parameters:

94°C 15 sec

94°C 15 sec

55°C 30 sec 20x
70°C 2 min

72°C 10 min

The first PCR reaction was diluted (1:100), and the second round was performed by
gPCR using iQ™ SuperMix (BioRad), lambda-specific primer AT, internal LTR primer
LR and TagMan probe (900 nM each primer, 200 nM probe, Appendix Primer List). The
same gqPCR was performed with 10 ng genomic DNA and a housekeeping gene, i.e.,
lamin B2, B13 region (Appendix Primer List) which was used to normalize relative
integration levels by the AAC; method (Livak and Schmittgen, 2001). Reaction was
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performed on a CFX96 C1000 Touch Thermal Cycler (BioRad) in triplicates with the

following conditions:

98°C 3 min

98°C 10 sec

60°C 40 sec 45x
98°C 10 min

5.3.6 Total viral DNA quantification by qPCR

Relative total viral DNA levels between CTCF KD and NT conditions in CD4* T cells
were quantified by gPCR using iQ™ SuperMix (BioRad), primers targeting viral gag
DNA sequence and TagMan probe (900 nM each primer, 200 nM probe, Appendix
Primer List) and 200 ng input infected genomic DNA. The same qPCR was performed
with 10 ng genomic DNA and a housekeeping gene, i.e., lamin B2, B13 region
(Appendix Primer List) used to normalize total viral levels by the AAC; method (Livak
and Schmittgen, 2001). Reaction was performed on a CFX96 C1000 Touch Thermal
Cycler (BioRad) in triplicates with the following conditions:

98°C 3 min

98°C 10 sec

60°C 40 sec 45x
98°C 10 min

5.3.7 Digital droplet PCR

HIV-1 total viral DNA products and 2LTR circles of infected cells were detected by
Digital droplet PCR (ddPCR), as described previously (Bejarano et al., 2018; Moron-
Lépez et al., 2017). Total genomic DNA was isolated with Qiagen blood and tissue kit
according to manufacturer’s instructions, and between 50-100 ng DNA were used as
input. As an alternative, cell lysate of 50’000 cells (lysis buffer: 10 mM Tris HCI pH=9,
0.1% Triton X-100, 400 ug/mL proteinase K) was used to detect total viral DNA and
2LTR products.

Viral DNA products were detected with a primer-probe set annealing to the HIV-1 gag
sequence and one for 2LTR circles. Sample input was normalized by detection of host
ribonuclease P protein subunit p30 (RPP30) (Sequences of primers and probes are

129



Material and Methods

listed in Appendix Primer List). For each reaction 900 nM of each primer, 200 nM probe
and 1x ddPCR Supermix for probes (no dUTP) (BioRad, Hercules, CA, USA) were
prepared and droplets were generated using QX200™ Droplet Generator (BioRad).
Targets were amplified by PCR amplification before droplets sorting and analysis in a
QX200 droplet reader (BioRad). Target counts were analyzed by software QuantaSoft
v1.6 (BioRad) using absolute quantification settings and HIV-1 copy numbers and

2L TRs were normalized using RPP30 housekeeping gene.

5.4 Sequencing methods

5.4.1 Chromatin immunoprecipitation (ChlP)

10x108 million microglia cells were cultured in a 15 cm cell culture dish. Medium was
removed and cells washed once in PBS (plus 1 mM sodium butyrate for H3K27ac IP
to block deacetylases). Cells were fixed with 1% formaldehyde/PBS (plus 1 mM
sodium butyrate for K27ac) for 7 min at RT followed by quenching with 0.125 M
glycine/PBS for 7 min at RT. After removing all liquid, cells were scraped 2 times in 5
ml ice cold PBS pelleted by centrifugation at 1700 rpm, 7 min. After 2 washings with
10 ml of cold PBS, pellet was resuspended in swelling buffer (10 mM HEPES/KOH pH
7.9, 85 mM KCI, 1mM EDTA, 0.5% IGEPAL CA-630, 1x protease inhibitor cocktail
(Roche)) and incubated for 10 min rotating at 4°C. Following this, the pellet was
dounced ten times before being centrifuged at 3500xg for 10 minutes at 4°C. An
additional wash with swelling buffer, minus IGEPAL CA-630, was performed before
resuspending the nuclei in a cold sonication buffer (TE with pH=8, 0.1% SDS, and a
protease inhibitor tablet). Sonication was was carried out using a Covaris S220
Focused Ultrasonicator for 18 min (Duty cycle 20%, Intensity 5, Cycles/burst 200) or a
Covaris M220 Focused-ultrasonicator for 8 min (Duty cycle 20%, peak power 75,
Cycles/burst 200). DNA size was followed by 2% agarose gel. DNA fragments should
be between 200-500 bp. Triton-X was added to the lysate to a final concentration of
1% and incubated for 10 min on ice. Lysate was cleared by centrifugation at 18’000xg
4°C for 5 minutes. Magna ChlIP Protein A and G magnetic beads from Millipore were
washed twice with TE containing 0.1% SDS and 1% TritonX, and then added to the
lysate for preclearing for 1 hour at 4°C with rotation. Subsequently, 2-8 pyg of chromatin
were incubated overnight at 4°C with the corresponding amount of antibody. A 1%

aliquot of the chromatin was saved as input. The used antibodies were the following:
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H3K36me3 (ab9050, Abcam), H3K27ac (ab4729, Abcam), H3K27me3 (C36B11, Cell
Signaling), H3K4me1 (ab8895, Abcam), H3K9me3 (ab8898, Abcam), H3K9me2
(ab1220, Abcam), CTCF (D31H2) XP® Rabbit mAb (#3418, Cell Signaling), Rabbit
control IgG (ab46540, Abcam), Mouse control IgG2a (ab18413, Abcam).

On the following day, Protein A and G magnetic beads were washed twice with
sonication buffer containing 1% TritonX-100 and then incubated with the lysates for 2
hours at 4°C. Subsequently, beads were washed twice 10 min with cold buffer | (150
mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA, protease inhibitor cocktail
(Roche)), once 10 min with cold buffer Il (10 mM Tris/HCI pH 7.5, 250 mM LiCl, 1%
IGEPAL CA-630, 0.7% Deoxycholate, 1 mM EDTA, protease inhibitor cocktail
(Roche)), twice 10 min with cold TET buffer (10 mM Tris/HCI pH7.5, 1 mM EDTA, 0.1%
Tween-20, protease inhibitor cocktail (Roche)) and eluted with TE buffer, 1% SDS, 100
mM NaCl. 0.5 mg/ml Proteinase K were added, and samples were incubated for 2 h at
55°C and overnight at 65°C. The next day, 0.33 mg/ml RNAse A (Thermo Fisher
Scientific) was added and incubated for 1 h at 37°C. Supernatant was removed from
the magnetic beads and DNA was purified with AMPure beads XP clean up according
to manufacturer’s instructions. Concentrations were determined by Qubit Fluorometer
and enrichment was determined by qPCR on a CFX96 C1000 Touch Thermal Cycler
(BioRad). ChlP libraries were prepared using NEBNext® Ultra™ Il DNA Library Prep
Kit for Illumina® (NEB) and NEBNext® Multiplex Oligos for lllumina® (Index Primers Set
1) or NEBNext® Multiplex Oligos for lllumina® (96 Unique Dual Index Primer Pairs,
Set1) (NEB) according to manufacturer’s instructions. Libraries were sequenced at
c.ATG sequencing core facility at Tubingen University on a NextSeq instrument 2x75
bp or on a NovaSeq6000 instrument 2x100 bp.

5.4.2 ChIP-qPCR

ChIP DNA and input was diluted 1:10 and subjected to qPCR analysis in triplicates
using iTag™ Universal SYBR® Green Supermix (BioRad) or SsoFast™ EvaGreen®
Supermix (BioRad) and commercially available Human Chromatin IP Control gPCR
Primer Sets (Active Motif): Human Negative Control Primer Set 2 (Active Motif), Human
Positive Control Primer Set GAPDH-1 (Active Motif), Human Positive Control Primer
Set MYT1 (Active Motif), Human Positive Control Primer Set ACTB-2 (Active Motif),
Simple Chip® Human Sat2 Repeat Element Primers (Cell Signaling).
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H3K36me3 and CTCF IP were controlled by Human Positive Control Primer Set
GAPDH-1 and Human Negative Control Primer Set 2 (Active Motif). CTCF control
primers were binding to human H19 internal control region and are listed in Appendix
Primer List (500 nM of each primer). Reaction was performed on a CFX96 C1000
Touch Thermal Cycler (BioRad) in triplicates with the following conditions:

98°C 3 min

98°C 10 sec

60°C 40 sec 45x
72°C 10 min

Input samples were adjusted to 100% and IP enrichment was expressed as
percentage of input using 100*2(Adiusted input - Ct (IP) - Statistical analysis was performed
using GraphPad Prism.

5.4.3 ATAC-Seq

ATAC-sequencing was performed as in (Buenrostro et al., 2015). Cells were pelleted
at 500xg, 4°C for 5 min, washed once with cold PBS and resuspended in 50 pl cold
lysis buffer (10 mM Tris HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.1% (v/v) Igepal CA-
630). The reaction was centrifuged immediately for 10 min at 500xg, 4°C. Supernatant
was removed and transposition reaction was set up with 25 yl TD (2x reaction buffer,
Nextera Kit, lllumina), 2.5 yl TDE1 (Tn5 transposase, Nextera Kit, lllumina) and 22.5
Ml nuclease free H2>O. The reaction was incubated for 30 min at 37°C shaking on a
thermal block (350 rpm). DNA was purified with Zymo ChIP clean and concentrator kit
(Zymo research) according to manufacturer’s instructions. Eluted DNA fragments were
amplified by PCR with 1.25 yM Primer 1, 1.25 yM Primer 2 (Appendix Primer List), 25
bl NEBNext® Ultra™ [I Q5® Master Mix (NEB) and the whole purified DNA sample
with the following conditions:

72°C 5 min

98°C 30 sec

98°C 10 sec

63°C 30 sec 5x
72°C 1 min
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To determine the remaining cycle number for appropriate amplification, 5 ul of the pre-
amplified reactions were amplified by qPCR with SsoFast™ EvaGreen® Supermix
(BioRad) and 0.25 ul (25 pM) Primer 1, 0.25 pl 25 pyM Primer 2 under the following

conditions:

98°C 30 sec

98°C 10 sec

63°C 30 sec 20x
72°C 1 min

Linear RN was plotted versus cycle number to determine the cycle number
corresponding to one-third of the maximum fluorescent intensity. Subsequently, the
remaining PCR reaction was conducted using the determined cycle number, employing
the same cycling conditions as previously. The resulting DNA was then purified using
the Zymo ChIP Clean and Concentrator Kit (Zymo Research), following the
manufacturer's instructions. The libraries were sequenced at the c.ATG Sequencing
Core Facility at Tubingen University using a NovaSeq instrument with 2x50 bp

sequencing settings.

5.4.4 Integration site sequencing

Infected C20 microglia cells were harvested at 3 dpi and DNA was isolated with Qiagen
blood and tissue kit according to manufacturer’s instructions. DNA was sonicated with
Covaris S220 Focused Ultrasonicator 450 s (Duty factor 10%, 200 cycles per burst) or
Covaris M220 Focused Ultrasonicator for 2 min (Duty cycle 20%, peak power 75,
Cycles/burst 200) and size was monitored by agarose (2%) gel analysis. Desired
fragment size was below 500 bp.

The LM PCR protocol was adapted from (Serrao et al., 2016). Sonicated gDNA ends
were repaired using End-It™ DNA End-Repair Kit (Epicentre) according to
manufacturer’s instructions. Sample was purified with PCR purification Kit
(MacheryNagel) or 1.8x AMPure beads XP according to manufacturer’s instructions.
A-tailing was performed using NEBNext® dA-Tailing Module (NEB). The reaction was
incubated in a thermal cycler for 30 minutes at 37°C and purified with PCR purification
Kit (MN) or 1.8x AMPure beads XP according to manufacturer’s instructions. An

asymmetric double stranded linker was annealed overnight at 12°C (800 U T4 ligase,
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10x ligase buffer, 1.5 pyM linker). After purification with PCR purification kit or 0.9x
AMPure XP clean up beads according to manufacturer’s instructions, first nested PCR
with linker and LTR specific primers was performed (Appendix Primer List). 25 yl PCR
reaction was set up with 0.8 uM LTR specific primer, 0.8 uM linker specific primer, 5x
buffer, 2.5 mM dNTPs, Phusion polymerase (NEB) and 100 ng ligation reaction. The
thermal cycler program was the following:

98°C 30 sec
98°C 10 sec
61°C 30 sec 30x
72°C 30 sec
72°C 10 min

PCR reactions were purified with PCR purification kit (MN) according to manufacturer’s
instructions (or 0.9x AMPure XP clean up beads). The second nested PCR with the
linker specific primer and an inner LTR specific primer containing lllumina sequencing

indices (Appendix Primer List) was performed under the following conditions:

98°C 30 sec
98°C 10 sec
64°C 30 sec 15x to 13x
72°C 30 sec
72°C 10 min

PCR reactions were purified with PCR purification kit (MN) according to manufacturer’s
instructions (or 0.9x AMPure XP clean up beads). After quality assessment, IS libraries
were sent for sequencing to c.ATG sequencing core facility at Tubingen University and
sequenced on a MiSeq instrument 2x150 bp.

5.4.5 Library quality assessment

Quality of the sequencing libraries was analyzed by Bioanalyzer (Agilent) and
NEBNext® Library Quant Kit for Illlumina® (NEB). To control DNA fragment size
distribution in high resolution, Agilent High Sensitivity DNA Kit (Agilent) was used
according to manufacturer’s instructions. 1 pl of library sample was loaded onto a
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prepared Bioanalyzer Chip and read on a Bioanalyzer 2100 instrument (Agilent). For
integration site and ChIP-Seq libraries, fragment size had to be around 500 bp, ATAC-
Seq libraries had to display mono-, di- and trinucleosomal size distribution.

Complete adapter ligation in the IS library preparation was assayed using NEBNext®
Library Quant Kit for lllumina® (NEB) according to manufacturer’s instructions. Library
fragments were amplified by qPCR using primers complementary to P5 and P7
lllumina sequencing adapters and library molarity was calculated using the kit's

standard.

5.4.6 RNA Sequencing

RNA was isolated from 2.5x10° untreated microglia cells (3 biological replicates) with
NucleoSpin RNA Mini kit (MacheryNagel) according to manufacturer’s instructions and
RNA concentration and quality was assessed using a NanoPhotometer® NP80
(Implen). Samples were sent for RNA sequencing at the Next Generation Sequencing
Core Facility of Heidelberg University. Library preparation and rRNA depletion was
performed at the facility. Sequencing was performed on a Next Seq instrument, Mid
output 2x150bp.

5.5 Biochemistry methods

5.5.1 SDS-PAGE and Immunoblot analysis

Cell pellets were lysed in 1x Radioimmunoprecipitation assay (RIPA) buffer (Abcam,
ab156034) supplemented with 1x protease inhibitor cocktail (Roche) for 10 min at4 °C
and homogenized by sonication in a water bath for 10 min. Protein concentration was
assayed using the Micro BCA Protein Assay Kit (Thermo Fisher Scientific) and equal
total protein amounts were loaded and run on a precast NUPAGE Bis-Tris 4-12%
(Thermo Fisher Scientific) SDS—PAGE at 120 V. Protein transfer was performed with
the Trans-Blot® Turbo™ Transfer System (BioRad) using Trans-Blot Turbo Mini 0.2
um Nitrocellulose Transfer Packs (BioRad). Proteins were transferred on a
nitrocellulose membrane for 10 min, 25V, 2.5A. After blocking the membrane for 1 h
with 5% milk in 0.1% PBS-Tween (PBS-T) on a rocker at RT, they were incubated with
primary antibody overnight at 4°C on a rocker (anti-beta actin (1:10000), a2228, Sigma
Aldrich; LEDGF/p75 Antibody (1:2000), A300-848A, Bethyl labs; Anti-CPSF6 antibody
(1:2000), ab99347, Abcam; CTCF (D31H2) XP® Rabbit mAb (1:1000) #3418, Cell
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Signaling). The primary antibodies were diluted in 5 ml of 5 % milk in 0.1% PBS-T. The
following day, the membranes were washed 3 times for 5 min with PBS-T and
incubated with horseradish peroxidase linked secondary antibody (mouse or rabbit) in
a 1:5000 dilution in 5% milk in 0.1% PBS-T on a rocker at RT. After washing 3 times
for 5 min with PBS-T, proteins were visualized with SuperSignal™ West Pico PLUS
Chemiluminescent Substrate (Thermo Fisher Scientific).

5.5.2 Co Immunoprecipitation with GFP-Trap® Agarose beads

10x108 million HEK293T cells were transfected with 5 ug CTCF-GFP-Flag plasmid
(Addgene) or 5 ug pWPI-eGFP control plasmid (Addgene, kindly provided by Prof. Dr.
Oliver T. Fackler) with jetPRIME® (Polyplus transfection®). Corresponding plasmid
DNA was mixed with 200 yl jetPRIME® buffer. Then 2x of plasmid amount jetPRIME®
reagent was added to the DNA mix, incubated for 10 min at RT and added dropwise to
the cells.

24 h post transfection, cells were trypsinized, washed once with PBS and lysed in 200
ul RIPA buffer supplemented with 1x protease inhibitor cocktail (Roche) and 15 U/ml
DNAse for 1 h on ice. Lysate was sonicated in water bath for 25 min (30' on 30' off in
ice cold water bath) and cleared at 17°000x g for 10 minutes at 4°C. Volume was
adjusted with dilution buffer (10 mM TRIS/CI pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1
mM PMSF, 1x protease inhibitor cocktail) to 500 pl. To prepare the GFP-Trap® beads,
25 ul of the beads were equilibrated in dilution buffer by centrifugation at 2500x g for 5
minutes at 4°C, followed by two washes with dilution buffer. The cell lysate was then
added to the equilibrated GFP-Trap® beads, and the mixture was incubated on a
rotating wheel for 1 hour at 4°C. After incubation, the beads were washed three times
with a low salt wash buffer (10 mM TRIS/CI pH 7.5, 150 mM NacCl, 0.5 mM EDTA,
0.05% NP-40, and 1x protease inhibitor cocktail), followed by one wash with a high salt
wash buffer (250 mM NaCl). The immunoprecipitated proteins were eluted from the
beads using 80 ul of 2x loading buffer (50 mM Tris HCI pH 6.8, 15% Sucrose, 2 mM
EDTA, 3% SDS, 0.01% Bromphenol blue). Elution was achieved by boiling for 30
minutes at 65°C, followed by a 5-minute boil at 95°C. Finally, the eluted proteins were
loaded onto an SDS page for further analysis.
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5.5.3 Endogenous CTCF, HA-LEDGF/p75 and Flag-IN immunoprecipitation
20-40x108 million C20 microglia like cells, or Jurkat cells were lysed in 600 ul hypotonic
lysis buffer (HEPES-KOH pH 7.9 10 mM, MgCl> 1.5 mM, KCI 10 mM, DTT 0.5 mM,
PMSF 0.2 mM, 1x protease inhibitor cocktail) for 30 min on ice. For LEDGF/p75
immunoprecipitation, 10x10® million HEK293T cells were transfected with 5 ug
pcDNAS.1(+)-HA-LEDGF/p75 plasmid (synthesized at GenScript Biotech) using
jetPRIME® (Polyplus transfection®). For Flag-IN immunoprecipitation, 10x108 million
HEK293T cells were transfected with 5 pyg IN-Flag plasmid (REF) with jetPRIME®
(Polyplus transfection®). For Flag-IN immunoprecipitation in LEDGF/p75 KD
conditions, 10x10° million HEK293T cells were transfected with 5 ug IN-Flag plasmid
(REF) and either 10 nM ON-TARGETplus Non-targeting Control siRNA (Horizon
Discovery) or 10 nM ON-TARGETplus Human PSIP1 siRNA SMARTPool Horizon
Discovery). 48 h post transfection, cells were lysed for immunoprecipitation.

Lysates were dounced 15x and cytoplasm was extracted by centrifuging 5 min at
1.100xg at 4°C. Nuclei were lysed in 200 pl of nuclei lysis buffer (HEPES-KOH pH 7.9
20 mM, MgCl2 1.5 mM, NaCl 200 mM, DTT 0.5 mM, PMSF 0.2 mM, EDTA 0.2 mM,
NP-40 0.5%, Glycerol 25%, 1x protease inhibitor cocktail) for 1 h on ice. Lysate was
sonicated using Covaris M220 sonicator, 200 burst, 10%, 75 peak power for 5 min.
DNA was digested with 150 units/ml of DNase and 2.5 mM MgCl2 for 30 min on ice
before lysate was cleared at 17°000xg, 10 min, at 4°C. Three parts dilution buffer
(HEPES-KOH pH 7.9 20 mM, NP-40 0.5%, NaCl 150 mM, 1x protease inhibitor
cocktail) were added to the lysate and pre-cleared with Dynabeads™ Protein A+G (10
ul each per reaction, Invitrogen™) for 1 h at 4°C. Antibodies (CTCF (D31H2) XP®
Rabbit mAb (Cell Signaling, #3418), Rabbit control IgG (ab46540, Abcam), anti HA-
tag antibody (C29F4) (Cell Signaling, 3724), Monoclonal anti-Flag M2 antibody
produced in mouse (Sigma, F3165-1MG)), were pre-coupled to Dynabeads™ Protein
A+G (25 yl each per reaction) in TBS-T buffer (TRIS-HCI pH 7.5 50 mM, Tween 0.1%,
NaCl 150 mM, 1x protease inhibitor cocktail) for 1 h at 4°C rotating on a wheel.
Coupled antibodies were washed one time carefully with TBS-T buffer before
combining them with the pre-cleared lysate. They were incubated over night at 4°C
rotating on a wheel.

The next day, beads were washed 3 times with low salt low salt wash buffer (HEPES-
KOH pH 7.9 20 mM, MgCl2 1.5 mM, NP-40 0.1%, NaCl 150 mM, 1x protease inhibitor
cocktail) followed by 2 times high salt wash buffer (250 mM NaCl).
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Immunoprecipitated proteins were eluted with 50 ul of 2x loading buffer (50 mM Tris
HCI pH 6.8, 15% Sucrose, 2 mM EDTA, 3% SDS, 0.01% Bromphenol blue) by boiling
30 min at 65°C, 5 min at 95 °C and loaded onto an SDS page for analysis.

5.5.4 Biochemical fractionation

Protocol was modified from (Aprile-Garcia et al., 2019; Shytaj et al., 2020). 2 million
C20 cells were infected with 1 ug p24 of HIVgko virus per 1 million cells in 10 cm dishes.
3 dpi, cells were washed with PBS, trypsinized and harvested in low binding Eppendorf
tubes. Pellet was washed twice with ice-cold PBS and resuspended in 750 ul buffer A
(0.1% NP40, 1 mM DTT, protease inhibitor tablet) and incubated on ice for 10 min. After
swelling, an aliquot was taken for whole cell lysate before centrifugation 30 sec at 4°C
15’000 rpm. Cytoplasmatic fraction was saved, and nuclei were washed in the same
buffer without the detergent. Nuclear pellet was resuspended in 250 pl of 0.5 M buffer
B (20 mM HEPES, pH 7.9, 0.5 M KCI, 1.5 mM MgCl,, 0.1 mM EDTA, 0.5% NP-40,
10% glycerol, protease inhibitor tablet) and incubated on a wheel for 30 min at 4°C.
The suspension was centrifuged at 20,0009 for 30 min and an aliquot of the soluble
chromatin fraction was saved. Chromatin pellet was resuspended in 250 pl of 2 M
buffer B (20 mM HEPES, pH 7.9, 2 M KCI, 1.5 mM MgCl2,0.1 mM EDTA, 0.5% NP-40,
10% glycerol, protease inhibitor tablet), passed through a 200-ul cut tip ten times and
incubated on wheel for 30 min at 4°C. Chromatin fractions were then sonicated for 10-
15 cycles (30 s on, 30 s off, high power) in a water bath. High salt and insoluble
fractions were centrifuged at 20'000xg for 30 min at 4°C. Supernatant was saved as
high salt fraction and pellet was resuspended in 125 pl 1x Pierce™ Lane Marker
Reducing Sample buffer (ThermoFisher).

All fractions were loaded onto SDS page and probed for CTCF (D31H2) XP® Rabbit
mAb (1:1000) #3418, Cell Signaling, pAb to Histone H2B (1:10°000), ab1790, Abcam
and alpha-Tubulin, T6074, Sigma.

5.6 Statistical analysis

The statistical analysis of the datasets was performed with GraphPad Prism software.
For datasets with a normal distribution, the Student’s t-test was employed to determine
statistical significance. Significance levels were denoted as follows: "ns" for not
significant, "*" for p-value < 0.05, "**" for p-value < 0.01, "***" for p-value < 0.001 and
"t for p-value < 0.0001.
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5.7 Bioinformatic analysis

All Bioinformatic analysis of this study was performed by Ana Luisa Costa and Carl

Herrmann form the Health Data science unit, University clinics Heidelberg and are

described in Rheinberger et al., 2023.

Data sets used in this study

Data set Source Identifier

RNA-Seq (C20) (Rheinberger et GSE205915
al., 2023)

scRNA-Seq (iPSC-derived microglia) (Rheinberger et GSE205915
al., 2023)

RNA-Seq (CD4+ T cells) (Lucic et al., 2019) GSE122735

ChIP-Seq (C20) for: (Rheinberger et GSE205915

- H3K36me3 al., 2023)

- H3K27ac

- H3K4me1

- H3K9me2

- H3K9me3

- H3K27me3

ChIP-Seq (C20) for CTCF upon CTCF knock-  (Rheinberger et GSE205915

down and CTCF NT al., 2023)

ChIP-Seq (C20) for H3K36me3 upon CTCF (Rheinberger et GSE205915

knock-down and CTCF NT al., 2023)

ChIP-Seq (CD4* T cells) for: The ENCODE Reference

- H3K36me3 Project epigenome

- H3K27ac Consortium ENCSR479XLD

- H3K4me1

- H3K9me2

- H3K9me3

- H3K27me3
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ChIP-Seq (CD4* T cells) for: (Lucic et al., 2019) GSE122826
- H3K36me3
- H3K27ac
ChIP-Seq (CD4* T cells) for CTCF (Javierre et al., GSE131055
2016)
ATAC-Seq (C20) for: (Rheinberger et GSE205915
- Actively infected cells al., 2023)

- Latently infected cells
- Uninfected cells

Integration site sequencing (C20) (Rheinberger et GSE205915
al., 2023)

Integration site sequencing iPSC-derived (Rheinberger et GSE205915

microglia al., 2023)

Integration site sequencing CTCF KD and NT  (Rheinberger et GSE205915

(C20) al., 2023)

Integration sites (CD4" T cells) (Lucic et al., 2019) GSE134382

Integration sites (MDM) (Kok et al., 2016)

Integration sites (Jurkat) (Li et al., 2020a) PRJINAG47337

TADs (NeuN") (Hu et al., 2021) PsychENCODE
Knowledge

Portal, accession

number
syn4921369
TADs (CD4* T cells) (Qi et al., 2021, https://osf.io/u8tz
Schmitt et al., p

2016)
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6 Appendices

6.1 List of Abbreviations

Abbreviation

Description

7SK snRNP

3D
AIDS
AP-1
ART

ATAC-Seq

BACH2
BBB
BET

bp

CA
CCD
CD4
CDK9
cDNA
ChIP-Seq
CNS
CPSF6
CSF
CTCF
CTD
CYPA
DMEM
dNTP
EBV
EC
EDTA
EHMT2

env

7SK small nuclear ribonucleoprotein
Three-dimensional

Acquired Immune Deficiency Syndrome

Activator protein 1

antiretroviral therapy

Assay for Transposase-Accessible Chromatin using
sequencing

BTB Domain And CNC Homolog 2

Blood brain barrier

bromodomain and extra-terminal domain

base pair

capsid protein

catalytic core domain

cluster of differentiation 4

cyclin dependent kinase 9

complementary DNA

chromatin immunoprecipitation followed by sequencing
Central nervous system

cleavage and polyadenylation specificity factor subunit 6
cerebrospinal fluid

CCCTC-binding factor

carboxyl-terminal domain

cyclosporine A

Dulbecco’s Modified Eagle Medium
deoxyribonucleotide triphosphate

Epstein-Barr virus

Elite controller

ethylenediaminetetraacetate

euchromatic histone lysine methyltransferase 2

envelope
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EZH
FBS
FIRE
gag
GALT

h
HAND
HBV
HDAC
HDGF
HEXIM-1
HIV-1
HMG
HMT
HRP
HSV
HTLV-1
ICR

UM

LADs

LAM
LEDGF/p75
LM

LTR

enhancer of zeste homolog

fetal bovine serum

Frequently interacting regions

Group specific antigen

Gut associated lymphoid tissue

hours

HIV-associated neurological disorders
Hepatitis B virus

histone deacetylase
hepatoma-derived growth factor

hexamethylene bis-acetamide-inducible protein 1

Human Immunodeficiency Virus 1
High mobility genes

histone methyltransferase
HDGF-related protein

herpes simplex virus

human T-lymphotropic virus 1
imprinting control region
integrase

interleukin 13
immunoprecipitation

induced pluripotent stem cell
integration site

kilo base

kilodalton

Knock down

Knock out

microliter

micromolar

lamin associated domains
linear amplification mediated
lens epithelium-derived growth factor
linker mediated

long terminal repeats
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LRA latency reversing agents

MA matrix

mESC Mouse embryonic stem cells

mi milliliter

min minute

MKL2 Myocardin-like protein2

MLV murine leukemia virus

NELF negative elongation factor

NF_kB nuclear factor 'kappa-light-chain-enhancer' of activated B-
cells

NFATc Nuclear factor of activated T-cells, cytoplasmic

ng nanogram

NHEJ Non-homologous end joining

NIPBL Nipped-B-like protein

nm nanometer

nt nucleotide

NTD amino-terminal domain

NPC nuclear pore complex

NUP nucleoporin

P2Y12 P2Y purinoceptor 12

PBS phosphate buffered saline

PIC Pre-integration complex

PLWH People living with HIV

pol polymerase

PRC Polycomb Repressive Complex

PSIP1 PC4 and SFRS1 interacting protein 1

PTEFDb positive transcription elongation factor b

PWWP proline-tryptophan-tryptophan-proline

RANBP2 RAN binding protein 2

Rev Regulator of virion

RIGs recurrent integration genes

RNA ribonucleic acid

POL-II RNA polymerase Il

RT reverse transcriptase
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RT room temperature
rpm rounds per minute
sec second
SE Super-enhancer
SETD SET-domain containing proteins
SMC Structural Maintenance of Chromosomes
SPAD Speckle-associated domain
SSC saline sodium citrate
STATSB Signal transducer and activator of transcription 5B
TAD Topologically associated domain
TAR trans-activation response element
tat Trans-activator of transcription
TF transcription factor
TLR-3 Toll-like receptor 3
TNFa tumor necrosis factor a
TNPO3 transportin 3
TRIS tris(hydroxymethyl)aminomethane
TSS transcription start site
vDNA viral DNA
Vv voltage
Vif Viral infectivity factor
Vpr Viral protein R
Vpu Viral protein U
WAPL wings apart-like protein homolog
WT wild type
YY1 Ying Yang 1
ZF Zinc finger
6.2 Primer list
Primer Sequence
Alu1 TCCCAGCTACTGGGGAGGCTGAGG
LM667 ATGCCACGTAAGCGAAACTCTGGCTAACTAGGGAACCCA
CTG
Alu2 AT ATGCCACGTAAGCGAAACT
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LR

Tag man

B13 forward

B13 reverse

Tag man

HIV-1 gag forward
HIV-1 gag reverse
Taq man

RPP30 forward
RPP30 reverse
RPP30 FAM-BHQ
probe

ddPCR HIV-1 Gag
reverse

ddPCR HIV-1 Gag
forward

HIV-1 gag Probe
FAM-BHQ

CTCF ChIP primer
forward

CTCF ChIP primer
reverse

ATAC i5_N501

ATAC i5_N502

ATAC i5_N503

ATAC i5_N504

ATAC i5_N505

ATAC i5_N506

TCCACACTGACTAAAAGGGTCTGA
6-FAM- TGTGACTCTGGTAACTAG
CCCCAGGGAGTAGGTTGTGA
TGTTATTTGAGAAAAGCCCAA
6-FAM- CAGCAGGAAAGGAC
ACATCAAGCAGCCATGCAAAA
TGGATGCAATCTATCCCATTCTG
6-FAM-AAGAGACCATCAATGAGGAA
GATTTGGACCTGCGAGCG
GCGGCTGTCTCCACAAGT
CTGACCTGAAGGCTCT

TGCTTGATGTCCCCCCACT

CATGTTTTCAGCATTATCAGAAGGA

CCACCCCACAAGATTTAAACACCATGCTAA

CCCATCTTGCTGACCTCAC

AGACCTGGGACGTTTCTGTG

AATGATACGGCGACCACCGAGATCTACACTAGATCGCTC
GTCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACCTCTCTATTCG
TCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACTATCCTCTTCG
TCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACAGAGTAGATC
GTCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACGTAAGGAGTC
GTCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACACTGCATATCG
TCGGCAGCGTCAGATGTG
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ATAC i5_N507

ATAC i5_N508

ATAC i5_N510

ATAC i5_N511

ATAC i5_N513

ATAC i5_N515

ATACi7_N701

ATACi7_N702

ATAC i7_N703

ATACi7_N704

ATAC i7_N705

ATAC i7_N706

ATAC i7_N707

ATAC i7_N708

ATAC i7_N709

ATAC i7_N710

ATAC i7_N711

AATGATACGGCGACCACCGAGATCTACACAAGGAGTATC
GTCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACCTAAGCCTTC
GTCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACCGTCTAATTCG
TCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACTCTCTCCGTC
GTCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACTCGACTAGTC
GTCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACTTCTAGCTTCG
TCGGCAGCGTCAGATGTG

TCGCCTTAGTCTCGT
GGGCTCGGAGATGT

CTAGTACGGTCTCGT
GGGCTCGGAGATGT

TTCTGCCTGTCTCGT
GGGCTCGGAGATGT

GCTCAGGAGTCTCGT
GGGCTCGGAGATGT

AGGAGTCCGTCTCGT
GGGCTCGGAGATGT

CATGCCTAGTCTCGT
GGGCTCGGAGATGT

GTAGAGAGGTCTCGT
GGGCTCGGAGATGT

CCTCTCTGGTCTCGT
GGGCTCGGAGATGT

AGCGTAGCGTCTCGT
GGGCTCGGAGATGT

CAGCCTCGGTCTCGT
GGGCTCGGAGATGT

TGCCTCTTGTCTCGT

GGGCTCGGAGATGT
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ATAC i7_N712

short linker
long linker
1st LM PCR
linker specific

primer

First round LTR 3

Sec round LTR3 i1

Secround LTR3 i2

Sec round LTR3 i3

Sec round LTR3 i4

Sec round LTR3 i5

Sec round LTR3 i6

Sec round LTR3 i7

Sec round LTR3 i8

TCCTCTACGTCTCG
TGGGCTCGGAGATGT
GTCCCTTAAGCGGAG[SpcC3] NH2
GTAATACGACTCACTATAGGGCCTCCGCTTAAGGGACT

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTAATACGACTCACTATAGGGC
TGTGACTCTGGTAACTAGAGATCCCTC

TCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCT
CGTGATGAGATCCCTCAGACCCTTTTAGTCAG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTACATCGGAGATCCCTCAGACC
CTTTTAGTCAG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGCCTAAGAGATCCCTCAGACC
CTTTTAGTCAG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTTGGTCAGAGATCCCTCAGACC
CTTTTAGTCAG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTCACTGTGAGATCCCTCAGACC
CTTTTAGTCAG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTATTGGCGAGATCCCTCAGACC
CTTTTAGTCAG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGATCTGGAGATCCCTCAGACC
CTTTTAGTCAG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTTCAAGTGAGATCCCTCAGACC
CTTTTAGTCAG
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Sec round LTR3 i9

Sec round LTR3

i10

Sec round LTR3
i11

Sec round LTR3
i12

2| M PCR

Linker i701

Linker i702

Linker i703

Linker i704

Linker i705

Linker i706

sec 3LTR 501

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTCTGATCGAGATCCCTCAGACC
CTTTTAGTCAG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTAAGCTAGAGATCCCTCAGACC
CTTTTAGTCAG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGTAGCCGAGATCCCTCAGACC
CTTTTAGTCAG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTTACAAGGAGATCCCTCAGACC
CTTTTAGTCAG

CGAGTAAT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTAATACGACTCACTATAGGGC

TCTCCGGA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTAATACGACTCACTATAGGGC

AATGAGCG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTAATACGACTCACTATAGGGC

GGAATCTC
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTAATACGACTCACTATAGGGC

TTCTGAAT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTAATACGACTCACTATAGGGC

ACGAATTC
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTAATACGACTCACTATAGGGC
AATGATACGGCGACCACCGAGATCTACAC TATAGCCT
ACACTCTTTCCCTACACGACGCTCTTCCGATCT
GAGATCCCTCAGACCCTTTTAGTCAG
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sec 3LTR 502 AATGATACGGCGACCACCGAGATCTACAC ATAGAGGC
ACACTCTTTCCCTACACGACGCTCTTCCGATCT
GAGATCCCTCAGACCCTTTTAGTCAG

sec 3LTR 503 AATGATACGGCGACCACCGAGATCTACAC CCTATCCT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGATCC
CTCAGACCCTTTTAGTCAG

sec 3LTR 504 AATGATACGGCGACCACCGAGATCTACAC GGCTCTGA

ACACTCTTTCCCTACACGACGCTCTTCCGATCT
GAGATCCCTCAGACCCTTTTAGTCAG

sec 3LTR 505 AATGATACGGCGACCACCGAGATCTACAC AGGCGAAG
ACACTCTTTCCCTACACGACGCTCTTCCGATCT
GAGATCCCTCAGACCCTTTTAGTCAG

sec 3LTR 506 AATGATACGGCGACCACCGAGATCTACAC TAATCTTA
ACACTCTTTCCCTACACGACGCTCTTCCGATCT
GAGATCCCTCAGACCCTTTTAGTCAG

First linker specific
primer GTAATACGACTCACTATAGGGC

149



Appendices

6.3 Publications

Rheinberger M*, Costa AL*, Kampmann M, Glavas D, Shytaj IL, Sreeram S, Penzo
C, Tibroni N, Garcia-Mesa Y, Leskov K, Fackler OT, Vlahovicek K, Karn J, Lucic B,
Herrmann C, Lusic M. Genomic profiling of HIV-1 integration in microglia cells links
viral integration to the topologically associated domains. Cell Rep. 2023 Feb
13;42(2):112110. doi: 10.1016/j.celrep.2023.112110.

* denotes shared first authors
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