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Abstract

Human immunodeficiency virus 1 (HIV-1) relies heavily on the host cell for its replication,
where it reprograms the cellular environment for production of viral progeny as well as to
escape antiviral immune defenses. In the last years, alteration of host signaling pathways
by HIV-1 have been described to be heavily dependent on post-translational modifications
(PTMs). Therefore, the global analysis of HIV-1-host interactions including PTM enzymes,
respective interactors and substrates as well as their PTM status is crucial to improve the
understanding of HIV-1 pathogenesis. Additionally and apart from the identification and PTM
status of HIV host targets, studies disclosing and quantifying those HIV-1 host interactions
with temporal resolution are still lacking.
Within this study, the first hand-curated database summarizing current knowledge of
phosphorylation-, acetylation- and ubiquitination-regulated processes during HIV-1 infection
was created to serve as solid base for further research. Moreover, an optimized set-up
for in vitro infection-studies with a full-length and replication competent HIV-1 strain was
established, which enabled (i) the monitoring of HIV-1 infection progress over time as well
as (ii) the quantitative and time-resolved global proteomic and PTMomic analysis of HIV-1
infection in CD4+ T-cells. Thereby, a comprehensive data resource of host protein dynamics,
including changes of the two different PTM types, phosphorylation and acetylation, in
response to HIV-1 infection was generated. For high-throughput exploratory analysis and
visualization of affected signaling pathways, an bioinformatic workflow was designed for
automated processing of (prote)omics data and graphical visualization.
In addition, functional analysis of two acetylation sites of the viral Tat protein, K28 and
K50/51, revealed their important role in regulating Tat’s transactivation ability by controlling
binding to the viral LTR promoter as well as to host interactors. Moreover, further knowledge
about the function of the second exon of Tat was determined, suggesting an active role in
the regulation of transcription factor interaction.
Based on the putative role of lysine acetylation, not only for HIV-1 replication but also for
latency, a screening for novel latency reversing agents (LRAs) was conducted and resulted in
the identification of two novel compounds of the HDAC inhibitor type, HBOB and SR-4370,
with favorable limited cytotoxic and T-cell activating side effects. Additionally, two other
HDAC inhibitors with latency reversing properties, sodium-butyrate and bufexamac, could be
identified, which impaired de novo HIV-1 infection.
In conclusion, this study provides novel insights into the molecular mechanisms during HIV-1
infection in the host and resembles a valuable resource for the identification of vulnerable
nodes during acute HIV-1 infection. It is strongly believed, that the data determined within
this project will help to initiate several new scientific projects and will provide substantial
information for researchers, clinicians and the pharmaceutical industry.
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1. Introduction

1.1. The human immunodeficiency virus HIV-1

1.1.1. HIV-1 infection as a global health threat

At the beginning of the 1980s, unusually high rates of rare types of lung infection and
cancer in young homosexual men and Injection Drug Users were reported in the US and
soon after, increasing cases of severe immunodeficiency were registered worldwide [1]. The
disease was termed Acquired Immunodeficiency Syndrome (AIDS) and it was found to be
sexually or blood transfusion-transmitted. Two years later, Dr. Françoise Barré-Sinoussi
and her colleagues from the Pasteur Institute in France identified a retrovirus - which later
was termed human immunodeficiency virus (HIV) - as cause of AIDS [2, 3]. Infections with
HIV have become one of the most devastating pandemics in the recorded history and are
still the leading cause of death in Africa. HIV type 1 (HIV-1) is the virus causing the vast
majority of today’s pandemic, indicated by approximately 38 million people living with the
virus worldwide and 1.7 million reported new infections at the end of 2019 [4]. For HIV
infected people, no cure exist so far. Untreated HIV infection causes progressive decay in
CD4+ T-cells, resulting in severe immunological abnormalities as well as in an increased
risk of infectious and oncological complications [5]. Viral suppression can be achieved in
HIV-infected people receiving anti-retroviral therapy (ART) and further transmission can be
prevented. As a consequence of joint international effort to respond to the global health
threat by HIV infections, access to HIV testing and medication has been steadily improved
in the last decades. However, gaps in HIV services are still existing especially in low-income
regions. Moreover, despite possible adverse side effects, ART requires a patient’s lifelong
commitment and strong adherence to the treatment schedule. Treatment interruptions lead
to rapid viral rebound within few weeks, since HIV pharmacotherapy allows only control
of the HIV load to undetectable levels, but does not eradicate the so-called latent viral
reservoir, an ART-surviving source of infected immune cells, competent of being activated
to produce new infectious HIV [5, 6]. To target this difficulty, new promising treatment
strategies such as gene therapy [7], immunotherapy by utilizing broadly neutralizing antibodies
[8] or the development of the first candidate of HIV vaccine [9] have been approached.
Moreover, studies on compounds with latency reversing properties have moved the so-called
"shock-and-kill" approach forward [10]. The idea behind this treatment approach involves the
drug-induced reversal of latency and increase of viral gene expression ("shock"), rendering the
HIV-1 reservoir sensitive to elimination by the immune system or by effective ART. However,
despite the diversity of current HIV-1 eradication approaches, these strategies have not been
clinically successful so far. Therefore, further research on HIV remains essential and of high

1



1.1. THE HUMAN IMMUNODEFICIENCY VIRUS HIV-1

priority in order to improve our current understanding of HIV pathogenesis and to develop
more potent and conceptionally novel treatment strategies for the cure of HIV/AIDS.

1.1.2. Organization of the HIV-1 genome and its encoded viral proteins

In the last decade, many scientific advances in the field of HIV research have been
accomplished by protein-focused research on HIV-1. The foundation of all these advances
is based on a comprehensive understanding of the HIV-1 encoded proteins. The compact
HIV genome comprises two identical copies of single-stranded RNA [11]. As for many RNA
viruses, the genome coding capacity of HIV-1 (< 10 kB) is limited because of the instability
of RNA [12]. As a consequence, HIV-1 utilizes a complexly intertwined repertoire of host
biological processes to enable an efficient and parsimonious expression of viral proteins: By
exploiting processes like overlapping open reading frames (ORFs), frameshifting, differential
RNA splicing, alternative translation initiation and protease processing, HIV-1 is able to
produce three essential polyproteins (coded by gag, pol and env) for infectivity and six
further proteins supporting the course of viral replication [11]. After protease processing,
HIV-1 provides a set of 15 functional proteins (fig. 1.1). Structural proteins expressed by
gag comprise matrix (MA), capsid (CA or p24) nucleocapsid (NC) and p6 and are the
most abundant proteins in the virion. Proteins encoded by pol comprise the viral protease
(PR), reverse transcriptase (RT) and integrase (IN). Expression of env results in the envelope
glycoproteins 120 (gp120) and 41 (gp41). The other HIV-1 genes encode for the regulatory
proteins, transactivator of transcription (Tat) and regulator of expression of viral proteins
(Rev), as well as the accessory proteins virion infectivity factor (Vif), viral protein R (Vpr),
viral protein U (Vpu) and negative factor (Nef). Tat and Rev are critical for HIV-1 replication,
whereas Vif, Vpr, Vpu and Nef are not crucial for replication in vitro, but play a role in efficient
disease progression in vivo [13–15]. This small set of proteins is sufficient to takeover the host
cellular processes in order to fulfill HIV-1’s requirements to establish its replication within the
host cell.

2
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A

B

Figure 1.1. Gene maps and protein structures of HIV-1.
(A) Model of the HIV-1 full-length genome (reference strain HXB2). HIV-1 protein names and amino acid
lengths are indicated beneath the protein coding regions in the three open reading frames (ORFs). Names of
multimeric proteins are underlined. Within the gene map, red rings mark viral protease cleavage sites during
viral maturation. Within the env gene, a yellow ring marks the cleavage site of human proteases (e.g. furin).
The HIV-1 genome is flanked by 5’ and 3’ long terminal regions (LTRs).
(B) Surface representations of HIV-1 protein structures and schematic view of the HIV-1 particle.
Representation of the HIV-1 proteins are clustered according to their functional roles: Monomeric proteins are
shown in pink, different subunitis of multimeric proteins are distinguished with green, yellow or red. HIV-1
protein structures are scaled precisely for a direct and intuitive comparison. At the bottom right, a schematic
model of a mature viral particle is illustrated and the key shows protein annotations.
Figure is adapted from [14].
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1.2. CD4+ T-CELLS AS TARGET CELL OF HIV-1

1.2. CD4+ T-cells as target cell of HIV-1

HIV-1 infects T-cell surface glycoprotein CD4 (CD4) expressing cells, which comprise
T-lymphocytes, monocytes, macrophages and dendritic cells - cells that normally coordinate
the adaptive immune response to defend the host against pathogens. Following, the focus will
be on CD4+ T-cells (T-helper cells) as host as they have been identified as the primary target
of HIV-1 [16–18]. In general, CD4 on T-cells contributes to T-cell recognition by antigen
presenting cells (APC), resulting in T-cell activation. The activation of T-cells leads to their
proliferation and differentiation into effector T-cells, which is dependent on the production of
cytokines, in particular interleukin 2 (IL2) [19, 20]. Antigen-stimulated, proliferating CD4+

T-cells help to regulate the immune response by stimulating other components of the adaptive
immune system such as macrophages, B lymphoytes, CD8 cytotoxic T-cells and other immune
cells to fight infection by pathogens [21].
Activated CD4+ T-cells are the preferred target of HIV-1, since productive infection is
dependent on the metabolic and proliferating state of the infected cell [22, 23]. In activated
CD4+ T-cells, host factors such as the nuclear factor κB (NF-κB), nuclear factor of
activated T-cells (NFAT) and transcription factor Sp1 (SP1), that positively regulate HIV-1
transcription, are more abundant [24–27]. Since these factors are largely triggered by T-cell
activation, their availability is limited in resting CD4+ T-cells, thereby, suppressing the
transcription of HIV-1 genes. Consequently, resting CD4+ T-cells are largely non-permissive
to productive HIV-1 infection [28]. Beside the blockage of HIV-1 transcription, other antiviral
barriers exist in resting cells. These barriers include rigid layers of cortical actin or an
impaired reverse transcription, being triggered by the host factor deoxynucleoside triphosphate
triphosphohydrolase SAMHD1 (SAMHD1) [23, 29–32]. Notably, infection of "permissive
resting CD4+ T-cells" is believed to result more likely in a latent infection [29,33].
HIV-1 infection causes a disturbed cellular homeostasis, resulting in deregulation of size and
composition of the CD4+ T-cell population and, if untreated, leads to the depletion of
CD4+ T-cells, which consequently leads finally to a severely damaged immune system [34].
Therefore, investigation of HIV-1 associated changes in the T-cell environment is indispensable
for improving general understanding of HIV-1 pathogenesis. In the recent years, global
proteomic screens enabled identification of new regulatory mechanisms of HIV-1 hijacked
TCR activation and also other pathways, that are reprogrammed in the presence of HIV-1
proteins. Consequently, elucidation of respective interactions between viral and host proteins
are essential to decipher HIV-1 pathogenesis.

4



1.3. HIV-1 REPLICATION AND VIRUS-HOST-INTERACTIONS

1.3. HIV-1 replication and virus-host-interactions

HIV-1 consists of a small genome and thus relies heavily on the host cellular machinery for
production of viral progeny or for evasion of anti-viral host response. Therefore, understanding
of the interplay between viral proteins and host cellular factors during the course of infection is
fundamental for the search of novel therapeutic targets. Interactions between HIV-1 and host
proteins regulate all stages of the HIV-1 replication cycle, from (i) the adhesion of the virion
to the target host cell, (ii) the fusion of viral and host cell membranes, (iii) the uncoating to
release the conical capsid core into the cytoplasm, (iv) the start of reverse transcription of
viral RNA into double-stranded cDNA, (v) the nuclear import of the newly synthesized viral
cDNA as well as its integration into the host genome, (vi) the establishment of HIV-1 latency
or the expression of the HIV-1 provirus to synthesize new viral RNA and proteins to (vii) the
assembly of viral particles and (viii) the release of viruses (fig. 1.2) [35].
In the last decade, substantial progress has been achieved towards the understanding of
biomolecular mechanisms underlying the interaction of the HIV-1 with the host cell. According
to the HIV-1 Human Interaction Database (HHID), available through the National Library of
Medicine, a total of 3142 human genes are involved in 12,786 described virus-host-protein
interactions [36]. To note, those data are partly derived from next generation sequencing
approaches and from systems-wide mass spectrometry. For example, 497 physical interactions
between individual human proteins and HIV-1 proteins have been identified by affinity-tagged
purification mass spectrometry and thus, require further validation [37]. Studies of HIV-1-host
interactions on protein level have assisted to identify several cellular pathways that are hijacked
by the virus to modulate critical steps during its replication cycle.

5
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Figure 1.2. HIV replication cycle.
The HIV replication cycle begins with the fusion of HIV with the surface of its host cell, which requires
binding of the viral envelope with the CD4 receptor and respective co-receptors (1, 2). The shell of the
capsid disintegrates and the HIV reverse transcriptase transcribes the viral RNA into DNA (3). The viral
DNA is transported across the nucleus, where the HIV protein integrase integrates the HIV DNA into the
host’s DNA (4). The host’s normal transcription machinery transcribes HIV DNA into multiple copies of new
HIV RNA. Some of this RNA becomes the genome of a new virus, while the cell uses other copies of the RNA
to make new HIV proteins (5). The new viral RNA and HIV proteins move to the cell membrane, where a
new, immature HIV forms (6). Finally, the virus is released from the cell, and the HIV protease cleaves newly
synthesized polyproteins to create a mature infectious virus (7). Figure from [35]
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1.4. Post-translational modification-based regulation of HIV
replication

1.4.1. Post-translational modification of proteins

In addition to the identification of relevant HIV-1 host interactions, new technologies
have enabled the discovery of novel mechanisms, by which invading viruses are able to
reprogram a hostile host environment. This includes newest insights of post-translational
modifications (PTMs) of proteins contributing to viral hijacking of the host and cellular
responses to infection. PTMs provide cells with the plasticity for dynamic and reversible
control of a protein’s function, localization and interaction without involvement of
genomic, transcriptomic or translational regulation. Therefore, PTMs enhance the already
multifunctional nature of viral proteins and offer another level of functional diversity within
the limited genetic space of the viral genome. So far, over 200 different PTM types have been
reported [38, 39]. Among the most frequently analyzed PTMs are protein phosphorylation,
acetylation and ubiquitination [38] (fig. 1.3).
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Figure 1.3. Protein phosphorylation, acetylation and ubiquitination.
Proteins can be modified by different enzymes, which either introduce a functional group (“writers”) or
remove it (“erasers”). Thereby, lysine acetylation is achieved by lysine-acetyltransferases (KATs) and
the backward reaction is fulfilled by lysine deacetylases (KDACs, also known as histone deacetylases
(HDACs)) or sirtuins. Lysines can be also modified by ubiquitin in presence of E1 ubiquitin-activating-,
E2 ubiquitin-conjugating-enzymes, and E3 ubiquitin ligases. Reversal of ubiquitin linkages is achieved
by deubiquinating enzymes (DUBs). Another frequent modification occurs at serine-/threonine- and/or
tyrosine-residues, where phosphate groups are transferred to by kinases. Removal of phosphorylation is
carried out by phosphatases. All three modifications can influence each other and might occur at the same
protein. Figure from [40].
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Phosphorylation

Protein phosphorylation was one of the first described PTMs by E. H. Fischer and E. G.
Krebs [41]. In 1992, these two researchers were awarded with the Nobel Prize on Physiology
or Medicine for their discovery concerning protein phosphorylation as a biological regulatory
mechanism. To date, protein phosphorylation is one of the most intensively studied and best
understood PTM on proteins. Reversible phosphorylation defines the enzymatic transfer of a
negatively charged phosphate group to serine, threonine and tyrosine residues. The presence
of the charged, hydrophilic group results in changes of protein conformation regulating protein
activity, stability, localization and interaction with other factors. In particular, series of
phosphorylation events are commonly used for amplification of cell signaling in order to
regulate cellular growth control, differentiation and other biological processes. Enzymes
responsible for phosphorylation are protein kinases whereas phosphatases conduct the reverse
dephosphorylation processes. Protein kinases and phosphatases are estimated to constitute
1.5 to 2% of the entire protein-coding genes of eukaryotes [42]. Typically, phosphorylated
proteins constitute only a small fraction of the proteome. As a consequence, analysis of
phosphoproteins usually requires efficient enrichment strategies such as immobilized metal ion
affinity chromatography (IMAC) and metal oxide affinity chromatography (MOAC) [43,44].

Acetylation

Protein acetylation is considered as "rival" of phosphorylation in terms of regulatory
modifications [45]. Protein acetylation occurs on the ε-amino group on lysines and is a
reversible PTM, which neutralizes the positive charge of lysines, thereby, changing protein
function in diverse ways [46]. Recent studies revealed that 5-10% of mammalian and bacterial
proteins undergo lysine acetylation [47]. Originally, this PTM was identified as nuclear event
on histone proteins only and was long known for its role in epigenetic and DNA-dependent
processes [46, 48]. With growing numbers of large-scale acetylation studies, it has become
evident, that lysine acetylation is ubiquitous and also occurs on cytoplasmic and mitochrondial
proteins. As a consequence, the role of reversible protein acetylation emphasizes its function
in regulation of gene expression, but also in other processes such as cell-cycle control, DNA
damage response, cytoskeletal organization, metabolism and immune signaling [48–50]. On
the analogy of protein kinases and phosphatases, lysine acetylation is mediated by the opposing
activities of lysine acetyltransferases (KATs) and deacetylases (KDACs)/sirtuins. Apart from
KATs and KDACs/sirtuin, proteins with so-called bromodomains specifically recognize and
bind acetylated lysines, thereby, regulating chromatin organization, transcription and cell
homeostasis [51, 52]. Notably, some KATs are also bromodomain-containing proteins [51].
In human cells, 22 different KATs and 18 KDACs/sirtuins have been identified so far [53].
In contrast to protein phosphorylation, technological limitations have complicated a global
analysis of lysine acetylation so far. Nevertheless, the introduction of antibodies specific for
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acetylated lysine residues to enrich modified protein/peptides has significantly improved the
detection of endogenous acetylation sites by mass spectrometry [48].

Ubiquitination

In contrast to protein phosphorylation and acetylation, which represent small chemical
modifcations of amino acids, ubiquitination is a protein-based modification [54]. Ubiquitin
is attached to lysine residues by a three-step enzymatic cascade [55] involving E1 ubiquitin
activating [56], E2 ubiquitin conjugating [57] and E3 ubiquitin ligating enzymes [58–60].
Ubiquitinated proteins are recognized by proteins with ubiquitin-binding domains [61] and
the modification is removed by so-called deubiquitinases (DUBs) [62, 63]. Whole proteome
studies found several thousands of proteins in almost every signaling pathway to be modified
by ubiquitination [64, 65]. The concerted action of ubiquitinating, deubiquitinating and
ubiquitin-binding proteins determines a modified proteins’s fate [66]. Ubiquitin chains can
target proteins to the 26S proteasome and, thereby, regulate proteosomal degradation [67].
Ubiquitination at the cell membrane can also induce endocytosis and lysosomal degradation
[68, 69]. Apart from the proteolytic functions, ubiquitination can also influence a protein’s
localization, activity and protein interactions in distinct signaling pathways [66]. Similar to
acetylation, antibodies, that recognize diglycine-containing peptides following trypsin digest,
are utilized for ubiquitinome studies [70].

1.4.2. Post-translational modifications during the HIV-1 replication cycle

Pathogens utilize different mechanisms to hijack the host cellular machineries to promote
infection. In the recent years, PTMs have been increasingly recognized as key strategies
used by pathogenes to manipulate and regulate host proteins [71–73]. The importance of
PTMs during HIV-1 infection has been emphasized by several studies, that used inhibitors
of PTM enzymes to reduce viral load or to reactivate latent HIV-1 successfully. This was
exemplified by the use of SRC-family kinase inhibitors, which resulted in inhibited HIV-1
infection [74] and the use of lysine-deacetylase inhibitors in order to reactivate latent HIV-1
in different cell systems [75]. In the following sections, several phosphorylation-, acetylation-
and ubiquitination-regulated virus-host interactions will be highlighted for different stages of
the HIV-1 replication cycle starting from the viral entry to the release of newly produced
and maturated viral particles to illustrate the diversity of PTM-controlled mechanism during
HIV-1 infection.
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1.4.3. Virus fusion and entry

The HIV-1 replication cycle starts with the fusion of the virus with the surface of the host
cell. Binding of the viral envelope consisting of gp41/gp120 trimers with the CD4 receptor
and co-receptors CCR5 for R5-tropic or CXCR4 for X4-tropic HIV induces membrane
fusion [76, 77]. In the course of this process, several intracellular signaling processes are
triggered by the virus to gain access to cellular components in order to overcome intracellular
barriers [78]. Many of these early HIV-1-hijacked aberrant phospho-signaling cascades lead
to highly dynamic rearrangement of the cytoskeleton e.g. as a result of activated G-protein
coupled receptor signaling involving several kinase activations such as phosphatidylinositol
4,5-bisphosphate 3-kinase (PI3K), dual specificity mitogen-activated protein kinase kinase 1
(MAP2K1) or protein-tyrosine kinase 2 (PYK2) [79,80] (fig. 1.4).

Figure 1.4. Interaction networks of HIV-1 and host protein during virus entry
Binding of the viral envelope gp160 complex, consisting of gp120 and gp41, to CD4 as well as the co-receptors
CXCR4 or CCR5 induces activation of several protein kinases. Thereby, the cytoskeleton becomes rearranged,
which promotes entry and subsequent nuclear import of HIV-1. The interaction network displays an overview
of relevant interactions. Black pointy arrows indicate activating effects and red “inhibitory”-arrows indicate
inhibitory effects. Kinases are shown in dark blue, phosphatases in light blue and KDACs in light red Other
host proteins are colored white. Figure modified from [40].
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In addition to processes related to cytoskeleton modulation, phosphorylation regulated
signaling triggered upon virus binding via phosphorylation of tyrosine-protein kinase Lck
(LCK) induces also activation of specific transcription factors e.g. transcription factor p65
(RELA; also known as NF-κB) [81] or NFAT [79]. Activation of NF-κB or NFAT results in the
production of cytokines e.g. IL2 promoting T-cell activation and, thereby, the cell becomes
conditionized towards viral replication [82]. In addition to the several phosphorylation
events modulating the organization of the cytoskeleton or T-cell activation, regulation by
lysine (de-)acetylation was also reported for histone deacetylase 6 (HDAC6). HDAC6 has
been found to de-acetylate α-tubulin. Thereby, HDAC6 counteracts the formation of the
acetylated form of α-tubulin, which is required for microtubule stabilization and supports
HIV-1 envelope-dependent cell fusion and infection.

1.4.4. Uncoating and reverse transcription

After fusion of virus and host cell, the viral conical capsid core is released into the cytoplasm
and a process called uncoating is initiated. Thereby, the viral RNA as part of the reverse
transcription complex (RTC) is released and the RT becomes active starting the reverse
transcription of the viral RNA into double-stranded cDNA. In brief, there are three models
suggesting the potential mechanism of uncoating (reviewed by [83]): (i) "immediate
uncoating", describing rapid disassembly of the viral core capsid after fusion [84, 85], (ii)
gradual uncoating, supporting the model of partial core disassembly in the cytoplasm,
while RTC associated viral CA mediates critical interactions with host vectors and nuclear
import [86, 87], (iii) nuclear core complex (NPC) uncoating, by which the core stays intact
and prevents detection of the viral double stranded cDNA by host cytosolic DNA sensors
until its arrival at the nuclear core, complex while dynamic capsid pores enables import
of nucleotides to fuel reverse transcription [88–90]. Independently from the respective
models, experimental evidences have been reported that the capsid core structure as well
as CA mediate important functions for reverse transcription and nuclear import during the
uncoating processes. Several of these functions have been described to be regulated by
PTMs (fig. 1.5). For example, three phosphorylation sites within CA (S109, S149, S178)
were described to have a major impact on reverse transcription [91]. One of the three
sites (S149) was identified as target of maternal embryonic zipper kinase (MELK) and
its phosphorylation seems to be crucial for optimal uncoating and reverse transcription of
viral RNA into cDNA [92]. Another phosphorylation site within CA (S16) is targeted by
mitogen-activated protein kinase 1 (MAPK1; also known as ERK2) which is required for
peptidyl-prolyl cis-trans isomerase NIMA-interacting-1 (PIN1)-dependent disassembly of the
HIV-1 core. [93, 94]. Interestingly, MAPK1 was reported to be incorporated into HI virions.
As virion associated protein kinase, MAPK1 activity might be already enhanced during virus
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binding and fusion, leaving the spatiotemporal interaction between MAPK1 and CA under
debate [91].
Simultaneously to the uncoating process, reverse transcription is initiated. Thereby, PTMs
seem to be pivotal for the optimal viral cDNA synthesis. For example, the interaction
between the HIV envelope with the CD4 receptor and co-receptors CCR5/CXCR4 activates
the Gαi-dependent MAPK pathway (involving MAPK1 and MAPK3) via phosphorylation,
which enables reverse transcription already during the virus binding process [95]. After
fusion, PTM based modulation of reverse transcription has been also reported e.g. for the
interaction with cyclin-dependent kinases (CDK) such as CDK2. CDK2 was identified as
direct interactor of HIV-1’s RT and phosphorylates the RT on T216, resulting in enhanced
RT efficacy and stability. Furthermore, cyclin-dependent kinase inhibitor 1A (CDKN1A, also
known as P21), which functions as a cell-intrinsic CDK2 inhibitor was able to block HIV-1
reverse transcription by inhibition of CDK2-mediated phosphorylation of the viral RT [96].
Interestingly, higher levels of P21 expression have been reported in CD4+ T-cells from "HIV
elite controllers", supporting the data of reduced RT activity by inhibition of CDK2 [96–98].

Figure 1.5. Interaction networks of HIV-1 and host protein during uncoating and reverse transcription.
The figure shows an overview of protein-protein interactions, that have been described during uncoating and
reverse transcription. Please note, that Vpx is only expressed in HIV-2 and SIV but not in HIV-1. CRL4
complex consists of cullin 4A (CUL4A), DNA damage binding protein 1 (DDB1), RING H2 finger protein
(RBX1) and the DDB1 and CUL4-associated Factor 1 (DCAF1). Black arrows indicate activating effects and
red “inhibitory”-arrows indicate inhibitory effects. Kinases are shown in dark blue, KDACs in light red and E3
ligases in orange. Other host proteins are colored white, whereas viral proteins are indicated in gray. Figure
modified from [40].
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Parallel to the enhancing effects of the RT by specific kinases, phosphorylation and
dephosphorylation also affect host antiviral factors. For example, interleukin 7 (IL7)
induces phosphorylation of deoxynucleoside triphosphate triphosphohydrolase SAMHD1
(SAMHD1) by the cyclin A2 (CCNA2)/cyclin dependent kinase 1 (CDK1) complex [99].
The phosphorylation of SAMHD1 by CDK1/CCNA2 results into its decreased activity to
reduce the intracellular dNTP pool and to counteract reverse transcription [99–101].
Apart from SAMHD1, HIV-1 developed also mechanism to counteract DNA dC→dU-editing
enzyme APOBEC-3G (APOBEC3G), which is also a host restriction factor. APOBEC3G
is able to inhibit reverse transcription and to introduce virus-inactivating hypermutations
into the newly synthesized viral DNA based on its DNA deamination function [102–104].
This process is counteracted by HIV-1 Vif. Vif induces polyubiquitination of APOBEC3G
by recruiting the cullin-5 (CUL5)-SCF complex resulting in the proteosomal degradation of
APOBEC3G [105, 106]. Simultaneously, E3 ubiquitin-protein ligase Mdm2 (MDM2) is able
to target Vif for proteosomal degradation and, thereby, increases APOBEC3G-levels [107].
Apart from MDM2, also HDAC6 exhibits antiviral activity by promoting autophagic
degradation of Vif. HDAC6 has been described to stabilize APOBEC3G and, thereby,
the APOBEC3G/HDAC6 complex is able to impair reverse transcription [108]. Different
from HDAC6, HDAC1 was found to be incorporated in a complex with histone deacetylase
complex subunit SAP18 (SAP18) and paired amphipathic helix protein Sin3a (SIN3A) in
newly generated HIV-1 virions. Virion-associated HDAC1 has been described to be required
specifically during reverse transcription and influences infectivity of the produced virions,
which was demonstrated by enzymatically inactive HDAC1 mutants leading to an early block
of reverse transcription [109].

1.4.5. Nuclear import and integration

The process of uncoating and reverse transcription results in newly synthesized viral cDNA,
which interacts with several viral (IN, RT, Vpr and MA) and an incompleteley characterized
group of host proteins forming the preintegration complex (PIC) [85,110–114]. HIV-1 hijacks
the cellular nuclear import machinery to actively transport the PIC into the nucleus, where
integration of viral cDNA into the host genome takes place. On the way to the nucleus,
the PIC encounters several interactions regulated by PTMs (fig. 1.6). One example is
represented by kinesin adaptor fasciculation and elongation protein zeta-1 (FEZ1), which is a
capsid-associated host regulator of early HIV-1 transport towards the nucleus [115]. Within
the course of this process, the capsid also binds serine/threonine-protein kinase MARK2
(MARK2), which induces FEZ1 phosphorylation on viral cores to modulate HIV-1 uncoating
and motility [116].
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Figure 1.6. Interaction networks of HIV-1 and host protein during nuclear import and integration.
The graphic shows the participation of post-translational modifying enzymes during the nuclear transport of
the PIC and integration of the viral cDNA into the host genome. Black arrows indicate activating effects and
red “inhibitory”-arrows indicate inhibitory effects. Kinases are shown in dark blue, KDACs in light red and E3
ligases in orange. Other host proteins are colored white, whereas viral proteins are indicated in gray. Figure
modified from [40].

Not only the traffic towards the nucleus is regulated by PTMs, the viral enzyme IN
itself is also subject to PTM-based interactions. Another example for phosphorylation
controlled processes is demonstrated by IN’s interaction with eukaryotic translation initiation
factor-2-alpha kinase 4 (EIF2AK4, also known as GCN2), which was identified as antiviral
host factor restricting DNA integration [117]. Upon HIV-1 infection induced cellular stress
response mediated decrease in protein translation, GCN2 is activated in the presence of
viral RNA and phosphorylates IN at S255, thereby, decreasing its efficiency in its integration
activity. This antiviral response is counteracted by HIV-1 PR, which triggers proteolytic
inactivation of GCN2 [117–119].
Apart from phosphorylation, IN has been shown to be modified by lysine-acetylation as well.
This is exemplified by acetylation of IN by histone acetyltransferase p300 (EP300) at three
lysine residues within the DNA binding domain (K264, K266 and K273), which enhances IN’s
integration capacity by increasing its affinity to DNA [120]. The importance of acetylation
was also demonstrated by IN’s interaction with histone acetyltransferase KAT2A (KAT2A,
also known as GCN5). Similar to EP300, GCN5 dependent acetylation of IN enhances viral
integration [121]. Notably, GCN5 acetylates the same lysine residues as EP300, while K258
is acetylated by GCN5 exclusively. However, an obligate role for acetylation at the respective
lysines within IN could not be confirmed so far, since arginine substitution mutagenesis of
the respective sites did not inhibit the production of competent viruses [122]. Acetylated
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IN has been shown to be targeted by several cellular proteins e.g. by antiviral protein
transcription intermediary factor 1-beta (TRIM28, also known as TIF1B or KAP1). Binding
of IN by TRIM28 also recruits HDAC1 and results in deacetylation of IN leading to inhibited
HIV-1 integration [123]. Interestingly, not all lysine deacetylases exhibit integration inhibitory
activity: HDAC4 was found to be associated with HIV-1 DNA in an IN dependent manner
and was described to be important for efficient transduction of HIV-1-based vectors within
the course of post-integration DNA repair [124,125].
Studies utilizing the translation inhibitor cycloheximide and the proteosomal inhibitor
MG-132 have shown, that IN is a relatively short-lived protein and polyubiquitinated IN is
targeted for proteosomal degradation [126]. Here, prefoldin subunit 3 (VBP1) has been
identified as interacting protein, that mediates ubiquitination of IN by cullin-2 (CUL2) for
degradation [127]. However, IN degradation has been described to be important for later
HIV-1 replication, since mutated degradation-associated lysines (K211, K215 and K219)
resulted in reduced release of infectious viral particles [127]. Different host proteins have been
reported to inhibit IN degradation: For example, complexing of PC4 and SFRS1-interacting
protein (PSIP1, also known as LEDGF) with IN [111, 128] seems to prevent IN degradation.
IN stabilizing properties have also been identified for E3-ubiquitin protein ligase RAD18
(RAD18) and X-ray repair cross-complementing protein 6 (XRCC6), however, their role
during HIV-1 replication remains elusive [129,130].

1.4.6. Transcription and latency

After successful nuclear import and integration of the viral cDNA into the host genome, the
HIV-1 provirus functions like a cellular gene, in which the 5’-LTR acts as a promotor and
the 3’-LTR as polyadenylation- and termination-site. Upon transcription from the 5’-LTR,
one primary transcript is produced, which is subjected to alternative splicing resulting in at
least 109 different mRNAs [131]. After integration, a provirus either is actively expressed
or transcription from the provirus is suppressed resulting in a latent HIV provirus. HIV-1
transcription and latency activation depend on many factors such as cell cycle, activation
state of the infected host or integration site (reviewed in [132]). Both processes are tightly
interconnected and regulated by PTM dependent mechanisms. Examples for phosphorylation
and acetylation involving processes are highlighted in the following sections for HIV-1
transcription (fig. 1.7) and latency (fig. 1.8) respectively.
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Transcription

HIV-1 transcription is regulated by some viral proteins, host proteins or transcription factors
forming the transcription pre-initiation complex (PIC). The PIC involves RNA polymerase II
(RNAPII) and binds to the 5’-LTR, thereby, recruiting several essential transcription factors
like NF-κB [133], NFAT [134] and SP1 [24]. Early transcription results in a few fully spliced
mRNAs, which encode for the viral proteins Tat and Rev. Both proteins are active in the
nucleus and are essential for the regulation of HIV-1 gene expression. Since Rev’s function is
mainly assigned to the escort of late viral transcripts from the nucleus into the cytoplasm,
the following section is focused on Tat’s function as nuclear transcriptional activator of viral
gene expression. In the absence of Tat, HIV-1 transcription is still initiated at the 5’-LTR,
however the RNA Pol II generates only short or non-processive transcripts [135]. Moreover,
elongation of transcription is also stalled by negative elongation factor (NELF) and DRB
sensitivity-inducing factor (DSIF, also known as SUPT5H). Tat stimulates the elongation
properties of the transcription machinery by binding to the HIV-related RNA stem loop
structure encoded by the trans-activation responsive region (TAR) (fig. 1.7) [136, 137].
As a consequence, positive transcription elongation factor b (P-TEFb), consisting of the
cyclin-dependent kinase 9 (CDK9) and cyclin-T1 (CCNT1), is recruited for phosphorylation
of RNAPII, resulting in enhanced transcription elongation [138–140] (fig. 1.7). Apart from
CDK9, cyclin-dependent kinase 7 (CDK7) was also reported to phosphorylate RNAPII [141].

Figure 1.7. Interaction networks of HIV-1 and host protein during transcription.
The graphic shows protein-protein interactions, that have been described to promote HIV-1 transcription.
Black pointy arrows indicate activating effects and red “inhibitory”-arrows indicate inhibitory effects. Kinases
are shown in dark blue, phosphatases in light blue, KATs in dark red, KDACs/sirtuins in light red and E3
ligases in orange. Other host proteins are colored white, whereas viral proteins are indicated in gray. Figure
modified from [40].
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In addition to the phosphorylation of RNAPII, Tat also induces phosphorylation of NELF
and DSIF by P-TEFb leading to activation of transcription elongation [142, 143]. As
counteracting factors of Tat and P-TEFb, serine/threonine-protein phosphatase PP1 (PP1)
and serine/threonine-protein phosphatase 2A (PP2A) have been identified, which target and
destabilize the Tat-P-TEFb complex [144,145].
The interaction of Tat with P-TEFb exemplifies one of the >100 phosphorylation-associated
virus-host interactions [40]. However, the interactome of Tat is not limited to protein
kinases and phosphatases. The extensive repertoire of cellular proteins interacting with
Tat includes >180 different nuclear proteins identified in a proteomic screen [146] and
also involves several lysine acetyltransferases and deacetylases. For example, Tat recruits
GCN5 and P300/CBP-associated factor (PCAF, also known as KAT2B) to the 5’-LTR
to promote transcription [147, 148]. Additionally, NF-κB was found to be acetylated in a
Tat-dependent manner leading to a higher DNA binding properties of NF-κB and increased
transcription rates [149]. Moreover, Tat itself serves as acetylation substrate. For example,
K28 of Tat is acetylated by PCAF and enhances Tat’s binding to P-TEFb [150–152] while
HDAC6 deacetylates Tat at K28 resulting in suppressed Tat mediated transactivation of the
5’-LTR [153]. Another acetylation target site was found at K50 which is acetylated by EP300
and induces dissociation of Tat from the TAR [151, 152]. Different from Tat’s interaction
with EP300, acetylation at K50/51 by GCN5 results in increased Tat’s transcriptional
activity [154]. NAD-dependent protein deacetylase sirtuin-1 (SIRT1) was identified to bind
and deacetylate Tat at K50. Thereby, SIRT1 recycles non-acetylated Tat for binding to
TAR and P-TEFb [155]. These examples of reversible Tat (de-)acetylation demonstrate
the importance of controlled cycles between Tat acetylation and deacetylation to regulate
HIV-1 transcription. However, the mechanism, by which Tat switches its acetylation
state for transcriptional fine-tuning needs to be further characterized. Apart from the
transcription-associated processes, the interaction between Tat and SIRT1 also induces
proteosomal degradation of histone acetyltransferase KAT5 (KAT5, also known as TIP60)
resulting in decreased TP53 mediated apoptosis [156–158]. Moreover, Tat/SIRT1 caused
KAT5 degradation also decreases expression of manganese-dependent superoxide dismutase
(Mn-SOD), which exhibits antiviral activity [159].
Similar to HIV-1 IN (section 1.4.5), K48-linked ubiquitination targets Tat for proteosomal
degradation [160]. Moreover, Tat has been shown to interact with several E3 ubiquitin-protein
ligases in a non-proteolytic manner. For example, MDM2- or E3 ubiquitin-protein ligase
Praja-2 (PJA2)-mediated ubiquitination of Tat has been described to stimulate the
transcriptional properties of Tat [161,162].
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Latency

Apart from PTM-regulated processes contributing to active transcription as described
above, integrated HIV-1 proviruses can also remain transcriptionally inactive and, thereby,
establish latent HIV-1 reservoirs. These long-living reservoirs contribute to viral rebound
after the interruption of ART treatment. Since latently infected cells are neither detected
nor eliminated by the immune system or current therapeutics, stable reservoirs remain
a major obstacle to HIV-1 eradication [6, 163–165]. Latency itself is established during
early acute infection in CD4+ T-cells albeit with low frequency in vivo (approximately 1 in
1x106 resting CD4+ T-cells in patients under ART) [166, 167]. Viral proteins in latently
infected cells are expressed at very low levels facilitating immune evasion [168, 169]. The
molecular mechanisms for the establishment of latency and its maintenance are still elusive.
It is anticipated, that the inactive viral state mainly underlies the resting nature of CD4+

T-cells, whereas activated CD4+ T-cells are more prone for productive infection [170].
Nonetheless, it is out of question, that chromatin reorganization within the region of the
integrated provirus, epigenetic modifications, regulation of transcription factors and several
other processes of gene silencing are required to promote HIV-1 latency [171–173]. In this
context, (de-)acetylation of the chromatin environment close to the viral integration site was
demonstrated to affect reactivation of latent HIV [174,175].
For example, inhibition of KDACs regulating histone acetylation and accessibility of DNA to
transcription factors showed the potential to reactivate HIV from the latent state [75]. The
relevance of KDACs during latency establishment is also emphasized in studies disclosing
the recruitment of KDACs to the HIV-1 5’-LTR by transcriptional repressors such as
alpha-globin transcription factor CP2 (TFCP2, also known as LSF) or transcriptional
repressor protein YY1 (YY1) (fig. 1.8). One of these recruited KDACs is exemplified by
HDAC1, which augments repression of the LTR by YY1 and LSF, resulting in inhibited HIV-1
expression [176, 177]. Another link between transcription factors and HDAC1 in the context
of latency maintenance is represented by the interaction between the subunits (p50, p65) of
NF-κB and HDAC1. Interestingly, the p50/p65 heterodimer of NF-κB serves as activator of
HIV-1 transcription (as described in the section before) whereas the p50 homodimer recruits
HDAC1 to the 5’-LTR, inducing chromatin condensation and reduced binding of RNAPII to
the 5’-LTR [178,179].
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Figure 1.8. Interaction networks of HIV-1 and host protein during latency establishment.
The interaction network indicates the influence of modifying enzymes onto HIV-1 latency. Black arrows
indicate activating effects and red “inhibitory”-arrows indicate inhibitory effects. Kinases are shown in dark
blue, KATs in dark red and KDACs in light red. In addition, methyltransferases are shown in green (not
discussed here). Other host proteins are colored white, whereas viral proteins are indicated in gray. Figure
modified from [40].

Similar relationships were also reported for the recruitment of HDAC1 by transcriptional
factors/repressors recombination binding protein suppressor of hairless (RBPJ, also known
as CBF1), transcriptional factor AP-4 (TFAP4, also known as AP4), Myc proto-oncogene
protein (MYC) or SP1 promoting decreased binding of RNAPII to the HIV-1 promotor region
and transcriptional silencing [180–183]. Apart of HDAC1, other KDACs associated with the
establishment of HIV-1 latency were HDAC2 and HDAC3. Inhibition of these KDACs by
respective KDAC inhibitors increased histone acetylation at the 5’-LTR and induced viral
outgrowth [184, 185]. Apart from the mechanisms involving deacetylation of histones by
KDACs for latency maintenance, acetylation of non-histone proteins was also reported, which
silences transcription of the provirus. For example, acetylation of CDK9 by GCN5 and PCAF
prevents phosphorylation of CD99 and, thereby, reduces P-TEFb mediated viral transcript
elongation by RNAPII [186,187].
Apart from acetylation, there are also regulatory mechanisms of HIV-1 latency, which are
based on phosphorylation. The expression of an endogeneous inhibitor of RELA (NF-κB),
NF-kappa-B inhibitor alpha (NFKBIA, also known as IκBα) is increased by tyrosine-protein
kinase JAK (JAK)/phosphatidylinositol 4,5-bisphosphate 3-kinase (PIK3)-mediated
activation of COMM domain-containing protein 1 (COMM1), which stabilizes NFKBIA and,
thereby, attenuates NF-κB signaling, which leads to enhanced HIV-1 latency [188]. The role
of phosphorylation during HIV-1 latency is also emphasized by the chemical compound, small
molecule activator of protein phosphatase 1 (SMAPP1), which increases phosphorylation
of CDK9 and induces up-regulation of P-TEFb, thereby, inducing reactivation from HIV-1
latency and HIV-1 replication [145].
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As an example for the involvement of ubiquitination in the regulation of HIV-1 latency,
E3 ubiquitin-protein ligase SIAH1 (SIAH1) (fig. 1.7) has been described to be required for
HIV-1 transcription through its interaction with elongation factor for RNA polymerase II 2
(ELL2). ELL2 forms together with other proteins such as the elongation factor for RNA
polymerase II 1 (ELL1), HIV-1 Tat, CCNT1, CDK9 and AF4/FMR2 Family Members 1
and 4 (AFF1/4) the super elongation complex (SEC), promoting transcriptional elongation.
SIAH1-induced proteosomal degradation of ELL2 has been reported to inhibit Tat-dependent
HIV-1 gene expression [189, 190]. Mentioned examples and other PTM related processes
(including methyltransferases associated interactions, which are not discussed here) in the
context of HIV latency are illustrated in fig. 1.7 and fig. 1.8.

1.4.7. Virus assembly, budding and release

In the late stages of HIV-1 replication, virus production relies on the host protein synthesis
machinery involving ribosomes, tRNAs, factors for translation initiation, elongation and
termination. The cellular resources such as amino acids have to be re-distributed in favor of
viral protein synthesis. Additionally, intracellular transport systems and other cofactors are
used for virus assembly and maturation. Moreover, infection induced stress responses and
antiviral restriction factors have to be overcome for successful viral replication. All these
processes require a coordinated interplay of the virus with components of hijacked cellular
pathways, where PTMs play an important regulatory role (fig. 1.9).
One example for phosphorylation regulated cellular localization of gag encoded viral proteins
during virus particle assemby is represented by their interaction with protein kinase C (PKC).
PKC mediated phosphorylation of gag encoded p6 is required for the incorporation of
Vpr into newly synthesized virions supporting infectivity [191]. Similar to PKC, MAPK1
also phosphorylates MA, thereby, increasing viral release. As mentioned in the section of
uncoating and reverse transcription (section 1.4.4), host proteins such as MAPK1 were
also incorporated into new viral particles [192, 193]. Other virion-incorporated kinases were
nuclear Dbf2-related kinase 1 (NDR1, also known as STK38) and nuclear Dbf2-related
kinase 2 (NDR2, also known as STK38L), which are proteolytically cleaved by viral PR
within the producer cell or within virions and regulate the subcellular localization as well
as the enzymatic activity of NDR1/NDR2. NDR1/NDR2 are involved in cytokine induced
inflammation and innate immune response against bacteria and viruses [194]. However,
how these enzymes contribute to viral replication is still under debate. Similar to the
mentioned kinases, catalytic active HDAC1 complexed with SAP18 was also found to be
virion-associated in an IN-dependent manner (as discussed in the section 1.4.5) with positive
effects on HIV-1 infectivity [109].
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Figure 1.9. Interaction networks of HIV-1 and host protein during virus assembly, budding and release.
The interaction network illustrates processes during the late stages of HIV-1 infection and the formation of
newly synthesized virus particles. Black arrows indicate activating effects and red “inhibitory”-arrows indicate
inhibitory effects. Kinases are shown in dark blue, KDACs in light red, E3 ligases in orange and DUBs in
yellow. Other host proteins are colored white, whereas viral proteins are indicated in gray. Figure modified
from [40].

Apart from processes facilitating virion assembly and co-incorporation of host factors into new
viral particles, several host defense mechanisms are also PTM-regulated. One of these host
counteractions is induced by the expression of interferons (IFN) in the presence of viruses.
Upon host’s detection of viral RNA, IFN production induces activation of interferon-induced,
double-stranded RNA-activated protein kinase (EIF2AK2, also known as PKR) leading to
the subsequent phosphorylation of eukaryotic translation initiation factor 2 (EIF2A). EIF2A
functions in the early step of protein synthesis and its phosphorylation downregulate overall
protein synthesis to block the production of viral proteins (host shut-off mechanism). PKR
activation is mediated by interferon-inducible double-stranded RNA-dependent protein kinase
activator A (PRKRA, also known as PACT) - a process, which is diminished by Tat in concert
with double-stranded RNA-specific adenosine deaminase 1 (ADAR1) [195–197].
In parallel, HIV-1 Vpr assembles with a complex comprising E3 ubiquitin-protein ligase
cullin-4A (CUL4A), E3 ubiquitin-protein ligase RBX1 (RBX1) and DNA damage-binding
protein 1 (DDB1) [198]. This Vpr-CUL4A/RBX1/DDB1 complex induces the activation of
serine/threonine-protein kinase ATR (ATR)/serine/threonine-protein kinase Chk1 (CHK1)
mediated G2/M arrest, which is thought to be beneficial for virus production [140,199,200].
During virus assembly, HIV-1 exploits the host protein sorting and trafficking machinery.
In this context, ubiquitination has been shown to play an important role for HIV-1 Gag’s
transport to the cell surface. As first example, the trans-Golgi network (TGN)-associated
E3 ubiquitin-protein ligase SH3RF1 (SH3RF1) has been identified to be important for
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HIV-1 Gag’s targeting to the plasma membrane [201], thereby, augmenting HIV-1 egress.
Further studies identified programmed cell death 6-interacting protein (PDCD6IP, also
known as AIP1), a substrate of SH3RF1 and member of the endosomal sorting complex
required for transport (ESCRT) machinery, as obligatory factor for HIV-1 release [202]. In
contrast, E3 ubiquitin-protein ligase LRSAM1 (LRSAM1) has been reported to ubiquitinate
susceptibility gene 101 protein TSG101 (TSG101), a member of the ESCRT complex, thereby,
inactivating TSG101-mediated sorting of Gag and preventing efficient HIV-1 budding [203].
The relevance of DUBs during virus release has been described by experiments with inhibitors
of ubiquitin carboxyl-terminal hydrolases 7 (USP7) and ubiquitin carboxyl-terminal hydrolases
47 (USP47), P22077 and PR-619 respectively, which were able to impair Gag processing and
reduce virus infectivity [204]. Apart from its role during Gag processing, the ubiquitination
system also involves cellular anti-HIV-1 countermeasures, exemplified by E3 ubiquitin-protein
ligase MARCH8 (MARCH8). Cell membrane-associated MARCH8 has been identified as
restriction factor, which blocks the incorporation of HIV-1 envelope glycoproteins into new
synthesized viral particles [205].
As an important note, the before mentioned HIV-1 host interactions during virus entry,
uncoating/reverse transcription, nuclear import/integration, transcription/latency and virus
assembly/budding/release were arbitrarily selected and did not mirror the entirety of known
PTM-regulated and HIV-1-associated interactions. Nevertheless, taken together, all these
exemplified findings demonstrate the close interrelationship between protein phosphorylation,
acetylation and ubiquitination and reflect the importance of PTMs at the different stages
during HIV-1 replication.

1.5. Objective of this study

Starting from HIV-1 entry to viral release, PTM-regulated cellular processes are found in
every stage of HIV-1 replication cycle. The examples in the last sections demonstrate
the wide-ranging role of PTMs in the control or fine-regulation of cellular pathways during
HIV-1 infection. Due to recent technological advances for identification and quantification
of changes in the global PTM landscape mainly by proteome-wide screens using mass
spectrometry, many additional PTM-driven interactions are expected to be uncovered in the
future. However, studies disclosing HIV-1 host interactions with spatial as well as temporal
resolution are still lacking. Filling these information gaps might support the discovery of
vulnerable nodes of virus-host interaction facilitating new approaches to treat HIV-1-infected
patients or to protect individuals of higher infection risks.
Following up on this, the study presented here aims to provide a broad-range and unbiased
investigation of HIV-1 induced interactions and reconfigurations in the host T-cell environment
at full proteomic level as well as at PTM level. For this purpose, state-of-the-art
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mass spectrometry (MS) has been combined with advanced virological, cell biological,
biochemical techniques as well as bioinformatic methods to identify and quantify novel HIV-1
infection-related changes in the host proteome/PTMome with temporal resolution. In terms
of the HIV-1 associated PTM landscape, the focus has lain on phosphoproteome and - more
particulary - the largely unexplored acetylome.
As first step, a database of PTM-based HIV-1-host-interactions, with focus on protein
phosphorylation, acetylation and ubiquitination, has been established to provide a
comprehensive overview of known PTM-associated mechanisms during HIV-1 infection and
to facilitate comparison with upcoming experimental data. Next, changes in the cellular full
proteome, phosphoproteome and acetylome have been elucidated during different stages of
the HIV-1 replication cycle aiming for temporal resolution of HIV-1 associated interactions.
For this purpose, a wildtype, full length and replication competent HIV-1 lab strain has
been used for infection to be closer to genuine HIV-1 infection scenarios. Since large
quantities of HIV-1-infected cells are required for high coverage MS analysis of PTMs
due to their low-abundant and substochiometric nature, HIV-1 infection set-ups as well as
methods to monitor ongoing infection in host cells have been established and optimized.
Simultaneously, with respect to the challenge of analyzing increasingly growing MS data in
an efficient, comprehensive and reproducible manner, a robust and accessible MS data analysis
workflow has been established, which enabled faster data processing/visualization and easier
interpretation.
In this study, a special focus has been on the HIV-1 protein Tat. Considering the close
interrelationship between Tat and the host acetylation machinery (fig. 1.7 and fig. 1.8), the
role of acetylation sites within Tat for its transactivation ability and its interactions with host
proteins has been studied. In addition to Tat’s acetylation sites which are located within
the region encoded by the first exon, the largely unknown role of the second exon on Tat’s
transactivation ability and the Tat-dependent interactome has been investigated.
Apart from the investigation of the molecular mechanisms in a host T-cell upon HIV-1
infection, employment of novel strategies for the treatment of HIV-1 are still of high
interest. Since epigenetic modifications (such as histone deacetylation) have been described
to contribute to HIV-1 gene silencing [206], an epigenetic compound library has been screened
for latency reversing agents in order to identify new potential drugs as HIV-1 treatment. In
parallel, the impact of KDAC/sirtuin inhibitors on de novo infection has been evaluated to
assess their associated risk to reseed HIV-1 reservoirs.
Overall, results from these study are anticipated (i) to disclose fundamental mechanisms
involved during the interaction between HIV-1 and its host cell, (ii) to assess the dependency
of HIV-1 on PTM-regulated cellular pathways and (iii) to provide an important resource
for scientists, physicians and pharmaceutical industries to improve current combination
antiretroviral treatment.
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2. Material and methods

2.1. General reagents, chemical compounds and overview of
key resources

Standard reagents and chemicals were supplied by Carl Roth (Germany), Sigma Aldrich
(Germany), TH. Geyer (Germany) and Thermo Fisher Scientific (USA), if not otherwise
stated. An overview of key resources with additional information is also provided in the
following tables.

Table 2.1.Overview of cells

Designation Source Identifiers Add. information

STBLII Thermo Fisher
Scientific

10268019 Chemically competent
E. coli

HEK293T DSMZ ACC 635 Highly transfectable
derivative of primary
embryonal kidney cell
line 293

HeLa DSMZ ACC 57 Cell line established
from epitheloid cervix
carcinoma of a
31-year-old woman in
1951

HCT-116 DMSZ ACC 581 Cell line with human
near-diploid karyotype

TZM-bl NIH AIDS Reagent
Program

8129 HIV reporter cell line
derived from HeLa,
stably expresses large
amounts of CD4 and
CCR5 and
constitutively expresses
CXCR4

SupT1.CCR5 Max von
Pettenkofer
Institute

T-cell line expressing
CD4, CXCR4 and
CCR5

Jurkat-E6 ATCC TIB-152 T-cell line

J-Lat, clone 8.4 NIH AIDS Reagent
Program

9847 HIV-1 latent T-cell line

CD4+ T-cells Isolation from
healthy donors

Confirmed by ethics
committee of the LMU;
Germany
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Table 2.2.Overview of recombinant DNA reagents

Designation Source or reference Identifers Add. information

pNL4-3 NIH AIDS Reagent
program

114 Full length HIV-1
expression vector
(replication and infection
competent)

pNL4-3-IRES-eGFP Max von Pettenkofer
Institute/LMU, Dept.
Virology

Full length HIV-1
expression vector with GFP
reporter

pNL4-3-dNef-GFP Max von Pettenkofer
Institute/LMU, Dept.
Virology

HIV-1 expression vector
with GFP reporter cloned
into the Nef coding region

pCH058.c/2960 NIH AIDS Reagent
program

11856 HIV-1
Transmitted/Founder
expression vector

pMTAT(-) NIH AIDS Reagent
program

2085 Full length, non-infectious
HIV-1 subtype B HXB2
expression vector, that is
unable to synthesize Tat
(termination codon TGA in
place of the initiator codon
ATG in the Tat coding
region)

pMTAT30 NIH AIDS Reagent
program

2087 Full length, non-infectious
HIV-1 subtype B HXB2
expression vector, that
produces defective Tat (Cys
to Gly substitution within
the Tat cysteine cluster)

pcDNA3.TAT-HA Addgene 14654 Expression vector for HIV-1
Tat with C-terminal
HA-tag

pCDH.EF1-luc2-T2A-BFP Gift from Dr. Manuel
Albanese (Max von
Pettenkofer
Institute/LMU, Dept.
Virology

Lentiviral vector expressing
firefly luciferase and BFP
driven by EF1 alpha
promoter

pCMV-dR8.91 Life Science Market PVT2323 Packaging plasmid used for
lentivirus production
expressing GAG-POL
driven by CMV promotor

pMD2.G Addgene 12259 VSV-G envelope expression
vector for production of
lentiviral particles

pEV731 [168] Vector containing
LTR-Tat-IRES-GFP
sequence
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Table 2.3.Overview of primers
Designation Sequence Application

pcDNA3-ColE-for 5’-CGAACTGAGATACCTACAGCGTGAG-3’ Cloning

pcDNA-ColE-rev 5’-CTCACGCTGTAGGTATCTCAGTTCG-3’ Cloning

TAT K28A for 5’-AACAATTGCTATTGTGCAAAGTGTTGCTTTCAT-3’ Mutagenesis

TAT K28A rev 5’-ATGAAAGCAACACTTTGCACAATAGCAATTGTT-3’ Mutagenesis

TAT K28R for 5’-CAATTGCTATTGTCGAAAGTGTTGCTTTCAT-3’ Mutagenesis

TAT K28R rev 5’-ATGAAAGCAACACTTTCGACAATAGCAATTG-3’ Mutagenesis

TAT K28Q for 5’-CAATTGCTATTGTCAAAAGTGTTGCTTTCAT-3’ Mutagenesis

TAT K28Q rev 5’-ATGAAAGCAACACTTTTGACAATAGCAATTG-3’ Mutagenesis

TAT K50A for 5’-ATCTCCTATGGCAGGGCGAAGCGGAGACA-3’ Mutagenesis

TAT K50A rev 5’-TGTCTCCGCTTCGCCCTGCCATAGGAGAT-3’ Mutagenesis

TAT K50R for 5’-TCCTATGGCAGGAGGAAGCGGAGACAG-3’ Mutagenesis

TAT K50R rev 5’-CTGTCTCCGCTTCCTCCTGCCATAGGA-3’ Mutagenesis

TAT K50Q for 5’-TCCTATGGCAGGCAGAAGCGGAGACA-3’ Mutagenesis

TAT K50Q rev 5’-TGTCTCCGCTTCTGCCTGCCATAGGA-3’ Mutagenesis

TAT K51A for 5’-ATGGCAGGAAGGCGCGGAGACAG-3’ Mutagenesis

TAT K51A rev 5’-CTGTCTCCGCGCCTTCCTGCCAT-3’ Mutagenesis

TAT K51R for 5’-ATGGCAGGAAGCGGCGGAGACAG-3’ Mutagenesis

TAT K51R rev 5’-CTGTCTCCGCCGCTTCCTGCCAT-3’ Mutagenesis

TAT K51Q for 5’-TATGGCAGGAAGCAGCGGAGACAG-3’ Mutagenesis

TAT K51Q rev 5’-CTGTCTCCGCTGCTTCCTGCCATA-3’ Mutagenesis

TAT K50/51A for 5’-CTATGGCAGGGCAGCTCGGAGACAGCG-3’ Mutagenesis

TAT K50/51A rev 5’-CTATGGCAGGGCAGCTCGGAGACAGCG-3’ Mutagenesis

TAT K50/51R for 5’-CTATGGCAGGAGGAGGCGGAGACAGC-3’ Mutagenesis

TAT K50/51R rev 5’-GCTGTCTCCGCCTCCTCCTGCCATAG-3’ Mutagenesis

TAT K50/51Q for 5’-TCCTATGGCAGGCAGCAGCGGAGACAGC-3’ Mutagenesis

TAT K50/51Q rev 5’-GCTGTCTCCGCTGCTGCCTGCCATAGGA-3’ Mutagenesis

TAT Δexon2 for 5’-GCTTCTCTATCAAAGCAATACCCATACGATGTTCCAGA-3’ Deletion

TAT Δexon2 rev 5’-TCTGGAACATCGTATGGGTATTGCTTTGATAGAGAAGC-3’ Deletion

RT assay for 5’-TCCTGCTCAACTTCCTGTCGAG-3’ SG-PERT

RT assay rev 5’-CACAGGTCAAACCTCCTAGGAATG-3’ SG-PERT

luc2-HA-for 5’-GAGGGGCCCCATGATCATGAG-3’ Insertion

luc2-HA-rev 5’-CCGCGGATCCGGCAGCGTAATCTGGAACATCGTATGGGTACTTGCCGCCCTTCTTGGCC-3’ Insertion

TatLenti-for 5’-GCCTACTCTAGAGCTAGCGAATTCGCCACCATGGAGCCAG-3’ Cloning

TatLenti-rev 5’-ACTTCCTCTGCCCTCGGATCCGGCAGCGTAATCTGGAACATCG-3’ Cloning

26
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Table 2.4.Overview of antibodies

Designation Source or reference Identifiers Application

RosetteSep™ Human
CD4+ T-cell
enrichment cocktail

Stemcell
Technologies

15022 CD4+ T-cell isolation

Tritest™

CD4/CD8/CD3
BD Biosciences 340298 Flow cytometry

Dynabeads Human
T-Activator CD3/CD28

Thermo Fisher
Scientific

111.61D T-cell activation

APC Mouse
Anti-Human CD25

BD Biosciences 555434 Flow cytometry

Anti-Human CD4
FITC/CD69 PE/CD3
PerCP

BD Biosciences 340365 Flow cytometry

Human 8-Color
Immunophenotyping kit

Miltenyi Biotec 130-120-640 Flow cytometry

Anti-human CD4
antibody clone SK3

BioLegend 344602 HIV fusion inhibitor

KC57-FITC Beckman Coulter 6604665 Flow cytometry

Anti-Vinculin antibody,
mouse monoclonal

Sigma-Aldrich V9264 Immunoblot

Anti-HA.11 Epitope
Tag, clone 16B12

BioLegend 901513 Immunoblot

Peroxidase AffiniPure
Goat Anti-Mouse IgG
(H+L)

Jackson
ImmunoResearch

115-035-003 Immunoblot

PTMScan®

Acetyl-Lysine Motif
[Ac-K]

Cell Signaling
Technology

13416 Enrichment of
acetylated peptides

Pierce® Anti-HA
Magnetic Beads

Thermo Fisher
Scientific

88837 Pull-down of
HA-tagged proteins
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Table 2.5.Overview of drugs and compounds

Designation Source or reference Identifiers Add. information

Enfurvirtide (Fuzeon®,
T-20)

Roche 14879573 HIV fusion inhibitor

Efavirenz Bristol-Myers
Squibb

NA HIV reverse
transcription inhibitor

MG-132 Sigma-Aldrich 474790 Proteasome inhibitor

Epigenetics Compound
Library

TargetMol L1200 380 compounds related
to epigenetic regulation

Apicidin Sigma-Aldrich 183506-66-3 HDAC inhibitor

Bufexamac Sigma-Aldrich 2438-72-4 HDAC inhibitor

Cl-994 Sigma-Aldrich 112522-64-2 HDAC inhibitor

LBH589 Sigma-Aldrich 404950-80-7 HDAC inhibitor

M344 Sigma-Aldrich 251456-60-7 HDAC inhibitor

Nicotinamide Sigma-Aldrich 98-92-0 HDAC inhibitor

Romidepsin Sigma-Aldrich 128517-07-7 HDAC inhibitor

SAHA Sigma-Aldrich 149647-78-9 HDAC inhibitor

SBHA Sigma-Aldrich 38937-66-5 HDAC inhibitor

Scriptaid Sigma-Aldrich 287383-59-9 HDAC inhibitor

Sodium butyrate Sigma-Aldrich 156-54-7 HDAC inhibitor

Splitomicin Sigma-Aldrich 5690-03-9 HDAC inhibitor

Trichostatin A (TSA) Sigma-Aldrich 58880-19-6 HDAC inhibitor

Tubacin Sigma-Aldrich 537049-40-4 HDAC inhibitor

Valproic acid Sigma-Aldrich 599-66-1 HDAC inhibitor
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Table 2.6.Overview of commercial products and kits

Designation Source or reference Identifiers Add. information

GeneJET Plasmid
Miniprep Kit

Thermo Fisher
Scientific

K0503 Purification of plasmid
DNA up to 20 µg

Nucleobond® Xtra Midi
Kit

Macherey Nagel 740410.50 Purification of plasmid
DNA up to 500 µg

Phusion™ Site-Directed
Mutagenesis

Thermo Fisher
Scientific

F541 Introduction of insertions,
deletions or point
mutations into plasmid
DNA

PCR clean up/gel
extraction

Macherey Nagel 740609.50 Purification of DNA
fragments

SE Cell Line
4D-Nucleofector Kit

Lonza V4XC-1032 Electroporation

QuickTiter™ Lentivirus
Titer Kit

Cell Biolabs VPK-107 Detection and
quantitation of the
lentivirus associated
HIV-1 p24 core protein

Pierce® Firefly Luciferase
Glow Assay Kit

Thermo Fisher
Scientific

16176 Detection of intracellular
luciferase activity

SILAC Protein
Quantitation Kit
(Trypsin)

Thermo Fisher
Scientific

A33973 Stable isotope labeling for
protein/peptide
quantification

Reversed-phase Sep-Pak
C18 cartridges

Waters WAT051910 Peptide purification

High-Select™ TiO2
Phosphopeptide
Enrichment Kit

Thermo Fisher
Scientific

A32993 Enrichment of
phosphorylated peptides

High-Select™ Fe-NTA
Phosphopeptide
Enrichment Kit

Thermo Fisher
Scientific

A32992 Enrichment of
phosphorylated peptides

TMT6plex Mass Tag
Labeling

Thermo Fisher
Scientific

90066 Isobaric labels for
protein/peptide
quantification

High pH Reversed-Phase
Peptide Fractionation Kit

Thermo Fisher
Scientific

84868 Fractionation of peptides
prior to MS measurement

iST Sampe Preparation
Kit

Preomics P.O.00001 Sample preparaton for
mass spectrometry

CellTiter-Glo®

Luminescent Cell Viability
Promega G7570 Viability testing

7-AAD Invitrogen A1310 Viability testing
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2.2. Plasmid preparation

2.2.1. Preparation of competent bacteria

For preparation of competent E.coli (STBLII; Thermo Fisher Scientific), 50 µl of bacterial
cell suspension were used to inoculate 10 ml LB medium and cells were cultured at 37℃
shaking at 175 rpm overnight. The next day, the pre-culture was transferred into 100 ml LB
medium. Growth was continued and the absorbance at 600 nm (A600) was monitored every
30 to 60 min. At A600 of 0.4 to 0.5, the culture was cooled on ice for 5 to 10 min. Cells were
pelleted (3,000 x g, 4℃, 10 min). The cell pellet was re-suspended in 40 ml transformation
buffer A (30 mM potassium acetate, 100 mM RbCl2, 10 mM CaCl2, 50 mMMnCl2, 15% (v/v)
glycerol, pH 5.8) and incubated for 15 min. Cells were harvested (2,000 x g, 4℃, 10 min)
and the pellet was re-suspended in 2 ml transformation buffer B (10 mM MOPS, 75 mM
CaCl2, 10 mM RbCl2, 15% (v/v) glycerol, pH 6.5) on ice. Competent cells were aliquoted,
flash frozen in liquid nitrogen and stored at -80℃.

2.2.2. Amplification and purification of plasmid DNA

Plasmid DNA was propagated in competent E.coli (STBLII) cells (see section 2.2.1). 0.5 µg
plasmid DNA was added to 50 µl competent cells and incubated on ice for 20 min. Next,
cells were heat-shocked at 42℃ for 30 s and, thereafter, cooled on ice for 1 min. Then,
300 µl LB medium was added to the bacterial suspension. After 30 min of incubation (37℃
shaking at 700 rpm), transformed bacteria were spun down (20,000 x g, RT, 10 s), volume
was reduced to 100 µl, cells were re-suspended and plated on a LB agar plate supplemented
with the respective antibiotic for selection (50 µg/ml ampicillin or 50 µg/ml kanamycin).
Plated bacteria were cultured at 37℃ overnight or at RT for 48 to 72 h. Thereafter, single
colonies were picked and used for inoculation of 5 ml TB medium supplemented with the
respective antibiotics. Pre-cultures were grown at 37℃ shaking at 200 rpm for at least 8 h
or overnight. For plasmid purification up to 20 µg, plasmid DNA were isolated from 2 ml
pre-culture using the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Purified DNA was eluted in 50 µl nuclease-free water and
stored at -20℃.
For plasmid production of up to 500 µg, pre-cultures were used to inoculate 400 ml of
TB medium supplemented with the respective antibiotics and incubated at 37℃ overnight.
Cells were pelleted (3,400 x g, 4℃, 10 min) and the supernatant was discarded. Plasmid
DNA was purified using the Nucleobond® Xtra Midi kit (Macherey Nagel) according to the
manufacturer’s instructions. Purified DNA was reconstituted in 200 to 300 µl nuclease-free
water and stored at -20℃. Plasmid DNA concentration was determined on the NanoDrop
One photospectrometer (Thermo Fisher Scientific) adjusted to 1 µg/µl.
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2.2.3. Qualitative and quantitative restriction digest and gel
electrophoresis

Restriction digest of plasmid DNA was performed for DNA analysis or processing. For this
purpose, the FastDigest restriction enzyme system (Thermo Fisher Scientific) or the High
Fidelity (HF®) restriction endonuclease system (New England Biolabs) was used according
to the manufacturer’s instructions. 1 µl of each restriction enzyme were used to digest
0.5 to 1 µg of plasmid DNA at 37℃ for 30 min. Digested samples were loaded onto an
analytical agarose gel (1% agarose in TAE) supplemented with SYBR Safe DNA Gel Stain
(1/20,000, Invitrogen). Gel electrophoresis (Biometra Compact XS/S, Analytik Jena) was
conducted at constant 100 V for 45 to 60 min (PowerPac™ HC High-Current Power Supply,
Bio-Rad). Stained DNA bands were imaged using the UVP UVsolo touch gel documentation
system (Analytik Jena). Cutting out of DNA bands were performed using the transilluminator
ETX-F20.L (Vilber).

2.2.4. Site-directed mutagenesis

To study gene or protein functions, the Phusion™ Site-Directed Mutagenesis kit (Thermo
Fisher Scientific) was used to introduce point mutations at specific sites within the gene
sequence by designing a mismatch in the mutagenic primer. PCR and ligation were performed
according to the manufacturer’s instructions. Transformation was performed as described in
section 2.2.2. Plasmid DNA was isolated and purified from selected clones. Respective gene
sequences were further verified by Supreme Sanger sequencing provided by GATC services
(Eurofins Genomics) and obtained sequencing results were analyzed in Serial Cloner vers.
2.6.

2.2.5. Ligation-based cloning

Ligation-dependent cloning was performed to transfer genes of interest into a different vector.
Inserts containing the genes of interest were amplified by PCR according to the instructions of
the Phusion™ Site-Directed Mutagenesis kit (Thermo Fisher Scientific). To generate "sticky
ends", the PCR product of the insert as well as the target vector were digested with the same
pair of restriction enzymes as described in section 2.2.3. Gel electrophoresis was performed to
verify correct lengths of the PCR product and the fragments from the digested vector. Next,
the PCR product as well as the desired fragment of the digested vector extracted from the gel
were purified using the PCR clean up/gel extraction kit (Macherey Nagel) according to the
manufacturer’s instructions. Purified insert and target backbone were eluted from the silica
membrane using 30 µl nuclease-free water. Plasmid DNA concentration was determined to
conduct ligation of insert and backbone in an 1:3 molar ratio at RT for 60 min using the T4
DNA ligase (Thermo Fisher Scientific). To reduce false positive clones during transformation
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by self-ligated vectors, the ligation product was digested with AgeI (New England Biolabs)
at 37°C for 20 min. Afterwards, the ligation product was subjected to transformation and
propagation in E.coli (STBLII) as described in section 2.2.2. Isolated and purified plasmid
DNA from single clones was analyzed by qualitative restriction digest (see section 2.2.3) to
check for correct fragment lengths and, subsequently, verified by Supreme Sanger sequencing
provided by GATC services (Eurofins Genomics). Obtained sequencing results were analyzed
in Serial Cloner vers. 2.6.

2.3. Cell culture

2.3.1. Cultivation of cell lines

Suspension as well as adherent cell lines were cultured at 37℃ and 5% CO2. Suspension cell
lines were grown in RPMI Medium 1640 (Gibco) supplemented with 10% heat-inactivated
FCS and antibiotics (100 U/ml Penicillin, 0.1 mg/ml Streptomycin; Merck) and maintained
at cell concentrations between 1x106 and 2x106 viable cells per ml. Medium was changed
every two to three days depending on the cell density.
Adherent cell lines were cultured in DMEM (Gibco) supplemented with 10% heat-inactivated
FCS and antibiotics (100 U/ml Penicillin, 0.1 mg/ml Streptomycin; Merck). At 90%
confluency, cells were washed with PBS and incubated with trypsin/EDTA (0.05%/0.02%
in PBS; Biochrom) at 37℃ for 5 to 10 min. For inactivation of trypsin, detached cells were
re-suspended in DMEM supplemented with 10% heat-inactivated FCS and antibiotics. For
passaging, an appropriate aliquot of the cell suspension was transferred into a new culture
vessel.
All used cell lines were confirmed to be mycoplasma negative using the MycoAlert™

Mycoplasma Detection kit (Lonza).

2.3.2. Freezing and thawing of cell lines

For long-term storage in liquid nitrogen, cell lines were frozen at a density of 10x106 to
20x106 viable cells per ml. For this purpose, cells were pelleted (500 x g, RT, 5 min) and
re-suspended in freezing medium (90% FCS, 10% DMSO). Cells were stored in CellCamper
boxes (neoLab) at -80℃ overnight and, thereafter, transferred into liquid nitrogen.
To start culture from stocks stored in liquid nitrogen, frozen cells were thawed quickly in a
37℃ water bath and then transferred into 10 ml PBS to dilute residual DMSO. Cells were
pelleted (500 x g, RT, 5 min), re-suspended in culture medium and plated/seeded into an
appropriate culture vessel.
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2.3.3. Isolation, activation and cultivation of primary CD4+ T-cells

Blood cones (Terumo BCT leukocyte reduction system) containing erythrocytes and enriched
leukocytes of anonymized and healthy donors provided by the Hospital of the University of
Munich, Dept. of Immunohematology, infection screening and blood bank (ATMZH) were
used to isolate CD4+ T-cells (approval by the ethics committee of the LMU München,
Munich, Germany with the project No. 17-202-UE).
Blood cones were rinsed with PBS (Gibco) and T-cell isolation was performed using the
RosetteSep™ Human CD4+ T cell enrichment cocktail (Stemcell Technologies) according
to the manufacturer’s instructions. In brief, 1 ml of enrichment cocktail was added per
20 ml blood sample, mixed and incubated at RT for 20 min. Sample was diluted with PBS
and the resulting suspension was overlayed onto 15 ml Biocoll (1.077 g/L; Biochrom) as
separating medium. After centrifugation (700 x g, RT, 35 min) with slow acceleration and
deceleration, enriched lymphocytes were collected from the interphase between plasma and
Biocoll layer. To remove excess plasma, isolated cells were pelleted (500 x g, RT, 5 min).
washed with PBS, re-suspended in RPMI Medium 1640 (Gibco) supplemented with 10%
heat-inactivated FCS, antibiotics (100 U/ml Penicillin, 0.1 mg/ml Streptomycin; Merck) and
IL-2 (100 U/ml; Biomol) to a final cell density of 2x106 cells per ml. To activate purified cells,
phytohemagglutinin-P (PHA-P) (5 µg/ml; Sigma Aldrich) was added (fig. 2.1C). Purity
of isolated cells was monitored on the flow cytometer BD FACSLyric™ (BD Biosciences)
after staining for flow cytometry using BD Tritest™ CD4/CD8/CD3 antibody stain (BD
Biosciences) according to the manufacturer’s instructions (fig. 2.1A and B). After four days
of activation at 37℃ and 5% CO2, medium was replaced by PHA-P-free medium and culture
was continued for one to four more days. Activation of isolated cells was verified by flow
cytometry (fig. 2.1D) using anti-human CD4/CD69/CD3 antibody staining solution (BD
Biosciences) according to the manufacturer’s instructions.
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Figure 2.1. Isolation and activation of CD4+ T-cells. (A) CD4+ T-cells were isolated from blood of
healthy donors using RosetteSepTM technology. Subsequently, purity of isolated cells was analyzed by
fluorescence-based flow cytometry using anti-CD3 /-CD4 staining. Flow cytometry plots display the gating
strategy for living cells (lymphocytes; left), single cells (middle) and enriched CD4+ T-cells (right). Numbers
display the percentage of cells within the respective gate. (B) Representative flow cytometry plots of CD4+

T-cell isolation based on the gating strategy in A from four different donors, which were used later in
four-donor-pools. (C) Schematic illustration of T-cell activation. Isolated CD4+ T-cells (resting) were
cultivated in the presence of PHA and IL-2 for 5-8 days to gain activated CD4+ T-cells. (D) Representative
flow cytometry plots of the isolated cells from B after activation. CD69 was used as activation marker.
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2.3.4. T-cell activation assay

CD4+ T-cells were isolated and purity was controlled as described in section 2.3.3. For
activation testing, 2x106 cells were cultured in presence of either 10 µM phorbol-12-myristate
13-acetate (PMA) or Human T-Activator CD3/CD28 dynabeads (Thermo Fisher Scientific)
according to the manufacturer’s instruction, or the test compounds. Subsequently,
activation of T-cells was determined by flow cytometry using the anti-human anti-human
CD4/CD69/CD3 antibody staining solution (BD Biosciences) in combination with anti-human
CD25 (BD Biosciences). Resting T-cells which were vehicle-treated served as control.

2.3.5. Immunophenotyping

CD4+ T-cells were isolated and purity was controlled as described in section 2.3.3.
Subsequently, cells were treated with test compounds or vehicle control and cultured
for 24 h. After washing twice with cold PBS (Gibco), cells were stained with the
human 8-Color Immunophenotyping kit (Miltenyi Biotec) according to the manufacturer’s
instructions. Stained cells were analyzed by flow cytometry using a FACSLyric™ flow cytometer
(BD Biosciences). First, doublets were excluded by gating for single cells in forward
scatter area (FSC-A) versus forward scatter height (FSC-H). Viable cells were identified
by 7-Aminoactinomycin (7-AAD) staining (Invitrogen) according to the manufacturer’s
instructions. After exclusion of residual cell debris by classical FSC/SSC analysis, the
population of CD45+ leucocytes was identified and further separated into CD14+ and CD19+
cells. Remaining cells were distinguished between SSC high (neutrophils, eosinophils) and SSC
low cells by the side scatter. SSC low cells were further divided into CD3+, CD16/56+, and
CD16/56+/CD3+ cells. Finally, CD3+ cells were separated into CD4+ and CD8+ cells.

2.3.6. Resazurin cytotoxicity assay

As measure for cytotoxicity, reduction of non-fluorescent resazurin to fluorescent resafurin
by living, metabolically active cells was utilized. For this assay, resazurin (Sigma-Aldrich)
was added to the cells in black 96-microwell format as well as to blank wells (filled with
culture medium) to a final concentration of 25 µg/ml and incubated at 37℃ and 5% CO2 for
4 h. The resafurin output was measured at a the CLARIOstar Plus microplate reader (BMG
Labtech) using a wavelength of 560 nm for excitation and 590 nm for emission. Data was
blank corrected and normalized to the sample of highest viability e.g. untreated cells.
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2.3.7. Preparation of SILAC spike-in standard

To enable quantitative analysis of proteins or peptides relative to a SILAC standard [207]
Jurkat-E6 cells were metabolically labeled with heavy amino acids (L-arginine-13C6-15N4

and L-lysine-13C6-15N2) using the SILAC Protein Quantitation kit (Thermo Fisher Scientific)
according to the manufacturer’s instruction. After ten cycles of proliferation, labeled cells were
tested for incorporation of heavy amino acids by mass spectrometry using the iST Sample
Preparation kit (Preomics) according to the manufacturer’s instructions for preparatiion of
mass spectrometry ready samples. Thereafter, successfully labeled cells were expanded in
SILAC culture medium, until required cell number was reached.
To harvest labeled cells, cells were pelleted (500 x g, 4℃, 5 min), washed twice with cold
PBS (Gibco) and lysed in modified RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl,
1 mM EDTA, 1% NP-40, 0.1% sodium deoxycholate) supplemented with cOmplete™ protease
inhibitor cocktail (Roche). To free chromatin-bound proteins, cell extracts were mixed with
1/10 volume of 5 M NaCl and incubated on ice for 15 min. For lysate homogenization,
samples were sonicated (12 x 5 s pulses with 5 s pause between cycles, 15 W). Last, eight
volumes of ice-cold acetone were added to the lysate to precipitate proteins at -20℃ overnight.
Acetone precipitates were pelleted (2300 x g, 10 min, 4℃), dried at RT for 15 to 30 min and
re-constituted in urea lysis buffer (6 M urea, 2 M thiourea in 80 mM Tris-HCl pH 7.6)
supplemented with 1 mM DTT to reduce disulfide bonds. Protein concentration was
determined by Quick Start™ Bradford protein assay (Bio-Rad). Jurkat-E6 SILAC spike-in
standard was stored at -20℃ until further use.

2.4. Gene delivery techniques for human cell lines

2.4.1. Electroporation

The 4D-Nucleofector™ System (Lonza) combined with the SE Cell Line 4D-Nucleofector™

X Kit (Lonza) was used to introduce plasmid DNA into target cells by electroporation.
For electroporation of Jurkat-E6 cells, cells were prepared according to the Amaxa™

4D-Nucleofector™ Protocol for Jurkat clone E6.1 [ATCC®] in 16-well Nucleocuvette™ Strips
(20 µl) format. As Nucleofector™ Program the one of following settings were selected
according to the manufacturer’s recommendation: CM-120, CM-137, DN-100, EH-100 and
DF-120.
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2.4.2. Lipofection

For small-scale transient transfection of up to 1.5x106 adherent cells, Lipofectamine® 2000
reagent (Invitrogen) was used to introduce plasmid DNA into target cells. In brief,
adherent cells were plated in a way, that 70 to 90% confluency was reached at the day
of transfection. 1 µg plasmid DNA was diluted in 125 µl plain DMEM (Gibco) and 3 µl of
Lipofectamine® 2000 reagent was also mixed in 125 µl plain DMEM maintaining a total
DNA to Lipofectamine® 2000 ratio of 1:3. To prepare DNA-lipid complexes, diluted plasmid
DNA and transfection reagent were combined in an 1:1 ratio and incubated at RT for 15 min.
Meanwhile, culture medium was replaced by plain DMEM after washing cells once with plain
DMEM. Mixture containing formed DNA-lipid complexes were added to the cells in plain
DMEM and incubated at 37℃ and 5% CO2 for 4 to 6 h. Thereafter, plain DMEM with the
DNA-lipid complex was replaced by DMEM supplemented with 10% FCS and antibiotics (100
U/ml Penicillin, 0.1 mg/ml Streptomycin; Merck) and transfected cells were cultured at 37℃
and 5% CO2 for 48 to 72 h.

2.4.3. PEI transfection

For large-scale transient transfection of adherent cells, e.g. for virus stock production, PEI
(MW 25,000; Polysciences) was used as transfection reagent [208, 209]. For this purpose,
adherent cells were plated in a way, that 70 to 90% confluency was reached at the day of
transfection. For transfection in �15 cm culture plate format, 11 µg of total plasmid DNA
and 33 µg PEI were diluted each in 1.25 ml plain DMEM (Gibco) maintaining a total DNA
to PEI ratio of 1:3. After incubation at RT for 5 min, diluted plasmid DNA and PEI were
combined in n 1:1 ratio and incubated at RT for 30 min to form DNA-PEI complexes. Mixture
containing these DNA-PEI complexes was added to the plated cells and incubated at 37℃
and 5% CO2 for 48 to 72 h.

2.4.4. Lentiviral transductions

For establishment of stable expression of genes of interests, target cells were transduced
with a lentiviral system. In order to produce lentiviral particles for transduction, HEK293T
cells were co-transfected with a plasmid mix containing the gene of interest, envelope and
packaging plasmid using PEI as transfection reagent (see section 2.4.3). In detail, for
lentivirus production in �15 cm culture plate format, the plasmid mix was prepared with
7 µg pCMV.d8.9 (packaging), 8 µg pMD2.G (envelope) and 11 µg of the vector carrying
the gene of interest flanked by viral LTR sites. Plasmid mix as well as 80 µg PEI were
diluted in plain DMEM and were processed as described in 2.4.3 while maintaining a total
DNA to PEI ratio of 1:3. Supernatant containing lentiviral particles was harvested, filtered
(0.45 µm, Millex-HV Filter; Millipore) and stored at -80℃ until further use. Supernatant or
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concentrated lentiviral particles were used to infect target cells (see also section 2.5.1 and
2.5.2). After 48 h, expression of genes was verified by immunoblotting or by flow cytometry
(BD FACSLyric™; BD Biosciences). Optionally, positive cells were sorted using the cell sorter
BD FACSAriaFusion™ (BD Biosciences)a.

2.5. Virological methods

2.5.1. Virus preparation, purification and concentration

For the large-scale production of viruses, HEK293T producer cells were prepared and
transfected as described in 2.4.3. Supernatant was filtered either with Millex-HV Filters
(0.45 µm; Millipore) or with the Stericup Quick Release-HV Sterile Vacuum Filtration System
(0.45 µm; Milllipore) to remove detached cells and residual cell debris. Next, open-top
Polyallomer ultracentrifuge tubes (Seton Scientific) were filled with 6 ml 25% sucrose overlaid
with 29 ml filtered supernatant. For concentration, virus particles from supernatant were
purified by ultracentrifugation (Sorvall™ WX+ Ultra; Thermo Fisher Scientific) at 24,000 rpm
(ca. 110,000 x g) and 4℃ for 90 min (SW 32 Ti; Beckman Coulter or SureSpin™ 630/36;
Thermo Fisher Scientific). After ultracentrifugation, supernatant was discarded and pelleted
viral particles were re-suspended in 100 µl PBS. Virus suspensions from the same batch were
pooled before aliquoting and storage at -80℃.

2.5.2. Spin-infection

For enhanced viral infection of suspension cells, spin-inoculation [31, 210] was applied
(1,200 x g, 37℃, 90 min) after combining virus with target cells (2x105 or 4x105 cells in
200 µl) in Costar® V-bottom 96-well format (Corning®). After spinning, infected cells were
re-suspended and culture was continued for defined time period.

2.5.3. Inhibition of HIV infection by anti-retroviral drugs or antibodies

HIV infection inhibition experiments were conducted by treating cells with anti-retroviral
compounds or with anti-human CD4 antibodies. Compounds or antibodies were added to
cells 1 h prior to infection. As HIV fusion inhibitor, enfuvirtide (also known as Fuzeon® or
T-20; Roche) was used at a final concentration of 100 µM. Alternatively, cells were incubated
with anti-human CD4 antibody clone SK3 (BioLegend) at a final concentration of 100 µg/ml.
As inhibitor of reverse transcription, efavirenz (EFN, also known as Sustiva® or Stocrin®;
Bristol-Myers Squibb) at a final concentration of 20 mM was used to treat cells. Infection
and fixation/inactivation for analysis were performed as described in section 2.5.2 and 2.5.4.

aCell sorting was performed by Dr. Lisa Richter, technical manager of the core facility Flow Cytometry
Biomedical Center Munich, Ludwig Maximilians University of Munich
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2.5.4. PFA fixation

For fixation or inactivation of infected adherent cells, cells were detached either with a cell
scraper or using trypsin/EDTA (0.05%/0.02% in PBS; Biochrom) as described in section
2.3.1. Detached cells were washed with PBS (Gibco), then pelleted (500 x g, RT, 5 min)
and re-suspended in 4% PFA in PBS. After incubation at RT for 90 min, cells were pelleted
(1212 x g, 4℃, 10 min) and re-suspended in PBS. Samples were stored in PBS at 4℃ for
short term until further processing.
For suspension cells, cells were trypsinated prior to fixation, if enhanced sensitivity of
intracellular staining of target antigens for flow cytometric analysis was desired (see section
2.5.5). For this procedure, cells were spun down (500x g, RT, 5 min) and washed with
2 mM EDTA in PBS. Cell debris were removed by low-speed centrifugation (90x g, RT,
10 min). Pelleted viable cells were treated with trypsin/EDTA (0.25%/0.10% in PBS;
Biochrom) at 37℃ for 10 min. Trypsination was stopped by adding RPMI Medium 1640
(Gibco) supplemented with 30% FCS and at 37℃ incubation for 5 min. Afterwards, cells
were pelleted and washed in RPMI Medium 1640 (Gibco) supplemented with 30% FCS one
more time (500x g, RT, 10 min). As last step before fixation, cells were washed with PBS
(500 x g, RT, 5 min). After the PBS wash, cell pellets were re-suspended in 4% PFA in PBS
and incubated at RT for 90 min. Thereafter, cells were spun down (1212 x g, 4℃, 10 min)
and stored in PBS at 4℃ for short term until further processing.

2.5.5. Intracellular staining of HIV-1 core protein (p24) for flow cytometry

To analyze infection levels by staining HIV-1 core protein for flow cytometry, PFA-fixed and in
PBS re-suspended samples of infected cells (see section 2.5.4) were pelleted (1212 x g, 4℃,
10 min) and re-suspended in Perm/Wash™ buffer (BD Biosciences) for permeabilization at 4℃
for 15 min. After incubation, cells were spun down (1212 x g, 4℃, 10 min) and washed with
Perm/Wash™. For staining of HIV-1 core antigens including the 55 kDa precursor protein, the
39 and 33 kDa intermediates and the 24 kDa core protein, KC57-FITC (Beckman Coulter)
was diluted 1/100 in Perm/Wash™ to prepare the staining diluent (p24 staining). Samples
were incubated in the staining diluent protected from light at 4℃ for 30 min. Thereafter,
stained samples were washed twice with Perm/Wash™ (1212 x g, 4℃, 10 min) and stored in
PBS at 4℃ prior to flow cytometric analysis (see section 2.5.6).

2.5.6. Flow cytometry and virus quantification

Flow cytometric data was acquired on a FACSLyric™ flow cytometer (laser configuration:
violet (405 nm), blue (488 nm), red (635 nm); BD Biosciences). Cell events were pre-selected
based on forward scatter (FSC) and side scatter (SSC) to filter for living single-cell events to
exclude aggregates, debris and doublets. (Stained) negative controls and "dump" channels
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were used to define gates for the population of interest and to distinguish signals from "noise"
(e.g. due to autofluorescence of dead cells). An example of gating strategy is demonstrated in
fig. 2.2. Acquired data was analyzed in FlowJo™ vers. 10 (TreeStar), Excel 2016 (Microsoft)
and GraphPad Prism vers. 7.04 (GraphPad Software).
For virus quantification, infection-associated output, e.g. GFP-expression or KC57-FITC
signal, was used to determine the multiplicity of infection (MOI)-based on the inversed Poisson
distribution [211,212].The percentage of infected events served as estimate for the probability
P of a cell that will be infected by at least one virus particle (n>0) as result of infection with
a given MOI. The MOI was calculated using the following estimation and formula:

P{n > 0} ≈ # infected cells

# total cells
(2.1a)

MOI = −ln{(1− P{n > 0})} (2.1b)
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Figure 2.2. Gating strategy demonstrated for HIV-1NL4-3 infected Jurkat-E6 cells. Infected Jurkat-E6 cells
stained against HIV-1 core antigens (KC57-FITC) were first gated for living cell population, second for single
cells and finally for HIV-1 positive events. The APC channel served as "dump" (exclusion) channel.
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2.5.7. Quantification of virus-associated HIV-1 p24 core protein by ELISA

QuickTiter™ Lentivirus Titer Kit (Cell Biolabs) was used to specifically detect and quantify
viral particles based on virus-associated HIV-1 p24 core proteins in viral supernatant (or in
concentrated virus stocks) with an enzyme-linked immunosorbent assay (ELISA). In brief, viral
supernatant was diluted (1:1 or 1:2 ratio) in culture medium. 1 ml sample was treated with
ViralBind™ reagent to pull down viral particles and processed according to the manufacturer’s
instructions. The absorbance was detected on the CLARIOstar Plus microplate reader (BMG
Labtech) using 450 nm as the primary wavelength.

2.5.8. Luciferase-based transactivation assay in HIV reporter cell line
TZM-bl

HIV-1 Tat-dependent firefly luciferase gene assays conducted in TZM-bl cells [213] were
used to measure effect on transactivation of different Tat variants. TZM-bl cells were
either transfected with Tat expression plasmids (see section 2.4.2 or 2.4.3) or infected with
lentiviral particles. To perform the transactivation assay, Pierce® Firefly Luciferase Glow
Assay kit (Thermo Fisher Scientific) was applied according to the manufacturer’s instructions.
Luciferase output was measured on the CLARIOstar Plus microplate reader (BMG Labtech).

2.5.9. Latency reversal assay

J-Lat cells (clone 8.4) were cultivated in the presence of increasing concentrations of different
compounds (see table 2.5). The respective highest concentration of solvent (either DMSO
or H2O) was used as control. 24 h post treatment, J-Lat cells were pelleted (500 x g, RT, 5
min) and washed with PBS, fixated and inactivated (see section 2.5.4). Subsequently, GFP
positive cells were determined by flow cytometry and data were normalized to the control.

2.5.10. Visualization of reactivated HIV-1 by fluorescence microscopy

Using GFP reporter systems, fluorescent microscopy was performed to visualize reactivation of
HIV-1 latency in J-Lat cells. For sample preparation, cells were separated from cell debris by
low speed centrifugation (23 x g, RT, 5 min). Thereafter, cells were re-suspended in culture
medium supplemented with 4 % PFA (Electron Microscopy Sciences) and inactivated at RT
for 90 min. Subsequently, cells were spun down (1212 x g, 4℃, 10 min), washed with culture
medium, and embedded in Prolong™ Diamond Antifade Mountant (Invitrogen) on microscopy
glass slides sealed by a glass cover slip. After 16 to 24 h of incubation at RT protected from
light, samples were imaged (brightfield exposure time: 200 ms, GFP exposure time: 100 ms)
using the Eclipse Ti2 microscope (Nikon) in combination with a DS-Qi2 camera (Nikon) under
control of NIS Element AR software vers. 5.0 (Nikon). Acquired images with 0.365 µm/pixel
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resolution were overlaid and analyzed using ImageJ vers. 1.52a (https://imagej.nih.gov/ij/)
and the ND2 Reader plug-in (Nikon Instruments Inc).

2.6. Biochemical methods

2.6.1. Transcriptome analysis

RNA was isolated from trizol lysates of cells using Direct-zol RNA Miniprep Kit (Zymo
Research) following manufacturer’s instructions. In addition, RNA was purified using
Agencourt RNAClean XP beads (Beckman Coulter) following the manufacturer’s instructions.
After quantification (NanoDrop One photospectrometer (Thermo Fisher Scientific), the RNA
quality was assessed using a Bioanalyzer (Agilent Technologies). RNA of sufficient quality
(RIN > 7) was used to generate sequencing libraries by using 500 ng total RNA in a Sense
mRNA Seq Library Prep Kit V2 for Illumina platforms (Lexogen) following the manufacturer’s
instructions. Libraries were quantified and subsequently sequenced on an Illumina HiSeq 1500
(sequencing mode: 100 nt, single-end). The sequencing data was pre-processed on a Galaxy
serverb. After demultiplexing, the data was trimmed according to Lexogen. The output was
mapped to the human genome (hg19) using STAR (vers. 2.5.2b-0). Abundant reads were
further analyzed using HTSeq-count (vers. 1.0.0) and a differential gene expression analysis
was performed using DESeq (v. 1.0.19) setting the FDR < 0.01. Adjacent data analysis was
performed using Perseus (vers. 1.6.5.0) [214,215], R software environment (vers. 3.6.2) [216]
in combination with the bioconductor package (vers. 3.10), g:Profiler [217] and GraphPad
prism software (vers. 7.05).

2.6.2. Inhibition of the proteasome

To study dependency of cellular effects on the proteolytic activity of the 26S proteasome
complex, target cells were cultured in proteasome inhibitor supplemented media for 4 h.
MG-132 (Sigma-Aldrich) as inhibitor was diluted with culture medium to a final concentration
ranging from 1 to 50 µM. Changes in the abundance of proteins of interest were monitored
by immunoblotting (described in section 2.6.4).

2.6.3. Magnetic pull down of HA-tagged proteins from supernatant

Supernatant was produced from cell lines expressing HA-tagged proteins of interest. For this
purpose, cells were seeded at a density of 0.75x106 in 15 ml total volume of fresh media.
Supernatant was harvested after 72 hours and freed from cells and debris by centrifugation

bRNAseq was performed in collaboration with Dr. Helmut Blum, group leader at Gene Center Munich,
Ludwig-Maximilians-Universität München
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(500 x g, 4℃, 5 min). For pull down, 50 µl Anti-HA Magnetic Beads (Thermo Fisher
Scientific) were washed in PBS (Gibco) and then added to the supernatant. After 4 h of
incubation on a rotator at 4℃, magnetic forces were applied to collect beads with bound
proteins and to remove the "flow through". Magnetic beads were washed with PBS three
times before eluting HA-tagged proteins from the beads by incubating two times in 50 µl urea
lysis buffer (8M urea in 80 mM Tris-HCl pH 7.6) supplemented with NuPAGE™ LDS sample
buffer (Invitrogen) and NuPAGE™ sample reducing agent (Invitrogen) (final concentration of
1X) at 65℃ for 5 min. Residual magnetic particles were removed by applying magnetic forces
again. Eluted protein samples were pooled and stored at -20℃ before analysis by SDS-PAGE
and immunoblotting (described in section 2.6.4).

2.6.4. SDS-PAGE and immunoblotting

Immunoblotting was used to separate and identify specific proteins from complex cell extracts
or cell supernatants. Pull down of HA-tagged proteins from supernatant is described in
section 2.6.3. To extract proteins from cells, cells were washed in PBS (Gibco), pelleted
(500 x g, 4℃, 5 min) and re-suspended in urea lysis buffer (8M urea in 80 mM Tris-HCl
pH 7.6) or in modified RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% NP-40, 0.1% sodium deoxycholate). After 10 min of incubation on ice, lysate was
cleared by centriguation at 20,000 x g at 4℃ for 30 min. The supernatant was collected and
protein concentration was determined on a NanoDrop One photospectrometer (Thermo Fisher
Scientific) or by performing the Quick Start™ Bradford protein assay (Bio-Rad) according to
the manufacturer’s instructions. Cell lysates were stored at -20℃ until further use.
For protein gel electrophoresis, lysates were mixed with 4X NuPAGE™ LDS sample buffer
(Invitrogen) as well as 10X NuPAGE™ sample reducing agent (Invitrogen) and incubated at
65℃ for 10 min. Samples and PageRuler™ Plus prestained protein ladder (10 to 250 kDa;
Thermo Fisher Scientific) were loaded onto NuPAGE™ 4-12% Bis-Tris or Bolt™ 12% Bis-Tris
protein gels. Protein gel electrophoresis was performed at constant voltage of 120 V
(PowerPac™ HC High-Current Power Supply, Bio-Rad) for 90 min in Mini Gel Tanks (Thermo
Fisher Scientific) filled with 1X NuPAGE™ MOPS SDS running buffer (Invitrogen). 45 min
of protein transfer onto Amersham™ nitrocellulose membranes (0.45 µm; GE Healthcare) was
performed at constant voltage of 20 V using the Mini Blot Module (Thermo Fisher Scientific)
and 1X NuPAGE™ transfer buffer (Invitrogen) supplemented with 20% MeOH.
After transfer, nitrocellulose membranes were blocked with 5% milk in TBS at RT for
30 min. Blocking solution was removed by washing the membrane twice with TBS. Primary
antibody solution was prepared by diluting primary antibodies in 3% albumine in TBS/0.05%
sodium-azide as recommended by the manufacturer. The membrane was submerged in
primary antibody solution and incubated at 4℃ overnight. Thereafter, primary antibody
solution was removed and the membrane were washed three times. Secondary antibody
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solution was prepared by diluting HRP secondary antibodies in 3% albumine in TBS as
recommended by the manufacturer. After incubation of the membrane in secondary antibody
solution at RT for 1 h, the membrane was washed in TBS three times. WesternBright
Sirius HRP substrate (Advansta) was used according to manufacturer’s instructions and
chemiluminescence was detected on the Fusion FX7 (Vilber). Quantification of signals was
performed using ImageJ vers. 1.52a (https://imagej.nih.gov/ij/).

2.6.5. Co-immunopreciptation for HIV-1 Tat interactomics studies

For identification of protein-protein interactions by using anti-HA antibodies to capture
proteins that are bound to HA-tagged HIV-1 Tat, cells were washed in PBS (Gibco), pelleted
(500 x g, 4℃, 5 min) and re-suspended in modified RIPA buffer (50 mM Tris-HCl pH 7.5,
150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium deoxycholate) supplemented with
cOmplete™ protease inhibitor cocktail (Roche), 2 mM MgCl2 and 5 U/ml DNAse. After
incubation at 4℃ for 1 h, cell extract was cleared by centrifugation (20,000 x g, 4℃,
35 min) and the supernatant was collected. Pierce™ Anti-HA Magnetic Beads (Thermo Fisher
Scientific) were washed in modified RIPA buffer and then added to the lysate. After 4 h of
incubation on a rotator at 4℃, magnetic forces were applied to collect beads with bound
proteins and to remove the supernatant ("flow through"). Magnetic beads were washed
three times with modified RIPA buffer before eluting proteins from the beads using the Lysis
Solution provided in the EasyPep™ Mini MS Sample Prep kit (Thermo Fisher Scientific).
Reduction, alkylation, trypsin digest and clean-up of peptides was performed according to
the manufacturer’s instructions. Purified and dried samples were re-constituted in MS buffer
(0.5% acetic acid, 0.1% TFA) and peptide concentration was adjusted to 0.2 µg/µl prior to
LC-MS/MS measurement.

2.6.6. Peptide preparation and purification

To prepare cell lysates for quantitative proteome analysis, cells were centrifuged (500 x g, 4℃,
5 min) and washed twice in cold PBS (Gibco). Cell pellets were re-suspended in modified
RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium
deoxycholate) supplemented with cOmplete™ protease inhibitor cocktail (Roche). Cell lysates
were mixed with 1/10 volume of 5 M NaCl and incubated on ice for 15 min to release
chromatin-bound proteins. Subsequently, samples were sonicated (12 x 5 s pulses with 5 s
pause between cycles, 15 W) for homogenization. Then, eight volumes of ice-cold acetone
were added to the lysate to precipitate proteins at -20℃ overnight. Acetone precipitates were
pelleted (2300 x g, 10 min, 4℃), dried at RT for 15 to 30 min and re-constituted in urea
lysis buffer (6 M urea, 2 M thiourea in 80 mM Tris-HCl pH 7.6) supplemented with 1 mM
DTT to reduce disulfide bonds. Protein concentration was determined with the Quick Start™
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Bradford protein assay (Bio-Rad). If samples were subjected for protein quantification by
SILAC, cell lysate was mixed with SILAC standard (see section 2.3.7) in a 1:1 ratio at this
point.
Subsequently, protein solution (with or without SILAC spike-in) was alkylated using
chloracetamide at a final concentration of 5.5 mM at RT protected from light for 45 min.
Thereafter, alkylated protein solution was diluted eight-fold in 50 mM Hepes buffer pH 7.5.
Digestion of protein solution was conducted at 37℃ overnight using Pierce™ Trypsin/Lys-C
Protease Mix (Thermo Fisher Scientific) diluted 1:100 (w/w). Digestion was stopped by
adding TFA to a final concentration of 1% (v/v) and pH was checked to be below 3 using
indicator stripes.
For peptide purification, reversed-phase Sep-Pak C18 cartridges (Waters) were used
pre-equilibrated first with 5 ml ACN and then twice with 0.1% TFA. Protein digest was
cleared by centrifugation (2,500 x g, RT, 5 min) prior to loading on the cartridges. After
loading by gravity flow, cartridges were washed twice with 5 ml 0.1% TFA and then with
5 ml ddH2O. At this stage, peptides bound to the column material was stored at 4℃ until
processing for TMT labeling (see 2.6.7) or for PTM enrichment (see 2.6.8).

2.6.7. TMT labeling

For TMT labeling [218], purified peptides were eluted from reversed-phase Sep-Pak C18
cartridges (see section 2.6.6) using 3 ml of 50% ACN. Eluates were dried by vacuum
concentration (Concentrator Plus; Eppendorf) and re-constituted in 100 mM Hepes buffer.
Peptide concentration was determined by Quick Start™ Bradford protein assay (Bio-Rad).
Using the TMT6plex Mass Tag Labeling Kit (Thermo Fisher Scientific) samples and controls
were labeled according to manufacturer’s instructions. TMT labeling reaction was terminated
by adding 5% hydroxylamine. Equal amounts of labeled peptides of each condition were
combined and dried by vacuum concentration. After re-constitution in 0.1% TFA, peptide
concentration was measured using the NanoDrop One photospectrometer (Thermo Fisher
Scientific) and the TMT-labeled peptide mix was fractionated using the Pierce™ High
pH Reversed-Phase Peptide Fractionation kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. For elution, solutions of 12.5%, 17.5%, 22.5% and 50% ACN
in 0.1% triethylamine were used and resulting fractions were dried by vaccum concentration.
Each fraction was re-dissolved in MS buffer (0.5% acetic acid, 0.1% TFA) and adjusted to a
final peptide concentration of 0.2 µg/µl for MS measurement.
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2.6.8. Serial enrichment of acetylated and phosphorylated peptides

For enrichment of acetylated and phosphorlyated peptides from the same sample for MS-based
PTM quantification, peptides purified in Sep-Pak C18 cartridges (see section 2.6.6) were
eluted using 3 ml of 50% ACN and mixed directly with 100 µl 10X IAP buffer (500 mM
MOPS pH 7.2, 100 mM sodium phosphate, 500 mM NaCl). ACN content was removed by
vacuum cencentration and samples were filled up to 1 ml with ddH2O.
For the enrichment of acetylated peptides by immunoprecipitation, PTMScan® Acetyl-Lysine
Motif [Ac-K] kit (Cell Signaling Technology) was used. Antibody-beads were washed with
PBS (Gibco) (1000 x g, 4℃, 5 min) and re-suspended in 1X IAP buffer. Additionally, 20 µl 5 M
NaCl and 50 µl 10% NP-40 were added to the samples (final concentration of 100 mM NaCl
and 0.5% NP-40) to reduce unspecific binding. Next, antibody-bead slurry was transferred
to the samples and incubated at 4℃ on a tube rotator overnight. Thereafter, antibody-beads
were pelleted (1000 x g, 4℃, 3 min). Supernatant was collected as "flowthrough" and stored
for the enrichment of phosphorylated peptides. Pelleted antibody-beads were washed twice
with 1X IAP and once with ddH2O (1000 x g, 4℃, 3 min). 100 µl 0.15 % TFA were added to
the washed beads and incubated at RT for 5 min. After centrifugation (1000 x g, RT, 3 min),
supernatant containing the eluted acetylated peptides was dried by vacuum concentration.
The "flow through" from the acetylation enrichment was used for the enrichment of
phosphorylated peptides using the High-Select™ TiO2 Phosphopeptide Enrichment kit
(Thermo Fisher Scientific) according to manufacturer’s instructions. During binding of
the phosphorylated peptides to the TiO2 resin, flow through was retained for a second
phosphopeptide enrichment procedure using the High-Select™ Fe-NTA Phosphopeptide
Enrichment kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.
Eluates from both procedures were dried by vacuum concentration.

2.6.9. High pH reversed-phase peptide fractionation

Samples resulted from immunoprecipitation of acetylated peptides and from the enrichment
of phosphorylated peptides were subjected to fractionation using the Pierce™ High pH
Reversed-Phase Peptide Fractionation kit (Thermo Fisher Scientific). For this procedure, the
dried peptides resulted from the phosphopeptide enrichment using TiO2 and Fe-NTA resins
were re-constituted in 0.1% TFA and combined, while the dried acetylated peptides were also
re-solved in 0.1% TFA. Samples were processed according to the manufacturer’s instructions.
For elution, solutions of 7.5%, 12.5%, 17.5% and 50% ACN in 0.1% triethylamine were used
and resulting fractions were dried by vaccum concentration. Each fraction was re-dissolved
in MS buffer (0.5% acetic acid, 0.1% TFA) and adjusted to a final peptide concentration of
0.2 µg/µl for LC-MS/MS measurement.
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2.6.10. Protein identification and quantification by LC-MS/MS

Measurements of prepared peptide fractions were realized using a Proxeon Easy-nLC system
(Thermo Fisher Scientific) coupled to a Q Exactive HFX mass spectrometer (Thermo
Fisher Scientific)c. Samples were loaded onto C18 reversed-phase chromatography columns
(�75 µm x 15 cm) and a linear gradient from 6 to 40% ACN/H2O in 0.5% acetic acid.
Eluted peptides were subjected to electrospray ionization (2.0 kV) and measured in the mass
spectrometer.The Q Exactive was controlled under Xcalibur vers. 2.2 with the LTC Orbitrap
Tune Plus Developer kit vers. 2.6.0.1042 and was operated in data dependent acquisition
mode enabling automatically switching between MS1 and MS2 spectra.
For peptide identification and quantification, MS raw files were analyzed with MaxQuant
vers. 1.6.2.6a. [219]. Database search was performed against the human Uniprot database
(Proteome ID: UP000005640, accessed: May 2019) or the HIV-1 group M subtype B
(isolate HXB2) Uniprot database (Proteome ID: UP000002241, accessed: May 2019) to
identify corresponding proteins. The false discovery rate (FDR) was set to 1% on peptide
spectrum match (PSM) and protein level. The target-decoy search strategy [220] was used
to estimate the FDR. Cysteine carbamindomethylation was enabled as fixed modification.
N-acetyl protein and methionine oxidation were set as variable modifications. For fractions
containing acetylated or phosphophorylated peptides, acetylation of lysine or phosphorylated
serine/threonine/tyrosine served as additional variable modification respectively.
Downstream processing of Maxquant output was realized using the R software environment
(http://www.r-project.org/) combined with the Proteus package [221], Perseus vers.
1.6.10.43 [214] and GraphPad Prism vers. 7.04 (GraphPad Software). Gene ontology (GO)
term enrichment [222] was realized using the R package ClusterProfiler [223] and calculated
using the Fisher’s exact test. Pathway-based data integration and visualization was performed
with the R package Pathview [224].

cLC-MS/MS measurement was performed by Dr. Igor Paron, research group of Prof. Dr. Matthias
Mann, Max-Planck Institute Biochemistry, or Dr. Thomas Fröhlich, group leader at Gene Center Munich,
Ludwig-Maximilians-Universität München
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3. Results

3.1. Generation of a database for PTM regulated
HIV-1-host interactions

For successful infection of the host cell, HIV-1 does manipulate several signaling pathways,
which affects e.g. cell cycle, protein biosynthesis and degradation. Moreover, HIV-1 encodes
and employs various strategies to disable host defense mechanisms of the innate immune
system. Many of these HIV-1-dependent changes are controlled by rendering cellular PTM
associated enzymes, such as protein kinases, acetyltransferases and E3 ubiquitin ligases.
To gain a deeper overview of so far determined PTM-regulated HIV-1-host interactions
and to construct an own state-of-the-art database for simplified bioinformatical analysis
of raw data sets, a hand-curated data platform, that has not been existed so far, was
created for protein acetylation, phosphorylation and ubiquitination using several sources.
As foundation, the NCBI HIV Human Interaction Database (HHID) [36] was searched
for HIV-1 protein interactions with PTM enzymes. Interactions were defined as direct,
such as "Tat is acetylated by KAT2A" or "Nef binds to BST2", or as indirect events,
such as "Vpr downregulates GSK3B" or "capsid induces IL2". According to the HHID,
138 acetyl-, 1899 phospho-, and 359 ubiquitin-associated HIV-1-host interactions were
described. For acetylation, the HHID data set was further cross-analyzed with the HUGO
Gene Nomenclature Commitee (HGNC) database [225] for the identification of human
acetyltransferases and deacetylases revealing 11 lysine and N-terminal acetyltransferases out
of 40 (28%) and 8 lysine deacetylases (KDACs/sirtuins) out of 18 (44%) in HIV-1-associated
interactions. In the case of E3 ubiquitin ligases, the NHLBI ESBL human E3 ubiquitin ligases
databank [226] served as data source and the correlation with the HHID showed interaction
with 95 E3 ligases out of 377 (25%). In addition to the E3 ligases, the Ubiquitin and
Ubiquitin-like Conjugation Database (UUCD) [227] determined overall 18 DUBs out of 103
(17%), which have been shown so far for HIV-1-related interactions. In comparison to protein
acetylation and ubiquitination, protein phosphorylation has been studied more extensively
and more comprehensive data were available. Here, data of the human kinome [228] as well
as the human DEPhOsphorylation Database (DEPOD) [229] were included to determine 219
kinases out of 538 (41%) and 57 phosphatases (25%), which are regulated during HIV-1
infection (fig. 3.1A).
Further interaction analysis categorized by HIV-1 proteins showed the involvement of every
single viral protein in the modulation of the host cell system at PTM level. Moreover, the
analysis also indicated several viral interaction hubs, which extensively regulate the human
PTM landscape during infection (fig. 3.1B). For example, 118 HIV-1 envelope glycoproteins
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120 (gp120) involving interactions with enzymes of protein acetylation, ubiquitination and
phosphorylation were identified. The viral protein R (Vpr) was also found to interact
with 73 enzymes. Another outstanding hub was indicated for the HIV-1 trans-activator
of transcription (Tat) interacting with 155 enzymes from all three considered PTM types.
All interactions were sorted to different stages of the HIV-1 replication cycle to enable
identification of potential important hubs, which can be utilized e.g. in posterior validation
experiments.
The self-curated database of protein acetylation-, ubiquitination- or phosphorylation-regulated
HIV-1-host interactions was used as standard repository for analysis of raw data sets.
Updates are planned to be realized in a regular manner in order to include recently discovered
interaction relationships. As the establishment of this data source revealed several new
interaction networks, the presented data and results of the cross analysis are combined in a
review [40] to allow easy access to other researchers in the field.
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Figure 3.1. HIV-1-associated PTM enzymes.
(A) Analysis of interaction of viral proteins and PTM enzymes are based on the NCBI HHID. The pie charts
illustrate percentages of interacting PTM enzymes of each classification based on the database of the HUGO
Gene Nomenclature Committee [225], the National Heart Lung and Blood Institute ESBL human E3 ubiquitin
ligases databank [226], the Ubiquitin and Ubiquitin-like Conjugation Database [227], databases for protein
kinases [228] and the Human Dephosphorylation Database [229]. (B) Heatmap shows interactions between
HIV-1 proteins and PTM enzymes of protein phopshorylation, acetylation and ubiquitination.
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3.2. Virus production and optimization of infection

For elucidation of molecular mechanisms during acute HIV-1 infection using MS bottom-up
approaches, large quantities of HIV-1-infected cells are required. To establish a protocol to
generate cell lysates from HIV-1-infected T-cells for MS-based proteomic analysis, different
infection conditions were evaluated for infection efficiency, consumption of virus stocks and
feasibility to monitor the course of infection within a defined time frame.
As starting point, two commonly used HIV-1 lab strains, HIV-1NL4-3 and HIV-1NL4-3-IRES-eGFP,
were tested. As target cells for infection, primary CD4+ T-cells were isolated from four healthy
donors, activated and pooled. The two lab strains were compared by titration on the 4-donor
pool (4DP) of primary activated CD4+ T-cells using concentrated virus stocks. After 48 h,
HIV-1NL4-3-infected cells were stained for intracellular viral core protein p24 and the proportion
of infected cells within the population was assessed by flow cytometry. In the case of the GFP
reporter virus HIV-1NL4-3-IRES-eGFP, the expression of GFP was determined by flow cytometry
directly (fig. 3.2A). With both HIV-1 lab strains, the infection efficiency 48 h p.i. did not
exceed 15% with the maximal used amount of 10 µl inoculum. Notably, the infection efficiency
was on average 5% higher for the HIV-1NL4-3 at 10 µl incoculum (fig. 3.2B).
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Figure 3.2. Initial HIV-1 infection in primary activated CD4+ T-cells. (A) Flow cytometry plots of infected
(p24- or GFP-positive) primary activated CD4+ T-cells. Main plots shows uninfected (left) and infected
(right) cell populations.Upper small plot displays cell distribution in FSC/SSC plot and the gated fraction
of cells were used for further analysis. Lower small plot shows cell distribution in FSC-A/FSC-H plot and
the gated single cell population was used for further analysis of the infected population. APC was used as a
reference channel. (B) Titration of HIV-1NL4-3 and HIV-1NL4-3-IRES-eGFP. A 4-donor pool (4DP) of primary
CD4+ T-cells was infected with increasing volumes of concentrated virus. The graph displays infected cells
based on the gating strategy desribed in (A). Error bars show standard deviation of at least two independent
measurements.
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As an alternative for primary activated CD4+ T-cells, two commonly used T-cell lines for HIV-1
infection, namely Jurkat-E6 and SupT1.CCR5 cells, were tested by infection with HIV-1NL4-3
for 48 h (fig. 3.3A). Moreover, spin-infection was evaluated in parallel to the standard
inoculation in primary activated CD4+ T-cells, Jurkat-E6 and SupT1.CCR5 cells (fig. 3.3B).
In general, a higher infection efficiency could be achieved in the T-cell lines compared to the
primary activated CD4+ T-cells. Up to 56% of the Jurkat-E6 cells and up to 96% of the
SupT1.CCR5 were p24-positive after 48 h using the maximal inoculum of 10 µl. With regard
to spin-infection, infection efficiency could be improved up to 19.3-fold in the primary cells,
up to 4.4-fold in Jurkat-E6 cells and up to 6.2-fold in SupT1.CCR5 cells using an even lower
inoculum of 1 µl. In parallel with the infection efficiency, the number of events within the
respective FSC/SSC gate was investigated as indicator for the number of living cells (fig.
3.3C). As expected, the increasing number of p24-positive cells was accompanied with higher
rate of cell death (fig. 3.3C and D). Concerning this negative correlation, SupT1.CCR5 cells
showed the most extreme outcome among the tested cell systems with almost 100% infection
efficiency. However, the estimated number of living SupT1.CCR5 cells decreased down to 6%
compared to the uninfected control. In the case of the primary cells, the decrease in living
cells was more prominent when spin-infection was applied compared to standard inoculation.
Jurkat-E6 cells also showed a decrease in living cells with increasing infection efficiency,
however, to a much lower extent: 83.3% living cell were measured for the standard infection
set-up and 79.1% for the spininfected condition using the maximal used inoculum of 10 µl.
For Jurkat-E6 cells, the number of living cells in the spininfected condition seemed to be
comparable with the standard conditions in contrast to primary activated CD4+ T-cells and
SupT1.CCR5 cells (fig. 3.3D).
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Figure 3.3. Comparison of HIV-1NL4-3 infection conditions in different cell systems. (A) Gating strategy
for flow cytometry to assess percentage of infected (p24-positive) cells and the population of viable cells
within the respective FSC/SSC gate. Representative plots are shown for primary activated CD4+ T-cells,
Jurkat-E6 and SupT1.CCR5 cells. Error bars show standard deviations. (B) Titration of HIV-1NL4-3 in
primary activated CD4+ T-cells, Jurkat-E6 and SupT1.CCR5 cells using standard or spin-infection mode.
48 p.i., cells were stained for p24. (C) Evaluation of the number of viable cells measured by the size of
the respective population in the FSC/SSC gate after standard infection and spin-infection. Error bars (in B
and C) show standard deviation of at least two independent measurements. (D) Correlation analysis of the
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(slope significantly different from zero) are indicated.
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3.3. Monitoring the course of HIV-1 replication within the
first 24 hours

Routinely, infection assays were performed for 48 h. However, since one complete HIV-1
replication cycle is described to take approximately 24 h [230], an experimental set-up
monitoring the increase of HIV-1 core protein in infected cells after the time points 0, 4, 8, 12
and 24 h p.i. was performed. For this purpose, primary activated CD4+ T-cells or Jurkat-E6
cells were spin-inoculated with 5 µl concentrated HIV-1NL4-3 (saturating conditions, see also
fig. 3.3B) and the fraction of p24-positive cells was measured by flow cytometry after specific
time points (fig. 3.4A). At 4 h p.i., ca. 74% of the Jurkat-E6 cells and ca. 69% of the primary
cells were already p24-positive indicating a fast increase within a few hours p.i.. At 24 h p.i.,
ca. 92% of the Jurkat-E6 cells and 88% of the primary cells were measured as p24-positive.
For both cell types, an overall increase in p24-positive cells could be observed though all
defined time points. Analogous to time course analysis of p24 using HIV-1NL4-3, another time
course using GFP reporter virus HIV-1NL4-3-ΔNef-GFP for spin-infection of Jurkat-E6 cells was
performed. In the case of infection with HIV-1NL4-3-ΔNef-GFP, GFP expressing Jurkat-E6 cells
were measured by flow cytometry after defined time points (fig. 3.4D). In contrast to the
early incease in p24-positive cells from 4 h p.i., the overall increase in GFP-positive Jurkat-E6
cells was observed only from 12 h p.i. onwards. Notably, the highest infection efficiency of
67%% on average was achieved in HIV-1NL4-3-ΔNef-GFP-infected Jurkat-E6 cells at 48 h p.i..
As the next step, HIV-1NL4-3 spin-infection experiments in Jurkat-E6 cells treated with fusion
inhibitors were performed to test, whether the observed increase in p24 (fig. 3.4A) was specific
due to successful fusion of viral particles with the host cell. Therefore, the two fusion
inhibitors, human anti-CD4 antibody and T-20 (also known as enfurvirtide or Fuzeon®)
were tested (fig. 3.4B). Both compounds were able to reduce infection efficiency measured
by p24-positive cells after 24 h by 651-fold (T-20) or 728-fold (anti-CD4) compared to the
PBS control.
In addition to the fusion inhibition experiments, a series of trypsination experiments was
conducted on HIV-1NL4-3-spininfected Jurkat-E6 cells to test whether the observed increase
in p24 within 4 h p.i (fig. 3.4A) was caused by extracellularly bound, but not fused, viral
particles. For this purpose, spininfected Jurkat-E6 cells (4 h p.i.) were treated with 0.05% or
0.25% trypsin for 2, 5 or 10 min and subsequently stained for HIV-1 core protein (fig. 3.4C).
Flow cytrometric analysis showed only a minor reduction (< 5%) of positive cells compared
to the PBS-treated cells, even when high trypsin concentration or prolonged incubation time
was applied. At the same time, cells that were pre-treated with trypsin before addition of virus
showed a decrease in p24-positive cells in an incubation time-dependent manner. Treating
with 0.25% trypsin for 10 min led to an observed reduction of ca. 11% in reference to the
PBS-treated condition.
In summary, spin-infection of Jurkat-E6 cells with HIV-1NL4-3 resulted in high infection
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efficiency of up to 90%. The progress of HIV-1 replication within 24 h could be tracked
by flow cytometric analysis of intracellularly stained p24, which increased with ongoing HIV-1
replication. Using this infection set-up, high yield of infected cell lysate for quantitative
MS based proteomic analysis with reduced background to noise (from the uninfected cell
population) can be produced.

0 4 8 12 24
0

20

40

60

80

100

hours p. i.

A B

C D

p2
4+ 

ce
lls

 [%
]

Primary act. CD4+ T-cells

Jurkat-E6 cells

10 5 2
PBS

Uninfecte
d 10 5 2

PBS

Uninfecte
d 10 5 2

PBS

Uninfecte
d

0

1
60

70

80

90

100

incubation time [min]

p2
4+ 

ce
lls

 [%
] 4

 h
 p

.i. 0.05% trypsin       0.25% trypsin 0.25% trypsin
before infection

uninfected

fu
sio

n in
hib.

PBS
0.001

0.01

0.1

1

10

100

p2
4+ 

ce
lls

 [%
]2

4
h

p.
i.

T-20 (100 µM)
anti-CD4 (100 µg/mL)

651x

728 x

HIV-1 NL4-3-ΔNef-GFP

0

T-20 (4
8 h) 6 12 24 32 48

0

20

40

60

80

100

time [h]

G
FP

+
 c

el
ls

 [%
]

Figure 3.4. Intracellular staining of HIV-1 core protein (p24) to monitor progessing HIV-1 replication.
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treated with fusion inhibitors, T-20 or anti-CD4 antibody (24h p.i.). (C) Measurement of intracellular
p24 of HIV-1NL4-3-spininfected Jurkat-E6 cells (4 h p.i) after trypsination (light and darkblue bars).
Trypsination before adding virus and spin-infection was also tested (red bars). (D) GFP time course of
HIV-1NL4-3-ΔNef-GFP-spininfected Jurkat-E6 cells. T-20 treated cells were used as control. Error bars (in A,
B, C and D) show standard deviation of at least two independent measurements.
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3.4. Time resolved proteomics in HIV-1-infected CD4+

T-cells

3.4.1. HIV-1-regulated proteomic changes in infected Jurkat-E6 cells
within 24 h

To investigate HIV-1-associated changes in the global proteome as well as at PTM level
(here: phosphorylation and acetylation) within the first 24 h of viral replication, optimized
parameters from section 3.2 and 3.3 were applied to design a time course experiment
(overview illustrated in fig. 3.5A). In brief, Jurkat-E6 cells were spininfected with HIV-1NL4-3
(MOI24h≈2.3) and harvested after 4, 8, 12 and 24 h. Uninfected cells served as control
(0h). During the harvest of infected cells, aliquots of each time point were subjected to flow
cytometric analysis of infection by p24 staining. The median infection efficiency measured
by p24-positive cells after 24 h was 93.3% (fig. 3.5B). Infected and control cells were
harvested and lysed. For quantification of the global proteome of infected cells, tryptic
digests of the cell lysates from each time point were subjected to TMT labeling. The larger
portion of the lysates was used for PTM site quantification using the SILAC standard spike-in
approach. After tryptic digest, acetylated and phosphorylated peptides were enriched by
affinity-purification. Purified and fractionated TMT or SILAC samples were measured in
duplicates by LC-MS/MS. Subsequently, MS data were processed and analyzed as described
in the workflow of section 3.6.
The TMT experiment provided complete time courses of HIV-1 proteins encoded by env, gag,
pol and nef (fig. 3.5E). All identified HIV-proteins showed increasing abundancy within the
course of infection. Proteins encoded by gag showed the strongest increase in abundance
(log2 fold change > 2) and the trend is consistent with the p24 time course measured by flow
cytometry (fig. 3.5B). In contrast to other detected HIV-1 gene products, the abundance of
pol gene products peaked in early stages of HIV-replication (4 h). In addition, Nef (encoded
by nef ) showed rather fluctuating abundance over time (increasing after 8 h, decreasing after
12 h and increasing after 24 h).
Apart from the time resolved data from HIV-1 proteins, complete time courses of over 4400
host proteins were acquired from the TMT experiment (fig. 3.5D). For analysis of differential
expression, proteins with log2 fold changes ≥ 1 or log2 fold changes ≤ 1 relative to control
were defined as up-regulated or down-regulated, respectively. Applying these criteria, 987
regulated proteins (616 up-regulated; 371 down-regulated) were found after 24 h of infection.
Comparing the numbers of down- or up-regulated proteins through all time points, a drop in
up-regulated and down-regulated proteins was noticed at the 8 h time point.
In contrast to the proteins from the TMT experiment, PTM sites were identified in only some
time points. Consequently, many time courses of PTM sites contained missing data values
leading to a reduced number of PTM sites within the complete time course (fig. 3.5C).
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Figure 3.5. Time resolved proteomics of HIV-1NL4-3-infected Jurkat-E6 cells. (A) Overview of the
experimental design. Spin-infected Jurkat-E6 cells were harvested at defined time points. One part of
the lysates was prepared for TMT labeling to quantify the full proteome by LC-MS/MS. For quantification
of the phosphoproteome and acetylome, the other part of the lysates was mixed with a SILAC standard
generated from labeled, untreated Jurkat-E6 and HEK293T cells. Acetylated peptides were enriched by
immunoprecipitation and phosphorylated peptides were enriched using Fe-NTA/TiO2 columns for LC-MS/MS
analysis. (B) Time course of intracellular HIV-1 p24 determined by flow cytometry. (C) Numbers of identified
PTM sites and regulated PTM sites per time point. (D) Numbers of identified proteins and regulated proteins
per time point. (E) Abundancies of HIV-1 proteins (Uniprot gene names are indicated) over time. Fold
changes are relative to the control (0 h). Error bars (B and E) show standard deviation of two independent
measurements.
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As a result, time courses of over 2800 phosphorylation sites and over 200 acetylation sites
were determined. Applying the same criteria for definition of regulated sites as described for
regulated proteins, 286 up- and 132 down-regulated phosphorylation sites were identified at
24 p.i. (total: 418). In the case of acetylation, 13 up- and 15 down-regulated sites were
found (total: 28).
As expected, the majority of regulated proteins or PTM sites were observed at the 24 h
time point. For the confirmation of identified proteins and modified sites, the NCBI HIV-1
Human Interaction Database (HHID) [36] was used to identify overlapping records (fig.
3.7A). 36.17% of the regulated proteins from the full proteome analysis were listed as host
factors interacting with HIV-1. The regulated phosphorylation sites were assigned to 95
proteins. Of these, 54.74% were also reported as HIV-1 interacting proteins in the NCBI
HHID. Regulated acetylation sites were assigned to 17 proteins. Of these, 64.71% were
also found in the NCBI HHID. Additionally, a comparison with data of HIV-human protein
complexes determined by affinity-tagged purification mass spectrometry [37] was conducted
(supplemental fig. S2). This analysis showed, that 21.68% of the regulated proteome,
34.73% of the regulated phosphoproteome and 47.06% of the regulated acetylome was found
on proteins or protein complexes with physical contact to HIV-1 proteins. In the case of the
regulated phosphoproteome, the measured changes showed good correlation with a recent
quantitative HIV-1-phosphoproteomics analysis by Johnson et al. [231] (fig. 3.6A and B).
Examples of proteins with comparable phosphorylation changes in both data sets include the
thyroid hormone receptor-associated protein 3 (THRAP3), stathmin (STMN1), leukosialin
(SPN) and Bcl-2-associated transcription factor 1 (BCLAF1) (fig. 3.6B).
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Figure 3.6. Comparison of HIV-1-associated phosphoproteome of this study with the data set of Johnson et
al. [231]. (A) Venn diagram of total number of identified host phosphoproteins (24 h). (B) Correlation analysis
of the regulated host phosphorylation sites. X- and y-axis indicate log2 fold changes (infected/uninfected) at
the 24 h time point. Phosphorylation sites with |log2 fold changes| ≥ 1 were defined as regulated. Uniprot
gene names and PTM site localization of example proteins are shown.
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Figure 3.7. Time courses of regulated proteins or PTM sites associated with HIV-1 infection. (A) Number
of regulated (phosphorylated/acetylated) proteins 24 h p.i. Percentage of proteins listed in the NCBI HIV-1
Human Interaction Database are highlighted. Clustered time courses are shown for the HIV-1-associated (B)
full proteome, (C) phosphoproteome and (D) acetylome. Uniprot gene names and PTM site localization of
example proteins are shown. Font color of exemplified proteins indicates up-regulation (red) or down-regulation
(blue). Underlined proteins are also listed in the NCBI HHID [36]. Hierarchical clustering of time courses
using Euclidian distance resulted in clusters for early (0-8 h) or late (12-24 h) regulation. Another cluster was
defined by peaking responses.

Similar to the HIV-1 proteins (fig. 3.5E), host proteins also showed different time course
patterns. Therefore, hierarchical clustering by similarity using Euclidian distance was
performed resulting in the time course clusters "early", "late" and "peaking". Examples of
regulated proteins with these time course profiles are illustrated in fig. 3.7B-D. Continuous
up- and down-regulation within 4 to 8 h p.i. were defined as early, whereas up- and
down-regulation starting from 12 h p.i. were considered as late. Most time courses of the
full proteome (fig. 3.7B) were clustered as early, e.g. Krueppel-like factor 16 (KLF16),
transcription factor Sp1 (SP1) and Von Hippel-Lindau disease tumor suppressor (VHL).
Examples with a late profile were represented by macrophage migration inhibitory factor
(MIF) and origin recognition complex subunit 1 (ORC1). Interestingly, a few time courses
showed a peak in the increase/decrease of protein abundance within the time course. Proteins
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of this peaking cluster are exemplified by NEDD4 family-interacting protein 1 (NFIP1),
DNA-directed RNA polymerase III subunit RPC2 (RPC2) and Ras GTPase-activating protein
2 (RASA2) in fig. 3.7B.
For phosphorylated and acetylated proteins, most regulated PTM sites were identified at late
time points, e.g the increase in myc proto-oncogene protein (MYC) phosphorylated at S62,
decrease in histone acetyltransferase p300 (EP300) phosphorylated at S2309 and increase
in E3 ubiquitin-protein ligase TRIM33 (TRIM33) acetylated at K524 at 24 h p.i. (fig. 3.7C
and D). The increase of astrocytic phosphoprotein PEA-15 (PEA15) phosphorylated at
S116, alpha-enolase (ENOA) acetylated at K262 and the decrease of heterogeneous nuclear
ribonucleoprotein U (HNRPU) acetylated at K635 served as examples for modified proteins
in the cluster of early regulation.
In summary, time resolved data from viral and host (phosphorylated or acetylated) proteins
were obtained from the TMT and SILAC experiments with HIV-1NL4-3-infected Jurkat-E6
cells. More than one third of the up- or down-regulated proteins and more than half of
the phosphorylated or acetylated proteins are described as interactors with HIV-1 proteins
according to the NCBI HHID [36]. Time course analysis of regulated proteins or PTM
sites revealed early, late or peaking responses to HIV-1 infection. Nevertheless, to gain
more insights about the biological consequences of the HIV-1-associates changes in protein
or site abundancies over time, further analysis in the context of cellular pathways was required.
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3.4.2. Analysis of the HIV-1-regulated dynamics of protein abundancies

In order to gain more insights into the biological consequences of the HIV-1-regulated
dynamics of protein abundance in infected Jurkat-E6 cells, acquired quantification data from
the TMT and SILAC experiments were subjected to KEGG pathway enrichment analysis.
First, to differentiate between early and late events, top 20 enriched KEGG pathways including
up- or down-regulated proteins or phosphorylation sites of 4 h (early) and 24 h (late) p.i.
were compared (fig. 3.8). For both time points, 4 h and 24 h, infection disease-associated
pathways (e.g. HIV-1, salmonella, hepatitis), cell metabolism related pathways (e.g.
carbon metabolism, biosynthesis of amino acids) and pathways of neurodegenerative diseases
(e.g. Alzheimer, Parkinson, Huntington disease) were determined. Moreover, structural
constituents of spliceosome and ribosome were also enriched in early and in late stages of
HIV-replication. Numerous elements of the spliceosome e.g. proteins of the U1 related small
nuclear ribonucleoproteins (snRNPs) complex as well as several large and small subunits of
the ribosome were up-regulated during the HIV-1 time course (supplemental fig. S3). Other
subcomplexes of the spliceosomal machinery or ribosome showed mixed protein abundance
patterns e.g. the U2 related snRNPs (supplemental fig. S3A) or the elongation factor Tu
(EF-Tu) respectively (supplemental fig. S3B). In contrast to the 24 h time point, proteins
of RIG-I-like receptor signaling pathway (supplemental fig. S5) and proteins involved in cell
metabolism e.g. glycolysis/glyconeogenesis (suppplemental fig. S4) were over-represented at
the 4 h time point. These pathways were absent in the top 20 at the 24 h time point, whereas
differentially expressed proteins involved in ubiquitin mediated proteolysis, RNA degradation
and cell cycle were enriched during the late phase of infection.
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3.4.3. Pathway mapping of temporal dynamics of HIV-1-regulated host
proteins

Based on the results from the analysis of the HIV-1-regulated dynamics of protein abundancies
and KEGG pathway enrichment analysis, different cellular pathways were found highly affected
during early and late phases of HIV-1 infection, including the RIG-I-like receptor signaling
(fig. 3.8, 4 h), glycolysis (fig. 3.8, 4 h) and cell cycle (fig. 3.8, 24 h). Cell cycle regulation has
been shown to be critical for HIV-1 replication by various publications [232–234]. Therefore,
the cell cycle was chosen to exemplify pathway-based data integration and visualization of
quantified protein/PTM site abundancies upon HIV-1 infection (fig. 3.9). Time course data
from the full proteome (fig. 3.9A) and phosphoproteome (fig. 3.9B) were used. Notably,
because of the low counts of determined time courses of acetylated sites, KEGG pathway
enrichment analysis could not be performed in a reasonable manner for the HIV-1-regulated
acetylome. 62 proteins of the quantified proteome could be mapped to the KEGG cell
cycle map resulting in a pathway coverage of 67.3%. Moreover, quantification of the
phosphoproteome resulted in 19 phosphoproteins, which were additonally mapped into the
cell cycle resulting in a coverage of 20.6%. Numerous proteins assigned to G1 or S phase
of the cell cycle were found to be down-regulated e.g. cyclin-dependent kinase 2 (CDK2),
transcription factors E2F1, E2F2, or the origin recognition complex (ORC) (fig. 3.9A).
Contrary to the proteins of early cell cycle phases, proteins of G2 or M phase were found
highly up-regulated e.g. cyclin-dependent kinase 1 (CDK1), Wee-like protein kinase (Wee)
or proteins of the anaphase-promoting complex (APC/C). Mapping using phosphoproteomic
data into the cell cycle showed more delayed response (up- or down-regulation at 12 or 24 h)
compared to the time courses of the full proteome (fig. 3.9B). Examples are CDK1 and
APC/C, which showed a strong increase in protein abundance from 4 h p.i., whereas the
abundance of phosphorylated CDK1 or APC/C decreased at later phases (12-24 h p.i.).
Besides the cell cycle, pathway mapping was also performed for KEGG glycolysis
(supplemental fig. S4) and KEGG RIG-I-like receptor signaling (supplemental fig. S5) and
is shown in the supplement. In the case of glycolysis, strong up-regulation of key enzymes
of the energy releasing phase, such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
EC: 1.2.1.12), phosphoglycerate kinase 1 (PGK, EC: 2.7.2.3) and enolase (ENO3, EC:
4.2.1.11) was observed through the entire HIV-1 time course. In the case of the RIG-I-like
receptor signaling pathway, which regulates pathogen sensing of RNA virus infection to
initiate antiviral response [235] (supplemental fig. S5), up-regulation of ubiquitin-like protein
ATG12 (ATG12), a key regulator of the autophagy process [236], and regulators of the
activation of NF-κB were shown. In parallel, serine/threonine-protein kinase TBK1 (TBK1)
regulator of interferon regulatory factor 3 (IRF3) and interferon regulatory factor 7 (IRF7),
which are part of the innate immune response against DNA and RNA viruses [237] were
found to be down-regulated.
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The comprehensive KEGG pathway analysis of the cell cycle, glycolysis and RIG-I-like receptor
signaling pathway exemplified, that many key proteins were (in-)activated by phosphorylation
driven processes. Therefore, elucidation of HIV-1-associated kinase-substrate relationships
would improve the understanding of these mechanisms.

3.4.4. Quantification of the HIV-1-associated kinase-substrate network

The time course analysis of the host full proteome exemplified by the cell cycle showed
differentially increased or decreased expression of kinases and respective substrates. In
order to identify further HIV-1-associated kinases, data from the time course analysis of the
phosphoproteome was used in combination with the PhosphoSitePlus database (PSP) [238] to
determine kinases, that target the differentially regulated sites. Site motif enrichment analysis
(fig. 3.10A) identified early up-regulation (from 4 h) of substrates e.g. with casein kinase II,
G protein-coupled receptor kinase 1 or 14-3-3 domain binding motifs. Substrates with e.g.
PKA/PKC, GSK-3, ERK1, ERK2 and CDK5 motifs were found to be up-regulated from 12 h
p.i. onwards. In the case of down-regulated sites, similar motifs to the up-regulated sites
were found. However, the underlying proteins, to which the motifs belonged, were different
from the proteins with up-regulated motifs.
Next, site-specific peptide sequences were used to identify respective kinases, that might not
have been identified/quantified in the SILAC experiments, but are confirmed to phosphorylate
respective sites according to the PSP database. 44 kinases were assigned to the quantified
substrates (fig. 3.10B). 86.7% of them are described to to be linked with HIV-1 infection
according to the NCBI HHID [36], while 13.3%, including mitogen-activated protein
kinase kinase kinase 8 (MAP3K8), membrane-associated tyrosine- and threonine-specific
cdc2-inhibitory kinase (PKMYT1), serine/threonine-protein kinase WNK2 (WNK2), SRSF
protein kinase 1 (SRPK1), dual specificity protein kinase CLK1 (CLK1) and dual specificity
protein kinase CLK2, have not been listed in the NCBI HHID yet. However, some substrates
of the same kinase did not necessarily show similar differential regulation at the 4 h and
24 h time points. For example, sites of SRSF3 and PEA15 are targeted by AKT1 and
both sites were up-regulated from 4 h p.i. onwards. However at 24 h p.i., SRSF3 was
down-regulated, whereas PEA15 showed increased up-regulation. Different from the examples
so far, there were also interactions, in which substrates targeted by a certain kinase, showed
similar regulation patterns. This is exemplified by CDK2 substrates NPM1, NUP98, STMN1
and LIG1, which were found to be up-regulated at 24 h p.i.. Another example of similar
regulation patterns is CDK1 and its substrates MPLKIP, RANBP2, GAPVD1, which were
down-regulated.
Unfortunately, analyzing an HIV-1-associated lysine acetyltransferase-substrate network
analagously was not possible because of the low number of quantified acetylation sites and
because of scarce annotation of acetylation sites in databases in general.

65



3.4. TIME RESOLVED PROTEOMICS IN HIV-1-INFECTED CD4+ T-CELLS

Casein kinase II substrate
G protein-coupled receptor kinase 1 substrate

PKA kinase substrate
PKC kinase substrate

Calmodulin-dependent protein kinase II substrate
GSK-3, ERK1, ERK2, CDK5 substrate

WW domain binding
ERK1,2 kinase substrate
14-3-3 domain binding

MAPKAPK2 kinase substrate
GSK3 kinase substrate

MDC1 BRCT domain binding
Plk1 PBD domain binding

DNA dependent Protein kinase substrate
b-Adrenergic Receptor kinase substrate

Growth associated histone HI kinase substrate
MAPKAPK1 kinase substrate

Akt kinase substrate
PKC epsilon kinase substrate

Casein kinase I substrate
PAK2 kinase substrate

UP

10

4 8 12 24 h

20

30

40

50

60

70

80

Counts

4 8 12 24 h

Counts
Casein kinase II substrate

G protein-coupled receptor kinase 1 substrate
PKA kinase substrate
PKC kinase substrate

GSK-3, ERK1, ERK2, CDK5 substrate
WW domain binding

ERK1,2 kinase substrate
MAPKAPK2 kinase substrate

GSK3 kinase substrate
Growth associated histone HI kinase substrate

DNA dependent Protein kinase substrate
Calmodulin-dependent protein kinase II substrate

MDC1 BRCT domain binding
Plk1 PBD domain binding

b-Adrenergic Receptor kinase substrate
14-3-3 domain binding

Cdc2 kinase substrate
CDK kinase substrate

DOWN

10

20

30

40

50
A

B

GAPVD1

CDK7

RANBP2

NOLC1

LMNB1

PKMYT1 NUP98

LIG1

STMN1

CDK1

FOXK2

CDK2

NPM1

MPLKIP

MAP3K8

TBC1D4
PRKACA

RPS6

RPS6KA3 CHEK1

PAK1

PRKCD

MED1

PRKDC

MTOR

CAMK2A

MAPK13

SRC

ETS1

CAMK2B

YES1

CAMK4
PRKCB

WNK2

SRSF1

WNK1

TPX2

STK39

EEF2K

AURKA

EEF2

SRPK1

LYN

BCR

FYN

HCK

ABL1

MYC

CDK5

EP300

MAPK9

MAPK10

PCBP2
MAPK1

PLK1

ABL1

MAPK8

RPS6KA1

NCBP1

RPS6KB1
SGK1

AKT1

CLK2

PTPN1

SRSF3

PEA15

CLK1

ADD2

MAPK3

TOP2A

MDC1

GSK3B

UNG

CSNK2A1

GSK3A

log2 fold change

Kinase substrate
relationship

Legend

0

+1

-1

-2

+2

time [h]4
24
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3.4.5. Time resolved HIV-1 proteomics using different virus lab strains

For the HIV-1 time course analysis in HIV-1NL4-3-infected Jurkat-E6 cells (see section 3.4.1),
the percentage of p24-positive cells was used to monitor ongoing HIV-1 replication by
flow cytometry (fig. 3.5B). However, it was not possible to distinguish cells, in which the
infection resulted in productive HIV-1 replication by intracellular p24 staining. In contrast to
HIV-1NL4-3, GFP reporter viruses facilitates detection of productive HIV-1 replication, since
GFP is expressed under the control of the LTR promoter together with the HIV-1 genes.
Therefore, an additional time course experiment using HIV-1NL4-3-ΔNef-GFP-infected
Jurkat-E6 cells was performed analogous to the TMT-based time course experiment using
HIV-1NL4-3-infected cells for comparison (for the experimental design, please see section
3.4.1 and fig. 3.5A). Different from the HIV-1NL4-3-time course, cells were infected for 48 h
instead of 24 h to allow sufficient time for GFP expression and the cells were harvested
after the time points 6, 12, 24 and 48 h p.i.. Using HIV-1NL4-3-ΔNef-GFP for spin-infection
of Jurkat-E6 cells as described in section 3.2, 67% GFP-positive cells were determined by
flow cytometry after 48 h (fig. 3.4D). The TMT-based LC-MS/MS analysis resulted in 3929
identified proteins, oh which 3833 proteins (97.6%) were quantified through all time points
with a comparable range as for the prior HIV-1NL4-3-time course experiment. Of these
proteins, 2579 (48% overlap) were also identified in both time courses (fig. 3.11A).
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Figure 3.11. Time resolved proteomics using two different HIV-1 lab strains. (A) Comparison of the
number of identified proteins of the two independent HIV-1 time course experiments by LC-MS/MS. In the
first experiment, Jurkat-E6 cells were infected with HIV-1NL4-3 for 24 h. In the second experiment, Jurkat-E6
cells were infected with HIV-1NL4-3-ΔNef-GFP for 48 h. Number of proteins, that were identified in both
data sets, are shown in the intersect (grey). (B) Abundancies of HIV-1 proteins (Uniprot gene names are
indicated) over time. Fold changes are relative to the control (0 h). For the time course with HIV-1NL4-3,
Gag and Pol were identified independently, whereas the Gag-Pol precursor was identified in the time course
with HIV-1NL4-3-ΔNef-GFP only. Error bars show standard deviation of two independent measurements.
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In both time course experiments, HIV-1 proteins Env and Gag/Pol/Gag-Pol were quantified
and showed comparable temporal progressions (fig. 3.11B). The analysis for enriched KEGG
pathways (as described in section 3.4.2) also resulted in similar KEGG terms including "cell
cycle" as illustrated in fig. 3.12). As exemplified for the KEGG pathway "cell cycle",
the dynamic range in the HIV-1NL4-3-time course (fig. 3.12A) was larger than in the
HIV-1NL4-3-ΔNef-GFP-time course (fig. 3.12B). However, the general trend of down- and
up-regulated proteins, that are associated with "G1/S-" and "G2/M-transition" respectively,
was consistent in both time-courses.
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Figure 3.12. Temporal abundancies in the HIV-1-regulated full proteome in Jurkat-E6 cells mapped into
KEGG pathway "Cell cycle". Proteins are shown as squared time bars color-coded according to the protein
abundance relative to control as log2 fold change. (A) Time resolved data (4, 8, 12, 24 h p.i.) from the
infection experiment with HIV-1NL4-3. (B) Time resolved data (6, 12, 24, 48 h p.i.) from the infection
experiment with HIV-1NL4-3-ΔNef-GFP.
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3.5. Quantification of the HIV-1-associated acetylome

The time resolved full proteome and phosphoproteome analysis of HIV-1NL4-3-infected CD4+

T-cells was used to investigate regulated signaling pathways, which could not be performed
in a reasonable manner for the time resolved acetylome due to the unexpected low numbers
of determined time courses of acetylated sites (fig.3.5C and fig. 3.7D). Based on the previous
time resolved proteomic study in HIV-1NL4-3-infected CD4+ T-cells, it was assumed, that 24 h
were not sufficient to observe large changes in the host acetylome, which might be related to a
low amount of replication-active virus in these experiments. Therefore, SILAC-heavy-labeled
Jurkat-E6 cells were spininfected with HIV-1HIV-1NL4-3-ΔNef-GFP (MOI≈1.1) and harvested
after 48 h. SILAC-light-labeled and uninfected Jurkat-E6 cells served as control. Infected
and control cells were harvested, lysed and combined in an 1:1 ratio for quantification. After
tryptic digest, acetylated peptides were enriched by affinity-purification. Purified samples
were measured in duplicates by LC-MS/MS. Subsequently. MS raw data were processed and
analyzed as described in the workflow of section 3.6.
In total, 547 acetylated sites (belonging to 330 proteins) were quantified. Of these, 20
sites were found to be up-regulated (log2 fold change≥SD, standard deviation SD=0.6)
and 53 sites were found to be down-regulated (log2 fold change≤-SD). Of the regulated
proteins (total: 65), 48% have been associated with HIV-1 infection according to the NCBI
HHID [36]. A large number of these regulated proteins/sites were clustered in functional
protein-protein networks as identified by the STRING database [239] (fig. 3.13). GO and
pathway enrichment analysis resulted in proteins, that were associated with "cytoskeleton
dynamics" (GOBP, FDR: 0.0044), "glycolysis (KEGG, FDR: 0.0024), "ribosomes" (KEGG,
FDR: 0.0024), "RNA processing" (KEGG, FDR: 0.0021), "viral genome integration into
host DNA" (GOBP, FDR: 0.0044), "histones" (KEGG, FDR: 1.18e-9) as well as proteins
with "positive regulation of transcription by RNA polymerase II" (GOBP, FDR: 0.0120).
In the most clusters, down-regulation of respective lysine-acetylation was predominant, as
exemplified for the cluster of "histones" or "glycolysis".
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Figure 3.13. Quantification of the HIV-1-associated acetylome in Jurkat-E6 cells. Protein-protein interaction
network analysis was performed using the STRING database [239] and network visualization was performed
using Cytoscape [240]. Proteins with regulated acetylation sites upon HIV-1 infection (48 h) were displayed
as white boxes. Acetylation sites were shown as circles. Log2 fold changes were calculated from SILAC ratios
(infected/uninfected), that were derived from two independent LC-MS/MS measurements. Clusters of certain
KEGG pathways or GO biological processes are emphasized in grey areas. Proteins with positive regulation
of transcription by RNA polymerase II are marked with thick borders. Orphan proteins were excluded.
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3.6. MS data analysis workflow for quantitative studies of
cellular signaling pathways

For the analysis/interpretation of quantitative MS data and to investigate infection-associated
cellular signaling pathways, a downstream data analysis workflow was established. The
open-source R environment was used to script the data analysis algorithm for processing
MaxQuant output tables (evidence and PTM sites). An overview of the modular structure
of the algorithm is illustrated in fig. 3.14.
The developed algorithm requires the evidence table, which combines the information of all
identified/quantified peptides resulting from label-free, SILAC or TMT experiments. For the
analysis of PTMs, the evidence table is complemented with respective site specific information
from the PTM sites table (e.g. site position within the protein, localization probality), which
results in the EvidSites table. Evidence table and EvidSites table, respectively, are subjected
to downstream analysis using the Proteus R package [221]. Proteus provides functions to
aggregate peptide intensities for identical peptide sequences and to aggegrate peptides to
proteins. Moreover, Proteus includes tools for MS data quality control, differential expression
analysis as well as interactive data exploration and visualization. Proteus output files were
subsequently formatted and assigned with identifiers of different data base resources (e.g.
Uniprot, Ensembl, KEGG, Entrez Gene) to fit the requirements for GO term or KEGG
pathway enrichment analysis.
For the automated processing of biological term classification and enrichment analysis
of protein clusters, the ClusterProfiler R package [223] was implemented. ClusterProfiler
provides statistical analysis tools and annotation functions based on data and signaling
maps from the Gene Ontology [241] and the KEGG resource [242]. Using the information
from ClusterProfiler, signaling pathways of particular interest were selected for a more
detailed analysis by mapping quantified proteins into signaling pathways. This was realized
by implementing the Pathview R package [224] into the workflow, which provides tools for
KEGG pathways-based data integration and rendering of experimental data on pathways
graphs. In order to integrate quantified PTM site information into KEGG pathways, the
"PTM status" of a protein needed to be defined. In the case of proteins aggregated from
more than one modified peptide sequence (either multiple PTM sites on the same peptide
or multiple modified peptides of the same protein), the "PTM status" of a protein was
estimated either by the modified peptide with the highest intensity or by the median intensity
of all assigned PTM sites. Alternatively, PTM sites with known biological function can be
directly chosen for rendering into the pathway maps. The performance of MS data analysis
using the developed workflow was tested in comparison with the analysis in Perseus, which is
a commonly used computational platform for MS data [214,215]. Key performance indicators
(e.g. number of identified unique peptides, number of differentially expressed proteins/PTM
sites) could be exactly reproduced in Perseus (data not shown). The respective R script is
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sourced and available on the servers of the Max von Pettenkofer Institute (Dept. of Virology).
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Figure 3.14. Flowchart of the data processing and analysis workflow for quantitative proteomic data. A
data analysis workflow coded in the R environment was developed for efficient processing and interpreting
of quantitative MS data from label-free, SILAC or TMT experiments. MaxQuant output files were used for
downstream analysis using the Proteus R package. Resulting peptide/proteins data (pepdat/prodat) resulting
from the Proteus analysis were normalized and transformed into a ClusterProfiler or Pathview compatible
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pathways. Alternatively, pepdat/prodat were further processed in Perseus.
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3.7. Study of the Tat regulated aspects of HIV-1 infection

3.7.1. Design of Tat expression plasmids and establishment of stable cell
lines for interactome and acetylome studies

Design and cloning of HA-tagged Tat

As shown in the analysis of time resolved proteomics in HIV-1-infected Jurkat-E6 cells,
numerous host proteins and PTM sites are regulated in a highly complex manner. Various
cellular pathways are modulated upon the presence of HIV-1 proteins. Moreover, it has
been shown, that the nuclear acetylome is subjected to large changes upon HIV-1 infection,
which are facilitated by multiple interactions between HIV-1 proteins and host KATs,
KDACs/sirtuins and bromodomain containing proteins [75, 243]. Notably, the viral encoded
Tat, which is essential for the regulation of HIV-1 LTR transactivation, latency and apoptosis
is involved with the majority of these interactions [40,136,137,156–158]. In this context, Tat
has been identified in HIV-1-host interactions with 42% of KATs, 22% of KDACs/sirtuins
and 30% of bromodomain containing proteins in the human proteome [243, 244]. These
interactions with the host acetylation machinery emphasizes the close connection of Tat’s
transactivation activity with lysine acetylation and Tat’s role in shaping the host acetylome
during HIV-1 replication. As an example, KATs that are recruited by Tat to the 5’-LTR to
enhance transcription are PCAF, EP300 and GCN5 [147, 148, 154, 245, 246]. However, little
is known about Tat regulated changes in the acetylome and the associated consequences for
transcription and cellular signaling.
In order to identify potential proteins, that have not been linked to Tat function and HIV-1
infection so far, several Tat mutants were cloned simulating either an acetylated (K-to-Q) or
non-acetylated state (K-to-R) by specific lysine substitutions [247] (fig. 3.15B).
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K-to-A substitution were also performed to simulate the absence of the entire lysine residue.
Lysine acetylation sites (K28, K50, K51) were chosen based on known lysine acetyltransferases
and deacetylases (PCAF [245], HDAC6 [153], EP300 [245, 246] or GCN5 [154]) targeting
respective sites (fig. 3.15A).
Moreover, it has been shown, that the first exon of 72 amino acids is sufficient for
transactivation of the HIV LTR [248]. The contribution of the second exon to HIV-1
replication is poorly understood. Therefore, an additional Tat mutant was cloned by deletion
of the second exon (Δexon2) in order to study its interplay with host factors.
All Tat expression constructs were designed with a C-terminal HA-tag for simplified
immunoprecipitation and immunoblotting (fig. 3.16A). In total, a set of 14 mutants
was generated from pcDNA3.Tat-HA by site-directed mutagenesis (fig. 3.16B). The
Neomycin-Geneticin expression cassette (NeoR) within the pTat-HA plasmid allowed
generation of stable cell lines by culturing in selective media. Transient overexpression of
Tat with lysine substitutions after chemical transfection was successful in different cell lines
e.g. HEK293T (fig. 3.16B), HeLa, HCT116 or TZM-bl. Notably, the expression levels of
Δexon2 mutant were remarkably lower than in the other variants expressing full length Tat
(exemplified in fig. 3.16B).
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Figure 3.16. Cloning of HA-tagged Tat. (A) Schematic structure of the Tat-HA expression construct. (B)
Immunoblots of transfected HEK293T cells (48 h p.t.) using the set of pTat-HA constructs. (C) Quality check
of the co-immunoprecipitation (Co-IP) using magnetic anti-HA beads in HEK293T cell lysate by Ponceau
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Co-immunoprecipitation for Tat interacting proteins using anti-HA magnetic beads

Lysates from Tat-HA-transfected HEK293T cells (48 h post transfection) were used to test
co-immunoprecipitation (Co-IP) of Tat-host protein complexes using anti-HA magnetic beads.
To test for specificity, full lysate, Co-IP flowthrough, wash and eluate were processed for
SDS-PAGE and immunoblotting. Ponceau staining showed efficient depletion of unbound
proteins (fig. 3.16C, lane W and EL). Successful enrichment and elution of HA-tagged Tat
protein were confirmed by immunoblotting using primary anti-HA antibodies (fig. 3.16C, lane
EL). LC-MS/MS analysis of Co-IP eluates in two replicates resulted in 653 identified Tat
interacting proteins with comparable MS intensities in each run (fig. 3.16D). Among the set
of Tat interacting proteins, components of human transcription elongation factor P-TEFb
such as Cyclin T1 and CDK9 (according to the CORUM database [249]) were also observed.

Establishment of stable T-cell line expressing Tat-HA by lentiviral transduction

In contrast to HEK293T, HeLa or TZM-bl cells, chemical transfection in T-cell lines such as
Jurkat-E6 cells is less efficient making the establisment of a stable T-cell line more difficult.
Chemical transfection of Tat-HA into Jurkat-E6 and SupT1 cells using Lipofectamine® 2000
or PEI was not successful (data not shown). Nucleofection (Lonza) showed also extremely
low efficiency of transfection (data not shown). Therefore, the set of pTat-HA constructs was
re-cloned into a vector flanked by 5’- and 3’-LTRs allowing lentiviral transduction (fig. 3.17A)
into Jurkat-E6 cells. Additionally, another construct with Tat-HA replaced by a mock gene
(luciferase 2; luc2) was generated to obtain a control for later Tat interaction studies. In the
new set, Tat was flanked C-terminally by BFP being cleaved upon expression via an internal
T2A site. Lentiviral particles were produced and used to transduce Jurkat-E6 cells under
optimized conditions in terms of titer of concentrated virus and spin-inoculation (exemplified
for Tat wt in fig. 3.18A). Flow cytometric measurement of BFP (72 h p.i.) was used to identify
successfully transduced Jurkat-E6 cells (fig. 3.18B). The average transduction efficiency of
98.6% was achieved for all cloned constructs. Expression of Tat-HA in Jurkat-E6 cells was
confirmed by immunoblotting (fig. 3.17B). Very similar to the transient Tat-HA expression
in transfected cells, low expression levels of the Δexon2 mutant were observed in transduced
Jurkat-E6 cells. Interestingly, the mean fluorescent intensity (MFI) of BFP, which is coded
downstream of TAT(Δexon2)-HA showed comparable levels to the full length Tat variants
(fig. 3.18B).
In order to prevent the outgrowth of the Tat-HA-T2A-BFP-negative population over time
and to obtain a pure population, transduced Jurkat-E6 cells were sorted for BFP-positive
cellsa. After sorting, a population of 99.9% BFP-positive cells was obtained for every
construct. BFP and Tat-HA expression was stable over time as confirmed by flow cytometry

aCell sorting was performed on a BD FACSAriaFusion by Dr. Lisa Richter, technical manager of the core
facility Flow Cytometry Biomedical Center Munich, Ludwig Maximilians University of Munich
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or immunoblot analysis, respectively. 14 days after transduction, stable cell lines were tested
for residual lentiviral particles in a p24 ELISA (supplemental fig. S6). The clearance
measurement showed no residual virus-associated HIV-1 core protein p24. Consequently,
generated Tat-HA-T2A-BFP expressing stable cells were transferred to biosafetly level 1
conditions.
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Figure 3.18. Establishment of stable Tat-HA-T2A-BFP expressing Jurkat-E6 cells by lentiviral transduction.
(A) Titration of concentrated lentiviral particles for the transduction of Tat-HA-T2A-BFP into Jurkat-E6
cells. Flow cytometric measurement of BFP-positive cells was conducted 72 h p.i. Error bars show standard
deviation of two independent measurements. (B) Flow cytometric measurement of BFP-positive Jurkats after
transduction with the Tat-HA-T2A-BFP set (72 h p.i.).

3.7.2. Analysis of mutant function for HIV-1 LTR transactivation

Transactivation of HIV-1 LTR in TZM-bl and reactivation of J-Lats

As described in section 3.7.1, different Tat mutants were cloned simulating either an acetylated
(K-to-Q) or non-acetylated state (K-to-R). Moreover, an additional mutant with exon 2
deletion was included. In the following, Tat wt and mutants were tested in different assays
to investigate their efficiency in HIV-1 LTR transactivation. The HIV-1 reporter cell line
TZM-bl expresses luciferase under the control of a HIV-1 LTR [250–254] and thus, was
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used to analyze transactivation by Tat wt and mutants. For this purpose, two different
experiments were performed: On the one hand, TZM-bls were transiently transfected with
the pTat-HA set. Tat-HA expression was confirmed by immunoblot 48 h post transfection.
On the other hand, TZM-bls were infected using lentiviral supernatant for transduction using
the pTat-HA-T2A-BFP set. In this case, percentage of BFP-positive TZM-bls as measure for
successful transduction was used for normalization of luciferase induction. Tat-HA-T2A-BFP
expression was also confirmed by immunoblotting 48 h post transduction. Tat mutants showed
similar luciferase fold induction tendencies in both experiments (fig. 3.19A). In contrast to
the mock transfection or mock transduction, all Tat mutant were able to induce luciferase
expression, however, to a varying extent. K50R, K51R, K50/51R showed comparable or
even higher fold induction as the Tat wt. In the case of K28R, K50A, K50Q, K51A, and
Δexon2, 53% of the transactivation efficiency was achieved in average in comparison to Tat
wt. Mutants with almost lost transactivation ability were K28A (22%) and K28Q (9%)
as well as the double mutants K50/51A (11%) and K50/51Q (13%). Noticeably, K-to-A
substitutions showed similar low fold induction to their respective K-to-Q substitutions.
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Figure 3.19. HIV-1 LTR transactivation in TZM-bl and J-Lat cells. (A) Luciferase transactivation
assay in Tat-HA transfected or Tat-HA-T2A-BFP transduced TZM-bl cells. BFP expression was used for
normalization in the transduction experiment. (B) Latency reversal in J-Lat cells by lentiviral transduction of
pTat-HA-T2A-BFP quantified by GFP signal using flow cytometry. BFP expression was used for normalization.
Error bars show standard deviation of two independent measurements. (C) Crosscorrelation analysis of
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R2 displays goodness of fit. Pearson correlation coefficient r and p value (slope significantly different from
zero) are indicated.
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To conduct an analogous transactivation experiment as in TZM-bl cells but in a system
closer to the HIV-1 infection context, J-Lat cells were used. This T-cell line contains a near
full length integrated HIV-1 genome (Δenv and nef -defective HIV R7), that expresses GFP
upon LTR-activation and is commonly used for latency studies [168]. Here, J-Lat cells were
transduced using the pTat-HA-T2A-BFP set (fig. 3.19B). 48 h later, BFP expression was used
to normalize GFP signal to the number of successfully transduced cells. Lentiviral transduction
of a mock protein (here: luciferase luc2) was used as control and to define the background
signal, that is unspecific for Tat. In analogy to the transactivation assay in TZM-bl cells,
Tat-dependent LTR activation and subsequent GFP expression were not or barely observed
for K28A, K28Q, K50/51A and K50/51Q (fig. 3.19B) whereas K50R, K51R and K50/51R
showed comparable or even higher transactivation efficiency as Tat wt. Overall, GFP fold
induction in transduced J-Lat cells corresponded to the luciferase induction in transduced
TZM-bl cells for Tat wt and the respective mutants (fig. 3.19C).

Effect on HIV-1 infection in Jurkat-E6 cells

Lentiviral transduction of Tat mutants into J-Lat cells showed differential ability to reverse
latency (fig. 3.19B). In order to investigate the effect of Tat mutants on the course of
HIV-1 infection, stable Tat overexpressing Jurkat-E6 cells were used for spin-infection with
HIV-1NL4-3-IRES-GFP (MOI≈1). The experiment was designed under the assumption, that
the copy number of Tat overexpressed in Jurkat-E6 cells overpowers the copy numbers of
expressed Tat from the integrated HIV-1NL4-3-IRES-GFP. After 24 h, GFP expression was
measured by flow cytometry (fig. 3.20A).
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Thereby, luc2 overexpressing Jurkat-E6 cells served as control for effects caused by Tat
expressed from HIV-1NL4-3-IRES-GFP. Percentage of GFP-positive cells in the control condition
(ca. 36% in average) was determined to define the signal caused by Tat expressed from HIV-1

NL4-3-IRES-GFP. Upon Tat wt overexpression, infection efficiency improved to 65% in average
(1.9-fold compared to the control), which served as reference to compare with the mutants.
For Δexon2, comparable infection levels as in the wt condition were achieved (fig. 3.20B).
For most mutations including K28R, K50A, K50R, K50Q, K51A, K51R, K51Q and K50/51R,
infection efficiency was improved to 54% in average (1.5-fold compared to control). On
the other hand, enhancement of infection was marginal for K28Q, K50/51A and K50/51Q.
Here, the infection levels (38% in average) were not considerably higher than in the control.
Notably, K28Q, K50/51A and K50/51Q were also the mutants, which already showed strong
impairment in transactivation analysis using TZM-bl and J-Lat cells as discussed in the section
before (fig 3.19).

Influence of mutated HIV-1 Tat on virion production

The previous infection assay in Tat overexpressing Jurkat-E6 cells with HIV-1NL4-3-IRES-GFP
showed differential influence on the course of infection for the Tat mutants. However,
it was difficult to exclude the contribution by Tat proteins expressed from the integrated
HIV-1NL4-3-IRES-GFP in this system. Consequently, Tat mutants (pTat-HA set) were tested in
HEK293T cells co-transfected with pmTAT30 coding for a full length HIV-1 HXB2 ΔTat
for their ability to induce virus production after 48 h. Virus containing supernatant was
harvested to quantify virus-associated p24 by ELISA. A recombinant p24 standard (Cell
Biolabs) was used to determine the amount of virus-associated p24 (fig. 3.21).
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Figure 3.21. Influence of mutated HIV-1 Tat on virion production. Virus-associated p24 in supernatant after
pTat-HA and HIV-1 HXB2 ΔTat co-transfection was quantified by ELISA.
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Virus production in HEK293T cells co-transfected with pmTAT30 and pTat-HA wt was
successful, since high amounts of virus-associated p24 (ca. 80 ng/mL) were measured. In
the supernatant of control producer cells transfected with pmTAT30 only, the amount of
virus-associated p24 was 160-fold lower. In the case of the mutants including K28A, K28R,
K50R, K50A, K50R, K50Q, K51A, K51R, K51Q, K50/51R and Δexon2, 70 ng/mL of p24
was measured in average, which corresponds to 85% of the amount of the wt condition. In
contrast, the determined p24 levels of 4 ng/mL in average for K28Q, K50/51A and K50/51Q
were 20-fold lower than for the other Tat mutants.

Summary of Tat mutants and their effect on HIV-1 LTR transactivation

In order to test the functionality of the established Tat mutants in comparison with Tat
wt, different experiments were conducted. Several aspects were investigated: (i) Binding
of Tat to the LTR in transfected or transduced TZM-cells, (ii) ability to reverse latency
in J-Lat cells, (iii) Tat’s influence on the onset of infection in Jurkat-E6 cells, (iv) quality
and quantity of virions produced in a rescued Tat deficient system (fig. 3.22). In total,
striking differences from Tat wt were observed for single lysine substitutions at position
28 within the activation domain (fig. 3.22, red) and for double lysine substitutions at
position 50 and 51 within the RNA binding domain/nuclear localization site (fig. 3.22,
purple). For these position, severely impaired or loss of functionality were observed for
K-to-Q substitutions. In contrary, K-to-R substitutions at these sites corresponded to the
Tat wt conditions to a certain extend. Single lysine substitutions either at position 50 or
51 did not indicate an as strong impaired function as in the double lysine substitutions at
position 50 and 51. Δexon2 was able to maintain at least 50% of its functionality. Based on
these results, Tat Δexon2 as well as two pairs of acetylation mimickry (K28R and K28Q,
K50/51R and K50/51Q) were selected for further analysis at interactome and acetylome level.
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3.7.3. Analysis of the HIV-1 Tat interactome

The functionality analysis of HIV-1 Tat with mutations at K28 and K50/51 (fig. 3.22)
showed, that K-to-Q substitution (mimicking an acetylated state) remarkely impaired Tat’s
transactivation ability in comparison to the respective K-to-R substitution (mimicking an
non-acetylated state). To investigate the impact on Tat-host-interactions at protein level
by the respective mutations, an MS-based interactome analysis was performed. Cell lysates
were generated from Jurkat-Tat-HA-T2A-BFP cells, which stably express C-terminally
HA-tagged Tat wt or the respective Tat mutant (see section 3.7.1). The HA-tagged Tat
and magnetic anti-HA antibodies were utilized for co-immunoprecipiation (Co-IP) to enrich
for Tat-interacting proteins. To identify unspecific binding, Co-IP was also performed on
cell lysates from Jurkat cells, which stably express C-terminal HA-tagged luciferase (luc)
as mock control. Enriched protein interactors were subjected to tryptic digest and peptide
purification and were subsequently analyzed by LC-MS/MS. To obtain an dynamic view of
the Tat interactome, label-free quantification of MS data derived from three independent
measurements was performed (fig. 3.23A).
First, the specificity of the Co-IP was evaluated by identification of significantly enriched
proteins in the control in comparison with the Tat expressing systems. For the evaluation of
specificity, only proteins with at least two valid MS intensity values (in three independent
measurements) were considered. As a result, 218 proteins were identified, of which 4 proteins
(DIMT1, UBA52, RPL7A, RFX7) were significantly enriched in the control (two-sample
t-test, FDR=0.05) defining the set of unspecific binders (fig.3.23B). These hits were not
included for further analysis. In parallel, 17 proteins were found enriched in the the Tat
expressing condition. The functional network analysis of these proteins identified a complex
of ribosomal and RNA binding proteins and subunits of the P-TEFb complex or super
elongation complex (SEC) (fig. 3.23C). Enriched proteins not assigned to certain complexes
included histones (H3-5, H1-10), splicing factor, proline- and glutamine-rich (SFPQ), FERM
and PDZ domain-containing protein 4 (FRMPD4), Fc receptor-like protein 3 (FCRL3) and
heterochromatin protein 1-binding protein 3 (HP1BP3). Approximately 65% of the proteins
in this set have been linked to HIV-1 infection, while 29% have been associated with HIV-1
Tat according to the NCBI HHID [36]. For almost every mutant except for K50/51Q and
Δexon2, enriched subunits of the P-TEFb complex or SEC were identified. Interestingly,
P-TEFb or SEC subunits, which were identified but not enriched in the tested mutations
comprised protein ENL (MLLT1), protein AF-9 (MLLT3) and CDK9.
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Next, enriched proteins were identified for the mutant pairs K28Q versus K28R, K50/51Q
versus K50/51R and Tat Δexon2 versus full length Tat. In the case of K28 (fig. 3.24A),
abundancies of 117 proteins were compared, of which 12 were found enriched in K28R, e.g.
cyclin T1 (CCNT1) and trans-acting T-cell-specific transcription factor GATA-3 (GATA3)
while 9 proteins were found enriched in K28Q, e.g. AF4/FMR2 family member 2 (AFF2),
RNA polymerase II elongation factor ELL (ELL) and E3 ubiquitin-protein ligase TRIM21
(TRIM21). In the case of K50/51 (fig. 3.24B), 123 proteins were compared. 12 proteins were
enriched for K50/51R, e.g. FCRL3 and AFF2, and 8 proteins for K50/51Q, e.g. pre-rRNA
2’-O-ribose RNA methyltransferase FTSJ3 (FTSJ3). For the analysis of Tat Δexon2, 100
proteins were compared, of which 11 proteins were enriched in Tat Δexon2, e.g. probable
ATP-dependent RNA helicase DDX5 (DDX5), prothymosin alpha and 10 protein in the full
length Tat, e.g. CCNT1, ELL, AF4/FMR2 family member 1 (AFF1) and AFF4 (fig. 3.24C).
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Moreover, interactors only identified in one of the mutants in each pair were also considered
in the interactome analysis. The criteria of exclusively identified proteins was defined by at
least two valid MS intensity values and three invalid (intensity of 0) values in the counter
mutant (e.g. two valid values for K28Q and three invalid values in K28R in three independent
measurements). In combination with the set of enriched proteins, interactome profiles were
generated using the STRING database [239] and visualized as functional Tat-host-interacting
networks for each R/Q pair and the Δexon2/full length pair (fig. 3.25A, B and C). HIV-1
Tat (not identified during LC-MS/MS analysis) was added to the networks and connected
to confirmed, direct Tat-interactors according the NCBI HHID [36], e.g. constituents of
the P-TEFb complex or SEC. Moreover, HDAC6 and KAT2B (PCAF) as well as EP300
and KAT2A (GCN5) (all not identified by LC-MS/MS analysis) were included in the
respective networks of K28 and K50/51, since these PTM enzymes have been described
to (de-)acetylates the respective acetylation sites [153, 154, 245, 246]. For reasons of clarity,
identified proteins, which were not classified as enriched or only identified for one mutant in
the pair, were not plotted in the network.
In general, subunits of the ribosomal protein complex were identified for every pair. For
K28 and K50/51, enriched or exclusively identified proteins were also found as subunits of
the spliceosome/pre-mRNA processing machinery. In the analysis of K28- (fig. 3.25A) and
Δexon-associated network (fig. 3.25C), subunits of the P-TEFb complex or SEC could be
assigned as direct Tat interactors. Elements of the P-TEFb complex or SEC were not found in
the K50/51-associated network (fig. 3.25B), since they were not found enriched or exclusively
identified in K50/51R or K50/51Q in contrast to other proteins such as ATP-dependent RNA
helicase DDX24 (DDX24). In every network, there were also several proteins, which have not
been associated with HIV-1 Tat so far including AFF2 (fig. 3.25A and B), FCRL3 (fig. 3.25B)
and Smad nuclear-interacting protein 1 (SNIP1) (fig. 3.25C).
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3.7.4. Test for proteosomal degradation and extracellular secretion of
HIV-1 Tat Δexon2

As shown previously by immunoblotting (fig. 3.16B and 3.17B), expression levels of the
Tat Δexon2 in different cell systems was significantly lower compared to full length Tat
wt and mutant constructs. However, experiments in pTat-T2A-BFP transduced Jurkat-E6
cells showed comparable mean fluorescent intensity of BFP (fig. 3.18B), which is expressed
downstream of the Tat coding region. Therefore, it was assumed, that the copy number
of transcribed Tat Δexon2 is as high as it is for full length Tat wt. On this basis, two
different experiments were performed to investigate possible explanations for the low protein
abundance of Tat Δexon2 as observed after immunoblot analysis.
To test if Tat Δexon2 is more prone to proteosomal degradation, Jurkat-E6 cells stably
expressing either Tat wt or Tat Δexon2 were treated with proteosomal inhibitor MG-132
(concentration range of 5 to 50 µM) and cell lysates were analyzed by immunoblotting
using a primary anti-HA antibody (fig. 3.26A). Contrary to the hypothesis, an increase in
expression levels of Tat Δexon2 could not be detected upon MG-132 treatment.
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Figure 3.26. Analysis HIV-1 Tat Δexon2. (A) Analysis of proteosomal degradation of Tat exon2. Stable
HIV-1 Tat Δexon2 expressing Jurkat-E6 cells were treated with different concentrations of MG-132 for 4 h
and expression of Tat-HA was analyzed by immunoblotting using an anti-HA antibody in comparison with
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analysis by immunoblot.
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Another hypothesis was, that Tat Δexon2 might be extracellulary secreted/transported into
the supernatant resulting in lower levels in the intracellular space. In order to detect Tat
proteins in the supernatant, HA-tagged proteins in three days old supernatant of Jurkat-E6
cells stably expressing HA-tagged Tat wt or Tat Δexon2 were enriched using magnetic
anti-HA beads. The supernatant of cells expressing HA-tagged luciferase (luc2) served as
control. Enriched proteins were harvested for immunoblot analysis (fig. 3.26B). Contrary
to the hypothesis, tagged Tat protein could not be detected neither for Tat wt nor for Tat
Δexon2. However, detection of HA-tagged luc2 verfied the experimental set-up. Therefore,
secretion or transport into the supernatant of Tat due to the exon 2 deletion could not be
shown here.
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3.8. Epigenetic compound screening for reactivation of
latent HIV-1

3.8.1. Establishment of a cell-based reporter system for high-throughpout
compound screening

Besides the investigation of the molecular mechanisms in host cells upon HIV-1 infection,
employment of novel strategies for the treatment of HIV-1 are still of high interest. In the last
years, compounds targeting epigenetic modifications (such as histone deacetylation), which
contributes to HIV-1 gene silencing and latency [206], have moved the "shock-and-kill"
approach" forward [10]. However, trials of disrupting HIV-1 latency by pharmaceutical
interventions trials have not been clinically successful so far [255, 256]. Consequently, there
is still a strong demand to identify novel agents specifically targeting latent HIV-1 reservoirs.
In order to identify new potentially effective drugs for the treatment of hidden viral
reservoirs, an unique epigenetic compound library (TargetMol, No. L1200), harboring a
collection of 380 compounds related to epigenetic regulation, was screened in this study.
Compounds of this library include inhibitors of KDACs/sirtuin, KATs, lysine demethylases,
DNA demethylases (DNMTs) and sirtuin activators (supplemental fig. S7). For a simplified
screening of compounds with ability to reactivate HIV-1, a Jurkat-E6-based reporter system
was established to enable the determination of the concentration-dependent efficacy and the
cellular toxicity of the respective compounds under biosafety level 1 conditions (fig. 3.27A).
For the construction of the latency reporter system, lentiviral particles were prepared for the
transduction of Jurkat-E6 cells with HIV-1 LTR-Tat-IRES-GFP [168] to generate stable cell
lines with a latent reporter HIV-1 provirus modelb. 10 days after transduction, cells were
tested for residual lentiviral particles in a p24 ELISA. The clearance measurement showed
no residual virus-associated HIV-1 core protein p24, which enables sample handling under
biosafety level 1 conditions. Subsequently, cells were sorted for viable, GFP-positive and
GFP-negative cellsc.
Sorted and successfully transduced cells showed low basal GFP expression. As a positive
control, the cells were treated with protein kinase C activator phorbol 12-myristate
13-acetate (PMA), which is known to reactivate HIV-1 by up-regulating NF-κB- and AP-1
signaling [257]. Here, GFP expression measured by the mean fluorescent intensity (MFI)
was increased several fold (fig. 3.27B and C). To evaluate, whether single measurements
from the PMA treatment were significantly different from the untreated (negative) control,
the Z-factor was calculated for this system. Using the MFI values of the PMA treatment
as positive control and untreated control cells as negative control, a Z-factor of 0.89 was

bProduction of lentiviral particles and transduction was performed by Franziska Sippl, master student at
Max von Pettenkofer Institute/Ludwig Maximilians University of Munich, Dept. Virology

cCell sorting was performed on a BD FACSAriaFusion by Dr. Lisa Richter, technical manager of the core
facility Flow Cytometry Biomedical Center Munich, Ludwig Maximilians University of Munich
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determined verifying the robustness of this assay. Notably, the average Z-factor over all
measurements in this cell system within this study was 0.77±0.17 (standard deviation).
Simultaneously to reactivation assays, cell viability was evaluated using the resazurin
cytotoxicity assay to identify toxic concentrations and to exclude false-positive results e.g.
due to increased number of autofluorescent or dead cells. Since all compounds of the library
were provided as DMSO stocks (10 mM), the background toxicity of DMSO was determined
in the established Jurkat-Tat-IRES-GFP reporter cells. DMSO concentration ≤1% lead to
a tolerable toxicity of <5% (data not shown). Therefore, 100 µM was set as the highest
concentration (=̂ 1% DMSO) for the test compounds in this screen.
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Figure 3.27. Cell-based reporter system for high-throughput screening of latency reversing agents (LRAs).
(A) Schematic illustration of the LRA screening system. A stable Jurkat-E6 cell-line was established
by lentiviral transduction carrying a Tat-IRES-GFP under the control of an HIV-1-derived LTR promoter
site. Cells were treated with different compounds in a 96-well based format. Subsequently, successful
reactivation and associated GFP expression was determined by flow cytometry. Simultaneously, cell viability
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control cells (blue) and PMA-treated (reactivated) cells (red). (C) Corresponding bar chart of B, showing the
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cells. Error bars represent SD of at least three independent measurements.
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3.8.2. Epigenetic compound screening

Using the Jurkat-Tat-IRES-GFP system, described in section 3.8.1, 380 compounds
of the epigenetic compound library (TargetMol, No. L1200) were tested for their
concentration-dependent efficacy in latency reversal and cellular toxicity. Throughout this
screen, cells treated with 10 nM PMA served as positive control and were used to normalize
all the results relative to the PMA-based activation. Test compounds were titrated on
Jurkat-Tat-IRES-GFP cells in steps of factor 10, starting from 1 nM to to the highest
concentration of 100 µM (fig. 3.28A, 3.29 and 3.30). For 139 compounds (=̂ 37%), the
treatment resulted in reactivation of at least 10% (relative to PMA control), which defined
the activation threshold. For eight compounds, the respective reactivation effectivities were
more than 50%. One compound (histone methyltransferase inhibitor MI-136) achieved
even higher reactivation than PMA. Two other compounds (bisdemethoxycurcumin and
the HDAC II inhibitor MC1568) also resulted in higher reactivation effectivity than PMA,
however, the treatment in parental Jurkat-E6 cells (lacking the GFP reporter) showed, that
these compounds were intrinsically fluorescent (data not shown). Notably, with increasing
concentrations, an associated toxicity, resulting in increased cell death and autofluorescent,
was observed for the most tested compounds disqualifying them for further analysis. This
was also the case for MI-136, where the high GFP signal was accompanied with increased
cellular toxicity. To note, PMA treatment itself at a concentration of 10 nM was also
associated with a profound reduction in cell viability down to 40%. A detailed overview
of the measured reactivation efficacy and cell toxicity of every single compound is shown
in fig. 3.29 and 3.30 (mentioned examples are marked with arrows). Overall, the primary
screen in Jurkat-Tat-IRES-GFP resulted in 43 potential latency reversing agents (LRAs),
which showed significant reactivation and a relatively low toxicity (≥ 75% remaining cell
viability). Among the candidate compounds were ca. 35% HDAC/sirtuin inhibitors, e.g.
vorinostat, valproic acid and mocetinostat and a similar number of inhibitors of proteins with
epigenetic reader domains, e.g. JQ1, I-BET151 and CPI-203.

3.8.3. Validation screen of selected candidate compounds

The high-throughput screening of the epigenetic compound library (TargetMol, No. L1200)
in Jurkat-Tat-IRES-GFP reporter cells resulted in 43 LRA candidates (section 3.8.2). These
selected compounds were further validated under biosafety level 3** using J-Lat cells, which
contain a near full length integrated HIV-1 genome (Δenv and nef -defective HIV R7), that
expresses GFP upon LTR-activation [168]. 13 further compounds, including SR-4370 (HDAC
inhibitor) and AMI-1 (methyltransferase inhibitor), showed either reactivation very close to
the 10% threshold or a strong reactivation accompanied with a toxicity closed to the 75%
threshold for cell viability during the primary screen in Jurkat-Tat-IRES-GFP reporter cells
(here, denoted as "threshold compounds"). These compounds were additionally included in
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the secondary screen to define the respective thresholds in the J-Lat cells. Moreover, seven
more compounds, which showed no or very weak reactivation in the primary screen were also
tested in J-Lat cells as control conditions. In analogy to the screening in Jurkat-Tat-IRES-GFP
cells, treatment with 10 nM PMA was used as positive control and for normalization. The
screening of the selected compounds in J-Lat cells corresponded to the results from the
primary screen (fig. 3.28B). While none of the control compounds was able to reactivate the
HIV-1 promotor, most of the LRA candidates and also the "threshold compounds" showed a
distinct reactivation effect in J-Lat cells. In comparison to the Jurkat-Tat-IRES-GFP system,
the signal background in the J-Lat system was even lower. As a consequence, the threshold
for reactivation was adapted to 5% GFP fluorescence (relative to the PMA treatment).
Nevertheless, differences in cellular toxicity and signal intensity between both cell systems were
observed. For example, the average cell viability at 100 µM (max. concentration) significantly
shifted from 53.7% as determined in the primary screen to 70.5% in the J-Lat model.
(p=0.0002, one-way ANOVA). In parallel, the required concentration for LTR activation in
the J-Lat model was increased for most of the tested compounds in comparison with the
Jurkat-Tat-IRES-GFP model.
The secondary screen resulted in six lead compounds leading to strong induction of the HIV-1
LTR promotor based on their reactivation efficacy and cell toxicity (fig. 3.28C). In addition,
latency reactivation in lead compound treated J-Lat cells was visualized using fluorescence
microscopy confirming the flow cytometry data (fig. 3.28D). The six lead compounds
comprised four HDAC inhibitors vorinostat (SAHA), CI-994 (Tacedinaline), SR-4370 and
HPOB as well as the two bromodomain inhibitors CPI-203 and bromosporine. While the
effect of several HDAC inhibitors, including vorinostat and the two bromodomain inhibitors,
on latency reactivation have been already described [257–259], the class I HDAC inhibitor
SR-4370 and the HDAC6 inhibitor HPOB have not been reported as LRAs so far. Notably,
HPOB treated cells resulted in a maximum reactivation of 137% compared to the PMA
treatment (fig. 3.28C) while maintaining 82% cell viability. (fig. 3.31).
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Figure 3.28. Compound screen latency reversing agents (LRAs). (A) Primary screen based on Jurkat-E6
reporter cells. Graph displays the average percentage of activated cells for each compound and concentration
normalized to PMA-treated control cells. Activation threshold was set to 10% and only compounds causing
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amount of compounds at the indicated concentration leading to non-tolerable cellular toxicity (viability
threshold: 75%). (B) Secondary screen of dedicated compounds identified in A. (C) Bar chart displays
percentage of reactivation in J-Lat cells caused by challenging the cells with the indicated six lead compounds.
(D) Complementary analysis of latency reversing function of the six identified lead compounds in J-Lat cells
by fluorescence microscopy. Representative pictures of J-Lat cells challenged for 24 h either with the indicated
compound or with vehicle only (control).
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Figure 3.29. Treatment effects of tested compounds in Jurkat-Tat-IRES-GFP reporter cells (part 1). The
heatmaps display the effects of treatment for the first set of 190 compounds of the epigenetics compound
library. Compounds were titrated on reporter cells in steps of factor ten from 1 nM to 100 µM. The left
panel shows the reactivation efficiency in percent normalized to PMA treatment. Color-code: Grey indicates
reactivation up to 10%. Shades of green indicate reactivation equal or higher than 10%.The right panel shows
the associated effect on cellular viability. Non toxic compounds (=̂100% viability) are displayed in white color,
increasing toxicity is visualized by red shades. Mentioned examples in section 3.8.2 are marked with black
arrows.
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Figure 3.30. Treatment effects of tested compounds in Jurkat-Tat-IRES-GFP reporter cells (part 2). The
heatmaps display the effects of treatment for the second set of 190 compounds of the epigenetics compound
library. Compounds were titrated on reporter cells in steps of factor ten from 1 nM to 100 µM. The left
panel shows the reactivation efficiency in percent normalized to PMA treatment. Color-code: As described
in part 1. Mentioned examples in section 3.8.2 are marked with black arrows.
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Figure 3.31. Treatment effects of candidate LRAs in J-Lat cells. The heatmaps display the effects of
treatment for 43 candidate compounds (resulted from the primary screen) in J-Lat cells. Compounds were
titrated in steps of factor ten from 1 nM to 100 µM. The left panel shows the reactivation efficiency in percent
normalized to PMA treatment. Color-code: As described in fig. 3.29. Lead compounds were marked with *.
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3.8.4. Determination of T-cell activation and side-effects on other
leukocytes

Compound induced HIV-1 latency reactivation may not only activate viral gene transcription,
it might also result in global T-cell activation, which may be accompanied by unfavorable
cytokine production [260], which facilitates de novo infection of additional cells. Therefore,
the identified lead compounds (section 3.8.3) were tested for possible T-cell activation
properties. Here, resting CD4+ T-cells were isolated from peripheral blood mononuclear
cells (PBMCs) of healthy blood donors and treated with the respective lead compounds for
24 h. Thereafter, surface expression of early (CD69) and late activation antigens (CD25)
was determined by fluorescence-based flow cytometry (fig. 3.32). Vehicle-treated cells were
used as negative control whereas PHA or CD3/CD28-bead stimulated cells served as positive
control. While the PHA or the CD3/CD28-bead treatment caused significant up-regulation
of early and late activation markers, none of the six lead compounds showed an increase in
CD25-, CD69- or CD25/CD69-positive cells.
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Figure 3.32. CD4+ T-cell activation. Primary resting CD4+ T-cells were treated with either PHA or
CD3/CD28 beads (positive controls) or with the respective compound for 24 h. Vehicle-treated cells were
used as negative control (Ctrl.). Subsequently, cells were stained for CD3, CD4, CD25 and CD69 and analyzed
by flow cytometry for increased expression of activation markers CD25 and CD69. Left flow cytometry plots
show gating for CD3+/CD4+ subset and right flow cytometry plot shows distribution of CD25/CD69 on
control cells (black) and activated, PHA-treated cells (red). Bar charts indicate fractions of CD25, CD69,
and CD25/CD69 positive cells. Error bars represent SD from three different donors.
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Apart from unfavorable T-cell activation, compounds might also exert cytotoxic effects on
leukocytes in general. To exclude potential cytotoxic effects to leukocytes, flow cytometric
immunophenotyping of PBMCs 24 h post treatment was conducted and global cell viability
was determined by 7-AAD staining. As a result, no difference in global cell viability nor
significant changes in the cell fractions expressing CD45+, CD3+, CD4+, CD8+, CD14+,
CD19+, CD16/56+, CD16/56+/CD3+ surface antigens were observed (fig. 3.33). To note,
a higher fluctuation was determined in the case of CD14+ monocytes.
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Figure 3.33. Immunophenotyping of PBMCs. PBMCs isolated from healthy donors were treated with the
respective compounds for 24 h or with vehicle control and analyzed by flow cytometry for certain cellular
markers. The flow cytometry plots show representatitve data of control cells and the underlying gating
strategy. First, cells were gated for singlet and living cells (via 7-AAD stain). Cell debris were excluded by
classical FSC/SSC analysis. The resulting population was analyzed for leukocytes (CD45). Leukocytes were
distinguished in B-cells (CD19) and monocytes (CD14). CD19/CD14-negative cells were discriminated in
eosinophils (SSChigh) and a CD16dim SSClow population. The latter was analyzed for CD3 (T-cells), CD56
(NK cells) and CD3/CD56 (T-cell like NK cells) expressing populations. Finally, CD4+ and CD8+ T-cells
were determined from the CD3 expressing fraction. Associated data from three different donors are shown as
bar chart for each cell type. Error bars indicate SD.
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3.9. Analysis of de novo HIV-1 infection in HDAC inhibitor
treated CD4+ T-cells

3.9.1. Reactivation of latent HIV-1 by HDAC inhibitors

The previous screening of epigenetic compounds for LRAs resulted in 43 candidate compounds
with HIV-1 latency reversing properties where ca. 35% belong to the class of HDAC/sirtuin
inhibitors. Even though, these HDAC/sirtuin inhibitors have been shown to be able to
reactivate latently infected cells in a efficient way supporting the idea of the "shock-and-kill"
approach, reactivation of latent HIV-1 might lead to de novo infections in tissues, where
ART is not optimally effective and, thereby, re-establish new latent HIV-1 reservoirs. This
clinical concern is also supported by a study showing, that high doses of HDAC inhibitor
romidepsin are very effective in reactivation of latent HIV-1, but also enhance HIV-1 infection
in CD4+ T-cells at the same time [261]. So far, the "shock-and-kill" approach did not
show a significant reduction of the size of latent HIV-reservoirs in patients [262], which
might be associated with reseeded HIV-1 reservoirs. To analyze the possibility of HDAC
inhibitor-dependent enhancement of de novo HIV-1 infection in target cells, a selection of
15 inhibitors covering the entire selectivity range for human HDACs/sirtuins was tested for
their ability to reactivate latent HIV-1 from the latent state and for their effect on HIV-1
infection in primary activated CD4+ T-cells (fig. 3.34).
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Figure 3.34. Reactivation of latent HIV-1 by HDAC inhibitors. The heatmaps display the titration of HDAC
inhibitors on J-Lat cells. 24 h after treatment, percentage of reactivation was measured by GFP-based
flow-cytometry. Data are derived from three independent experiments. Each tile represents the average
induced reactivation for the respective concentration. Grey tiles indicates concentrations, that were not
applied during titration of the respective HDAC inhibitor based on available literature and toxicity studies
[75, 263–266].
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First, J-Lat cells were treated with increasing concentrations of the respective compound of
the panel to assess their latency reversing capability. The respective concentration range
was defined based on other studies [75, 263–266]. GFP expression in J-Lat cells upon HIV-1
LTR activation by the inhibitor treatment was analyzed by flow cytometry, while solvent
only treatment (DMSO or H2O) served as control, which yielded 6-7% GFP-positive cells in
average, defining the background signal in this experiment. Most HDAC inhibitors showed
efficient reactivation of latent HIV-1 (fig. 3.34). Based on the potency, tested compounds
were clustered into three groups: The first group comprised inhibitors, e.g. romidepsin,
apicidin, TSA and LBH 589 (also known as panobinostat), in which HIV-1 reactivation was
efficient within a low concentration range (10-5 to 10-7 M). The second group including
valproate and sodium butyrate (Sb) induced reactivation at significantly higher concentrations
(10-3 to 10-2 M). The third and last group comprised compounds, for which no significant
HIV-1 reactivation was measured for the tested concentrations. This group comprises sirtuin
inhibitors, splitomicin and nicotinamide, and HDAC6 inhibitors, bufexamax (Bu) and tubacin.

3.9.2. Effect of HDAC inhibitor treatment on HIV-1 de novo infection

Since all HDAC/sirtuin inhibitors in the panel were efficient in latency reversal, the compounds
were tested for their impact on HIV-1 infection in primary activated CD4+ T-cells. For
this purpose, human primary activated CD4+ T-cells were isolated from four healthy donors,
activated, pooled and treated with the respective inhibitor for 24 h and, subsequently, infected
with a full length, replication-competent HIV-1NL4-3 strain (fig. 3.35A). Applied drug doses
were derived from physiological and scientifically used concentrations, e.g. 4 nM sodium
butyrate [267], 0.5 µM SAHA [268], 30 nM LBH 589 [264]. A toxicity of 20% (determined by
cytotoxicity assay) was tolerated for each compound, therefore, the lethal dose 20% (LC20)
was used as maximal concentration for the infection. An overview of LC20 of each HDAC
inhibitor is provided in supplemental fig. S8). Infection of treated cells was analyzed by
intracellular p24 staining and flow cytometry (48 h p.i.) (fig. 3.35B). Contrary to expectations,
none of the compounds in the panel was able to enhance de novo infection in primary activated
CD4+ T-cells (fig. 3.35C). In most cases, HIV-1 infection levels were not or only moderately
affected by the HDAC inhibitor treatment. Surprisingly, a significant decrease in p24-positive
cells of ca. 70-75% (relative to the vehicle-treated control) was observed for sodium butyrate
and bufexamac. An analogous infection experiment using a R5-tropic HIV-1 transmitter
founder (T/F) strain CH058 [269] showed a very similar outcome (fig. 3.35D) as for the
infection of treated cells with the X4-tropic HIV-1NL4-3 strain. Interestingly, despite of the
common selectivity of bufexamac, tubacin and LBH 589 for HDAC6, a reduction in infection
levels was not observed for tubacin or LBH 589 treated cells.
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Figure 3.35. Effect of HDAC inhibitors on de novo HIV-1 infection. (A) Schematic overview of the
experimental design. Isolated, primary CD4+ T-cells were activated by PHA and IL-2 treatment for 5-8
days. Subsequently, cell were treated as 4DP with HDAC inhibitors for 24 h and, thereafter, infected with
HIV-1NL4-3. 48 h p.i., cells were stained for HIV-1 capsid protein p24 and analyzed by flow cytometry. (B)
Representative flow cytometry histogram of the increase of p24 in infected CD4+ T-cells (red). (C) Boxplots
showing HIV-1NL4-3 infection levels in CD4+ T-cells treated with the respective HDAC inhibitor. All data were
normalized to the median of vehicle control. Boxes represent the lower and upper quartiles, whiskers indicate
the minimum and maximal values, and the middleline inside the box shows the median. Individual data
points are presented as dots. Sample size: n≥10. Given p-values show statistically difference (ANOVA based
Dunnetts’ multiple comparison test) between vehicle control and sodium butyrate and bufexamac treated
cells. (D) Graph analogous to C for infection with R5-tropic HIV-1 T/F CH058 virus. Sample size: n = 9.

102



3.9. ANALYSIS OF DE NOVO HIV-1 INFECTION IN HDAC INHIBITOR TREATED
CD4+ T-CELLS

3.9.3. Global analysis of transcriptome and proteome changes in CD4+

T-cells upon sodium butyrate and bufexamac treatment

Transcriptome analysis of sodium butryate and bufexamac treated CD4+ T-cells

Sodium butyrate and bufexamac have been shown to be potent LRAs, which impair de
novo HIV-1 infection in human primary activated CD4+ T-cells (section 3.9.2). In order
to understand the underlying molecular mechanisms of both compounds, transcriptome and
proteome analysis of sodium butyrate (Sb) and bufexamac (Bu) treated cells were performed
(1.95 mM and 0.04 mM respectively, see also supplemental fig. S8). For transcriptomic
analysis, human primary activated CD4+ T-cells were treated with Sb or Bu for 48 h (number
of independent experiments n =3 for each treatment including control). Comprehensive
mRNA profiles were acquired by random-primed cDNA sequencing (RNAseq) with reduced
representation of ribosomal RNAd. The average depth of mapped reads was around 22
million reads. In total, the RNAseq resulted in 15,396 transcripts for Sb-treated (fig. 3.36A)
and 12,833 transcripts for Bu-treated cells (fig. 3.36B). Transcripts with failed statistical
analysis (DESeg: no q-value) were excluded and not considered. More than 90% of the
identified transcripts were assigned to ENSEMBL gene IDs. 3,585 differential expressed
genes (DEGs) were found for Sb and 1,342 DEGs were found for Bu (DESeq; FDR=0.01).
In Sb-treated samples, 1,342 genes were significantly up-regulated (log2 fold changes≥1) and
814 genes were down-regulated (log2 fold changes≤-1) (fig. 3.36A). In Bu-treated samples,
62 genes were found significantly up-regulated and 261 gene down-regulated (fig. 3.36B).
The comparison with the NCBI HHID [36] showed, that ca. 25% of the DEGs in Sb and ca.
34% of the DEGs in Bu have been related to HIV-1 infection previously, e.g. interleukin-8
(CXCL8) and interleukin-4 (IL4). GO and pathway enrichment analysis using g:Profiler [217]
resulted in genes related to "mitosis", "G1/S-" and "G2/M-transition" ot "DNA double strang
break , which are affected by Sb- or Bu-treatment (fig. 3.36C). Additionally, KEGG pathway
enrichment analysis showed regulation of "cell cycle" and "Fanconia anemia pathways". By
mapping of the changes in protein abundance into the two KEGG pathways, significant
de-regulation of the associated genes was observed in Sb- and Bu-treated samples (fig. 3.37).

dRNAseq was performed in collaboration with Dr. Helmut Blum, group leader at Gene Center Munich,
Ludwig-Maximilians-Universität München
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Figure 3.36. Transcriptome analysis of sodium butyrate (Sb) and bufexamac (Bu)-treated CD4+ T-cells.
(A) Volcano plot of identified transcripts showing changes in protein abundance between Sb-treated
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are shown. The graphs display q-values and number of regulated genes for each indicated GO-term and
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Figure 3.37. KEGG analysis of differentially regulated genes (DEGs) in sodium butyrate and
bufexamac-treated CD4+ T-cells. Schematic representation of the KEGG-terms “Cell cycle” (top) and
“Fanconia anemia pathway” (bottom). Genes/proteins involved in the cellular pathway are illustrated as white
nodes. Protein complexes are framed by black boxes. Pointy arrows show induction of expression/activation of
target genes/proteins, negative/repressing (e.g. inhibition) interactions are indiciated by bar-headed arrows.
Sb- or Bu-related changes in protein abundancies are shown as color coded small circles in the immediate
vicinity of the respective gene symbol. Black filled circles indicate missing values in the respective condition.
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Proteome analysis of sodium butyrate treated CD4+ T-cells

The analysis of the transcriptome of Sb- and Bu-treated CD4+ T-cells gave insights
of ongoing intracellular changes. However, it has been shown, that changes at mRNA
level does not necessarily correlate with changes on protein level [270] due to diverse
regulatory elements at protein level such as PTMs affecting protein half-lives. Therefore,
quantitative, TMT-based proteome analysis of treated CD4+ T-cells was conducted. In this
study, Sb as pan-HDAC inhibitor were investigated in the first place (fig. 3.38A). Here,
4082 proteins were identified, of which 92 proteins were found up-regulated (log2 fold
changes≥2xSD) and 92 proteins down-regulated (log2 fold changes≤-2xSD) (fig. 3.38B).
As expected, the correlation between mRNA and protein levels for single genes/proteins
was rather low (R2: 0.2, correlation not shown). However, GO and pathway enrichment
analysis resulted in similar terms as for the transcriptome analysis, e.g. "cell cycle"
(Reactome pathways, FDR: 0.0059) and "chromatin binding" (Sb, GOMF, FDR: 0.0138)
were significantly enriched. In the set of differentially regulated proteins, several proteins
have been previously associated with HIV-1 infection and replication according the NCBI
HHID [36]. As examples, EP300, Rac GTPase activating protein 1 (RACGAP1), ubiquitin
conjugating enzyme E2C (UBE2C), 3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1),
heterogeneous nuclear ribonucleoprotein U (HNRNPU) or dead box helicase 5 (DDX5) were
down-regulated or bromodomain containing 2 (BRD2) was up-regulated upon Sb-treatment
(fig. 3.38C). Moreover, a large number of the differentially regulated proteins could be
clustered in functional protein-protein networks using the STRING database [239].

106



3.9. ANALYSIS OF DE NOVO HIV-1 INFECTION IN HDAC INHIBITOR TREATED
CD4+ T-CELLS

A

-2

-1

0

1

2

0 1.000 2.000 3.000 4.000 5.000
no. of proteins

lo
g 2 f

ol
d 

ch
an

ge
 S

b/
C

trl
.

ntotal = 4.082 n = 92

n = 93

DSC2
DUSP28
ANXA5

FAM120B

HOPX
KIF3A

PCF11Tryptic digest

Ctrl. Sb-treated

Cell lysis

Peptide purification

TMT labelling

Combining 1:1

LC-MS/MS

B

C

CASC3

PCF11HNRNPU

SF3B6

BRD2

FAM120B

DDX5

GZMB

ITK

PRF1

GRB2

BRIP1
LIG1

HIST1H1ACSTBARL2BP

JUNB

JAK3 HSPA2

HSPA14
FOXO1

PCNA

TBCC HAUS8
TUBB4A

PCM1

MDC1
TADA3

HERC5

OASL

MGRN1

GBP3

IRF3

H1F0HBBSLC25A4

UQCR10

RRM2 TGOLN2UQCR11

RRM1 P4HB

HIST1H2BK

H1FXSLC25A6

UBE2C
POLR1A

UBE2J2

HBA1

KIF3A

RACGAP1

UHRF1

BNIP1
CENPE

CENPA

AEBP2

STAT1

CDK4

BRMS1

NMI

EP300

0 1-1

log2 fold change
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treatment and control condition were purified, labeled with isobaric TMT-tags, mixed in an 1:1 ratio and
analyzed by LC-MS/MS. (B) Dotplot of identified proteins and associated changes in protein abundance upon
Sb-treatment in comparison to the control condition. Red area marks the cut-off for up-regulation (log2 fold
changes≥2xSD), blue area mark the cut-off for down-regulation (log2 fold changes≤-2xSD). Numbers (n) of
regulated proteins are indicated on the upper (up-regulated) and lower (down-regulated) right corner of the
plot. Protein with large changes in abundance are indicated by the respective gene name. (C) Functional
interaction network of differentially regulated proteins in Sb-treated cells. Network analysis was performed
using the STRING database and network visualization was performed via Cytoscape [240]. The color code
displays changes in protein abundance. Connected proteins, which were down-regulated at protein but not at
mRNA level are highlighted with bold black edges.
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4. Discussion

4.1. A novel database for PTM regulated HIV-1-host
interactions

Successful HIV-1 replication is highly dependent on the host cellular machinery. Cellular
proteins have to be exploited for the production of viral progeny and host factors with
anti-HIV activity have to be overcome. HIV-1 encodes for a set of regulatory and accessory
proteins to establish an viral replication favoring environment for its own replication and
to enable immune escape. Multiple cellular pathways are modulated by HIV-1 during its
replication cycle. Thereby, PTMs of viral and host proteins have gained growing attention
in the regulation of any step of the viral replication process. To date, large data sets mainly
from multi-omics screens reported 2910 HIV-1-host interactions [271] in total, summarized in
public databases such as the NCBI HHID [36], VirHostNet [272] and Viruses.STRING [273].
However, a comprehensive overview of PTM-based HIV-1-host-interactions has been missing
so far.
Consequently, a hand-curated database summarizing current knowledge of phosphorylation-,
acetylation- and ubiquitination-regulated processes during HIV-1 infection was established.
Notably, the constructed database involved also interactions described by system-wide mass
spectrometry approaches [37, 274] and genome-wide screens [275, 276], that still require
experimental confirmation.
Nevertheless, the newly generated database provides a comprehensive overview of PTM-based
HIV-host interactions for the first time and thus will provide a solid basis for further research.
The database facilitates cross-analysis, comparison with previous findings and studies of less
explored areas such as the role of combinatorial PTMs known as "PTM crosstalk" [277] in
regulation of protein function and disease progression. Therefore, it is expected, that the
curated data sets will support scientists in HIV-1 research or other related fields. Due to the
broad role of PTMs during HIV-1 replication, it is very likely, that further interactions will be
discovered in future and the database has to be updated with new findings. Implementation
of a public platform in the future, similar to Viruses.STRING [273], might be helpful to share
the database for PTM regulated HIV-1-host interactions across the scientific community.
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4.2. Time resolved analysis of the proteome in
HIV-1-infected CD4+ T-cell

4.2.1. Optimized HIV-1NL4-3 infection conditions for MS-based proteomic
analysis

HIV-1 have to effectively re-program host cellular pathways to replicate and to escape immune
defenses. However, studies disclosing quantified HIV-1-host interactions with temporal
resolution are still lacking. To elucidate molecular mechanisms during acute HIV-1 infection
using MS-based bottom up proteomic approaches, large quantities of HIV-1-infected cells
were required to achieve sufficient proteome coverage. In particular for high PTMome
coverage analysis, sufficient input material (cell lysate with ca. 7.5 mg protein) had to
be ensured [278]. Assuming that 10 million T-cells are required to generate cell lysates
containing 1 mg protein, ca. 75 million HIV-1-infected T-cells would be required. However,
as determined in standard infection assays using HIV-1NL4-3 and HIV-1NL4-3-IRES-GFP in human
primary activated CD4+ T-cells (fig. 3.2B), cell lysate from <15% infected cells would be
insufficient for high proteome/PTMome coverage analysis.
With this background, three parameters of infection assays were evaluated and optimized
to generate large quantities of HIV-1-infected cells: The choice of (i) virus, (ii) inoculation
mode and (iii) cell system. First, the full length, replication-competent HIV-1NL4-3 strain was
preferred over GFP reporter HIV-1 to resemble more closely the "wild type" HIV infection
scenario. Second, spin-infection was applied to induce actin activity in target cells resulting
in up-regulation of CD4 and CXCR4 and, thereby, increasing likelihood of HIV-1 binding and
entry [31]. The use of spin-infection improved infection efficiencies (48 h p.i.) remarkably
in primary activated CD4+ T-cells and in T-cell lines such as Jurkat-E6 or SupT1.CCR5
cells (fig. 3.3). Last but not least, in contrast to primary activated CD4+ T-cells, infection
of T-cell lines such as Jurkat-E6 cells did not suffer from donor variabilities and was more
cost-efficient. Moreover, Jurkat-E6 cells maintained their viability despite spin-infection, in
contrast to SupT1.CCR5 cells, in which spin-infection was not well-tolerated (fig. 3.3C and
D). Using an optimized spin-infection system in Jurkat-E6 cells, 90-100% infection efficiency
(assessed by p24 staining) was achieved after 48 h enabling time- and cost-efficient generation
of HIV-1NL4-3-infected input material for proteome/PTMome analysis.
After optimization of different parameters of the infection assays, the time (exposure of cells to
virus) was considered. Classic HIV-1 infection assays based on GFP reporter genes or staining
of HIV-1 capsid protein p24 were performed for at least 48 h. However, one complete HIV-1
replication cycle is described to take approximately 24 h [230]. For the monitoring of early
infection stages below 24 h, a sensitive detection method had to be established. Earliest
GFP expression in Jurkat-E6 cells spin-infected with reporter virus HIV-1NL4-3-ΔNef-GFP was
detectable by flow cytometry from 12 h p.i. onwards (fig. 3.4D), however, earlier time points
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could not be covered due to the dependence on GFP expression. In contrast, intracellular
p24 staining and subsequent flow cytometry analysis enabled sensitive detection of infected
primary cells or T-cell lines from 4 h p.i. onwards and progressing infection could be monitored
by the increase in p24-positive cells (fig. 3.4A). The cell treatment with fusion inhibitor T-20
or anti-CD4 antibodies confirmed the specifity of p24 staining for the detection of successful
CD4 receptor-dependent virus-cell-fusion events (fig. 3.4B, supplemental fig. S1). Moreover,
trypsination of cells, which were shortly incubated with virus (4 h), corroborated the specific
staining of intracellular p24 after successful virus entry (fig. 3.4C). However, in order to
define infected cells, it was important to differentiate successful virus-cell-fusion events from
productively infected cells (resulting in the replication of virus progeny). It is assumed, that,
not all p24-positive cells indicate productive HIV-1 replication due to post-entry antiviral
restriction mechanisms by the host cell, defects during reverse transcription leading to abortive
infection or the establishment of latent infection [279]. This assumption was corroborated
by the relatively slow increase of p24-positive cells measured by flow cytometry (fig. 3.4B)
and viral proteins measured by LC-MS/MS (e.g. env and gag, fig. 3.5E) from 4 to 24 h p.i..
Therefore, it should be noted, that the input virus was very likely responsible for the strong
increase p24-positive cells (fig. 3.4B) and env -/gag -encoded proteins observed at the 4 h
time point.
Nevertheless, successful virus-fusion events could be detected by p24 staining and subsequent
flow cytometric analysis enabled the monitoring of different HIV-1 infection stages. Even if
not every positive virus-fusion event lead to productive HIV-1 infection, it was anticipated,
that the presence of viral proteins in the cell alone is sufficient to trigger HIV-1-associated
host responses as observed in the subsequent whole proteome study in HIV-1-infected CD4+

T-cells (fig. 3.5).

4.2.2. Dynamics of HIV-1 proteins

In this whole proteome study, time courses of HIV-1 proteins encoded by env, gag, pol and
nef (fig. 3.5E), as well as host proteins (fig. 3.5D and 3.7B), were acquired in a CD4+

T-cell context infected by a full length, replication competent HIV-1 strain for 24 h. Viral
time courses provided details about the HIV-1 protein dynamics (fig. 3.5E). Proteins encoded
by env and gag showed steady increase peaking from 12 h p.i. onwards, indicating the
entry of input virus (0-4 h, as discussed in section 4.2.1) and the start of virus production
(12-24 h). Interestingly, the time course of pol showed early peaking at 4 h p.i. suggesting
an early increased activity of RT and IN during reverse transcription and integration of viral
transcripts. In contrast, Nef’s time course was more fluctuating, suggesting early expression
within 8 h p.i. and so far unknown mechanism of Nef degradation at 12 h. These HIV-1
proteome dynamics showed high correlation with several time resolved HIV-1 transcriptome
studies [230,280,281] confirming the findings in this thesis.
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4.2.3. Dynamics of the host proteome

The omics-approach allowed continuous surveillance of more than 4000 proteins during
infection, whereby 987 HIV-1-dependent changes were identified in infected CD4+ T-cells.
While general trends of stable, increasing or decreasing abundancies of proteins could be
detected, an overall drop of significant changes at 8 h p.i. was observed. This suggested a
categorization of proteome changes in response to either early infection phases (4-8 h) from
viral entry, reverse transcription to integration or late phases (12-24 h) linked to HIV-1 gene
expression, assembly and release [230] (fig. 3.7B). Many changes occurred during the early
stage (fig. 3.7B), demonstrating the ability of HIV-1 to rapidly exert broad-range remodeling
of the host environment.
The analysis of time courses of single proteins provided new insight into the respective
dynamics during HIV-1 infection. For example, VHL, part of the von Hippel-Lindau
ubiquitination complex, was found to be down-regulated early (fig. 3.7B) and was associated
with IN degradation, which has been described to be necessary for proper transition between
integration and transcription of the viral genome [127]. Since VHL down-regulation and
up-regulation of pol -encoded proteins (fig. 3.5E) occurred nearly at the same time, VHL
down-regulation might be part of an anti-viral host mechanism, which is so far unknown, to
decelerate virus replication. An example of late up-regulation was indicated by MIF (fig. 3.7B),
which is a pro-inflammatory cytokine, that has been reported to be elevated in the plasma of
HIV-1-infected patients and is considered to up-regulate HIV-1 replication [282]. Moreover,
high MIF levels have been associated with severe bacterial sepsis, which is a major cause of
mortality in HIV-1 patients [283, 284]. Therefore, elevated MIF levels might contribute to
increased susceptibility of HIV-1-infected individuals to sepsis. Anti-MIF antibodies as well as
ISO-1, a compound targeting the tautomerase activity of MIF, have been shown to protect
from sepsis and their therapeutic implication might also be relevant in HIV-1-associated
severe sepsis [285,286]. Proteins with "peaking" dynamics, exemplified by NFIP1 and others
(fig. 3.7B), suggested time-specific responses, which had to be further evaluated. In the case
of NFIP1, it was conceivable that higher levels of NFIP1 might benefit HIV-replication during
early phases by activating the NF-κB signaling pathway [287, 288] until down-regulation by
negative feedback loops, which has to be further investigated for more details.

4.2.4. Dynamics of host phosphoproteome and acetylome

Targeting PTM regulated pathways is another mechanism, by which HIV-1 is able to
change the host environment in favor of its own replication [40]. In this study, over 2800
phosphorylation sites and over 200 acetylation sites were quantified in a time resolved manner
(fig. 3.5C). Most HIV-1-dependent changes in the phosphoproteome and in the acetylome
were found at later stages of HIV-1 infection (12-24 h) propably in response to post-integration
events (ca. 8 h p.i. [230]). In the case of the regulated phosphoproteome, measured changes
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in response to HIV-1 infection were largely confirmed by a recent HIV-1-phosphoproteomic
study by Johnson et al. [231] (fig. 3.6A and B), that was conducted with an Env-deficient,
VSV-G pseudeotyped HIV-1 in Jurkat T-cells in a similar 24 h set-up. Most of the determined
regulated PTM sites have not been linked to HIV-1 infection according to the NCBI HHID
[36], making these findings to a valuable resources for further research. For example,
phosphorylated EP300 at S2309 was found to be down-regulated (fig. 3.7C) during late
stages. EP300 has been known to acetylate HIV-1 Tat, thereby, co-activating HIV-1 gene
expression [151]. Phosphorylation of EP300 by CDK1 and ERK1/2 has been associated with
its reduced stability during mitosis [289]. Therefore, the down-regulation of phosphorylated
EP300 at S2309 might be linked with increased stability and co-activating activity, which
has to be further evaluated. Another example is the increase in E3 ubiquitin ligase TRIM33
acetylated at K254 (fig. 3.7D). TRIM33 has been described as major determinant of HIV-1 IN
stability and to block viral gene expression. However, further research is required to investigate
the potential link between acetylated TRIM33 and IN degradation.
Findings with regard to HIV-1-dependent changes in the host phosphoproteome and acetylome
were limited in this first study probably due to low PTMome coverage. It is likely, that
high PTM coverage require much more input material than expected for the investigation
of HIV-1-dependent changes. The use of spike-in SILAC standard prepared from Jurkat-E6
cells and HEK293T cells might also contribute to low PTMome coverage, since the increased
sample complexity correlates with higher complexity of the MS spectra resulting in lower
numbers of identified sites due to re-sequencing of peptides in the different SILAC states
[290]. Moreover, incomplete time courses arose from missing matching peptide pairs (SILAC
heavy-to-light ratios) in one of the five time points, resulting in reduction in the depth of
analysis.
To address these issues, one could consider the use of VSV-G pseudotyped HIV-1 for infection
to generate input material, while accepting VSV-G mediated viral entry through endocytosis,
which is different from HIV-1 Env mediated entry [291]. Therefore, results based on an
endocytotic entry model of HIV-1 would have to be interpreted with caution. Another
option could also be the engineering T-cell lines with higher HIV-1 susceptibility e.g. by
overexpression of HIV-1 co-receptors to generate input material of higher quality. In this case,
finding the balance between increased HIV-1 susceptibility and tolerable cell loss/death due to
accelerated infection progression [292] might be challenging. Optimizing large-scale methods
for the specific enrichment of modified peptides, in particular acetylated peptides, would also
increase PTMome coverage and depth of analysis. One could also consider TMT labeling
for the quantification of PTM sites, since sample complexity would be reduced and the risk
of missing matching peptide pairs is significantly lower as shown in this study (fig. 3.5C and
D). However, quantification of acetylated peptides using the TMT labeling approach could
be at the expenses at lower number of identified acetylation sites, since the amine-reactive
chemistry of the isobaric tages requires free lysine residues for labeling. Nevertheless, it
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has been shown, that acetylome profiling is compatible with TMT labeling [48] suggesting
an alternative quantification approach to the SILAC spike-in approach as performed in this
study.

4.2.5. Explorative analysis of HIV-1-dependent changes in cellular
signaling pathways

To gain more time resolved insights of biological consequences of HIV-1-dependent changes,
KEGG pathway enrichment analysis was performed, which revealed early remodeling of the
host pathways associated with pathogen infection (fig. 3.8, 4 h). Interestingly, proteins
of the RIG-I-like receptor signaling pathway (supplemental fig. S5) as well as several
metabolism-associated pathways such as glycolysis (supplemental fig. S4), were found to be
disregulated early. Early induced changes in the RIG-I-like receptor signaling pathway suggest
rapid suppression of hyperresponse to viral RNA e.g. by overexpression of ATG12, a negative
regulator of innate antiviral immune response [236], and down-regulation of TBK1, an
activator of IRF3/IRF7-mediated interferon induction [237]. In the case of HIV-1-dependent
changes in cell metabolism related pathways, up-regulation of key enzymes of the energy
releasing phase of glycolysis (e.g. GAPDH, PGK, ENO3) (supplemental fig. S4) suggest
rapid hijacking of the host energy supplies to fuel HIV-1 protein expression. Interestingly,
enhanced aerobic glycolysis has been correlated with declining cognitive status in patients
with persistent HIV-1 infection [293, 294], which is also in line with the HIV-1-dependent
changes in mechanisms related to neuronal degeneration identified in this study (fig. 3.8).
Based on these findings of enhanced aerobic glycolysis during HIV-1 infection, one could
suggest the implication of carbohydrate-free or ketogenic diet complementing ART to mitigate
HIV-associated neurocognitive disorder. Clearly, further research is required to address the
impact of diet on HIV-associated neurocognitive disorders.
Changes in the metabolic control is also linked with changes during cell proliferation [295].
During late phases of HIV-1 infection, the KEGG pathway "cell cycle" was highly disregulated
(fig. 3.8B and 3.9A). In particular, proteins assigned to G2 or M phase were found to be highly
up-regulated. In the context of HIV-1-induced cell cycle disruption, HIV-1 Vpr has been shown
to induce G2/M arrest and apoptosis, which is thought to benefit viral proliferation and enable
immune escape [199]. This Vpr-mediated G2/M arrest has been described to be dependent on
the activation of the ATR DNA damage response pathway [200]. Proteins downstream of the
ATR DNA damage response pathway such as serine/threonine-protein kinase Chk1 (Chk1),
CDK1 and Wee were found to be strongly up-regulated through the entire HIV-1 time course
(fig. 3.9A). In the process of G2/M arrest, phosphorylation of Chk1 induces Wee-mediated
phosphorylation of CDK1, resulting in its inactivation [296]. Considering HIV-1-dependent
changes in the phosphoproteome in the KEGG pathway "cell cycle" (fig. 3.9A), late decrease
(12-24 h) in phosphorylated CDK1 (fig. 3.9B) was observed suggesting a potential counter
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response to the early Vpr-induced G2/M arrest. This counter mechanism might involve
M-phase inducer phosphatase 1, 2 and 3 (CDC25A, CDC25B, CDC25C), which remove
inhibitory phosphorylations of CDK1 [297–299]. Interestingly, Vpr-associated degradation
of CDC25B and CDC25C have been described [199, 300] suggesting a time-dependent
fine-regulation of G2/M arrest by Vpr. Clearly, further experiments are required to elucidate
the detailed modes of action.

4.2.6. HIV-1-associated kinase-substrate relationships

The comprehensive analysis of HIV-1-dependent changes of cellular signaling pathways
highlighted the importance of understanding HIV-1-associated kinase-substrate relationships.
The phosphosite motif enrichment analysis (fig. 3.10A) suggested increased activity of casein
kinase II (CK2), G protein-coupled receptor kinases and kinases with 14-3-3-domains during
early HIV-1 infection stages. In the following, findings with regards to CK2, as an example,
will be further expanded. CK2 has been reported to phosphorylate cellular proteins involved in
HIV-1 transactivation [301] and stimulate HIV-1 PR and RT [302]. Differentially up-regulated
and known CK2-targeted phosphorylation sites of two proteins, uracil-DNA glycosylase (UNG)
and DNA ligase 1 (LIG1) were identified in this study (fig.3.10B). Phosphorylated UNG has
been associated with high levels of HIV-1 Vpr expression and UNG incorporation into virions
has been reported to positively influence HIV-1 infectivity [303–306]. Therefore, the findings
suggest a potential link between HIV-1 Vpr and CK2-mediated phosphorylation of UNG, which
has to be further evaluated. LIG1 has not been linked to HIV-1 infection so far. However, its
involvement in the repair of viral integration intermediates was conceivable [307] and LIG1
activity might be regulated by CK2-mediated phosphorylation since phosphomutants of LIG1
have been shown to have impaired functionality in DNA replication and repair [308].
The phosphosite motif enrichment analysis (fig. 3.10A) also showed increased activity
of several other kinases, such as cAMP-dependent protein kinase A (PKA) and
calcium-dependent protein kinase C during the late stages of HIV-1 infection. Interestingly,
enzymatically active PKA was found to bind to phosphorylated HIV-1 capsid protein p24, to be
packaged into HIV-1 virions and important for optimal reverse transcription [309,310], which
indicates early HIV-1 infection events. One could hypothesize, that PKA was overexpressed
in post-integration phases, resulting in increased phosphorylated substrates and incorporation
into newly synthesized virions.With regard to PKC, compounds modulating PKC activity have
been identified as latency reversing agents by activating the NF-κB pathway [311]. Therefore,
further investigation of substrates might elucidate mechanisms related to PKC-mediated
latency reversal.
Moreover, the study of HIV-1-associated kinase-substrate relationships identified confirmed
substrates of six kinases, MAP3K3, PKMYT1, WNK2, SRPK1, CLK1 and CLK2, which
have not been linked with HIV-1 infection themselves (fig.3.10B). MAP3K3, PKMYT1 and
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WNK2 have been associated with cell cycle regulation or immune response [312–314], whereas
SRPK1, CLK1 and CLK2, have been related to RNA splicing processes [315–317], suggesting
these kinases as interesting subjects for further research on their impact on HIV-1 infection.
Taken together, the time course analysis of HIV-1-dependent changes in the proteome,
phosphoproteome and acetylome in this study provided a first draft of the dynamics in
CD4+ T-cells during HIV-1 infection. The data presented here facilitate the formulation
of new hypotheses on modes of action, and the exemplified findings highlight the need
for further time resolved investigations of PTM dynamics to understand critical signaling
pathways during HIV-1 infection. The data resource provided in this study is anticipated to
support the design of further validation experiments e.g. by immunoblotting, treatment
with inhibitors or (conditional) knock-out/-down experiments in infected primary CD4+

T-cells. For future time course analysis, quantification methods with increased level of sample
multiplexing such as TMTpro 16plex (Thermo Fisher Scientific) might enable analysis of
HIV-1-host interactions with higher temporal resolution. Details about the timing of certain
host responses in combination with improved understanding of PTM-based mechanisms can
support the optimization of anti-HIV-1 treatments and the identification of HIV-1 vulnerable
nodes in order to develop novel treatment strategies.

4.2.7. Temporal proteomic analysis of HIV-1 infection using HIV-1-GFP
reporter virus

In addition to the time course analysis in CD4+ T-cells, that were infected with the full length,
wildtype HIV-1 lab strain HIV-1NL4-3, another time course analysis using the HIV-1 GFP
reporter lab strain HIV-1NL4-3-ΔNef-GFP was performed. As discussed in section 4.2.1, ongoing
HIV-1 replication was monitored first time by intracellular p24-staining of infected cells only.
While this indicated successful fusion of viral particles with the host cell, no information could
be determined about productive HIV-1 replication. Thus, a GFP reporter virus was used in
a second experiment, which allowed the determination of 67% infected, GFP-positive cells
with productive HIV-1 replication 48 h p.i. (fig.3.4D). However, the time frame needed to be
extended to 48 h to yield sufficient GFP expression. As a consequence, host responses might
be triggered also by a second round of infection with newly produced virus, which needed
be considered for data interpretation. Overall, the data from the HIV-1NL4-3- as well as the
HIV-1NL4-3-ΔNef-GFP-time course were comparable in terms of numbers of identified proteins
3.11A), temporal progression of HIV-1 proteins (fig. 3.11B) and tendencies of regulated host
proteins as exemplified for the KEGG pathway "cell cycle" (fig. 3.12). However, the dynamic
range in the HIV-1NL4-3-ΔNef-GFP-time course was not as large as in the HIV-1NL4-3-time
course, which might be partly explained by the absence of the viral accessory protein Nef.
Nef plays an important role in the establishment of full HIV-1 virulence in vivo [14, 15].
Nef-defective viruses have been reported to show reduced pathogenic potential when compared
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with the wild-type strain [318–321]. Therefore, the host responses to HIV-1NL4-3-ΔNef-GFP
might be more attenuated compared to the wild-type strain.
Overall, the use of HIV-1NL4-3 for time course analysis provided several advantages compared
to the use of HIV-1NL4-3-ΔNef-GFP. Besides of the monitoring of ongoing HIV-1 infection
within a single round of HIV-1 replication as discussed in section 4.2.1, the proteomic
analysis of infected CD4+ T-cells showed also a larger dynamic range in the host responses.
Nevertheless, the additional time course with HIV-1NL4-3-ΔNef-GFP corroborated the findings
in the HIV-1NL4-3-time course experiment. Moreover, the comparison of the two time courses
supports the role of the viral protein Nef in enhancing HIV-1 disease progression. Future
time-dependent proteomic studies of Nef-dependent host responses with higher resolution
will help to elucidate the mechanistic details of the effect of Nef on HIV-1 infectivity and
intracellular replication.
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4.3. MS data analysis workflow for visualization of
quantified changes in signaling pathways

Recently, the amount of biological data has been ever-expanding and, therefore, computionally
supported analysis has become an vital tool for exploratory data analysis. Different from
confirmatory analysis, which is based on the testing of pre-formulated hypotheses, exploratory
data analysis involves a broader investigation, focusing on finding the right questions rather
on the right answers [322]. In combination with effective data visualization, exploratory data
analysis is able to guide and shape scientific discovery to support formation of new ideas and
design of experiments [323]. For the study of biology, pathway maps have become helpful tools
for the analysis of biological data sets and understanding of underlying molecular processes. In
comparison with single gene-based approaches, pathway-based approaches have been widely
used in the analysis of omics high-throughput data sets [323, 324]. However, pathway-based
data integration of proteome/PTMome dynamics or visualization of time courses requires
complex algorithms for data processing and transformation and the implementation is still
challenging for scientists with low bioinformatic background.
Here, an R-scripted data analysis workflow for MS quantitative data from label-free, TMT
or SILAC experiments was established (see section 3.6). The scripted algorithm enables
fast and reproducible downstream data processing/transformation of MaxQuant evidence
tables into structured formats required to apply functions from (i) the Proteus package [221]
for peptide/protein intensity aggregration and normalization, (ii) from the ClusterProfiler
package [223] for GO term/KEGG enrichment and (iii) from the Pathview package [224]
for data visualization and graphical rendering of signaling pathways (fig. 3.14). Examples of
rendered pathway maps were shown in fig. 3.9, supplemental fig. S3, S4 and S5.
Since R is an open-source programming language, the scripted code is accessible and available
for anyone with basic R skills - without the need for a license or a fee, independent
from the platform (Windows, Linux, Mac). The workflow was coded in a modular and
comprehensible manner, that on the one hand is easy to apply for users unexperienced in
MS related bioinformatics, on the other hand can be still customized to the needs of more
experienced MS data analysts. Functions for high quality plotting and graphing are also
implemented within the workflow enabling fast visualization of changes in the proteomic
landscape. In particular, the mapping of quantified changes with temporal resolution into
KEGG pathways supports data interpretation in a biologically relevant context. Moreover,
the workflow facilitates fast reports at any stage of the analysis, e.g. boxplots of peptide
intensities in different conditions before/after normalization and interactive Shiny web apps,
e.g. to identify strongly upregulated PTM peptides with Uniprot annotated function of the
corresponding protein in Vulcano plots. The established algorithm is anticipated to help
scientists to perform high-throughput data analysis of qualitative and quantitative MS data.
It serves as an alternative or as complementation to Perseus, which is a commonly used
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computational platform for MS data [214]. Apart from the application for proteomics data,
the algorithm can be also easily adapted to process other types of omics data e.g. genomics
and transcriptomics analysis.
Nevertheless, usage of the established workflow still requires experience in R programming,
since R is a command line driven program. Moreover, data visualization with functions
provided by Pathview are limited to collection of pathway maps of the KEGG database [242].
Hitherto unknown pathways or new molecular mechanisms are difficult to address by the
KEGG pathway mapping function. Apart from the restriction to KEGG pathways in the
mapping function, another issue emerged in the analysis at PTM level. Implementation of
quantified PTM site information into KEGG pathways maps have been proven to be difficult,
since multiple PTMs can occur on multiple sites within the same protein or even within
the same peptide at different amino acid positions (PTM multiplicity). Despite of PTM
multiplicity, a database providing cellular pathway maps, including known regulatory PTM
sites of relevant proteins, does not exist so far. To handle cases of PTM multiplicity, the
algorithm selects species of modified peptides of highest intensities or calculates the median
intensity of all identified PTM sites for protein aggregation. However, selecting sites of
highest intensity might neglect PTM sites resulted from transient/weak interactions with
PTM enzymes or overestimate the effect of one regulated PTM site. The alternative option
using the median intensity of all identified PTM sites for protein aggregation, in turn, might
lead to underestimation the effect of biological relevant regulatory PTM sites. These are two
aspects, users of the established algorithm have to be aware of during PTM analysis. In order
to fulfill the full potential of this worfklow, PTM databases have to grow. For phosphorylation
in human cells, PhosphoSitePlus [238] provides already an valuable knowledgebase. However,
annotation of regulatory sites and site specific information are still lacking, in particular for
acetylation targets. With increasing number of identified PTM sites and crosscorrelations
of databases, the established data analysis workflow is anticipated to enable multi-omics
approaches to provide an holistic view not only of molecular mechanisms during HIV-1
infection but also other severe diseases.
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4.4. Changes in the host acetylome upon HIV-1 infection

A growing body of work has emphasized the importance of alterations in protein acetylation
during infection with HIV-1 [75,147,148,154,243,245,246]. It has become clear, that both,
cellular and viral proteins, are modified by lysine acetylations, and that these PTMs contribute
to core host defense and virus replication processes [40]. Further investigation of the extent
of protein acetylation events during HIV-1 infection can provide an important new perspective
on the intricate mechanisms underlying the biology and pathogenesis.
In this study, the first draft of the quantified global acetylome in HIV-1 infected CD4+ T-cells
was provided (fig. 3.13). Among the observed changes in the host acetylome, lysine acetylation
sites of histone proteins, e.g. H2B and H1, were found to be mainly down-regulated at 48 h
p.i.. In the time resolved acetylome analysis (fig. 3.7D), down-regulation of acetylated H2B,
that started already within 24 h p.i., was also reported. In general, acetylation of the core
histone proteins, H2A, H2B, H3, and H4, have been described to result in destabilization
of the DNA/histone interactions and increases accessibility of the local DNA [325, 326].
Consequently, the observed decrease of acetylated H2B or H1 proteins is associated with
suppressed gene expression, which might be reflected also by the decelerated increase in
GFP-positive cells at the 48 h time point in comparison to the 24 h time point (fig. 3.4D).The
down-regulation of H2B acetylation at K6 might be linked with increased HDAC activity and
HIV-1 latency establishment by reduced chromatin accessibility at the viral LTR promoter over
time, that can be reverted by pharmacological perturbations using HDAC inhibitors as shown
in several studies [75,175,176,178,183,327]. Interestingly, adjacent H2B acetylation at K5 has
been associated with higher gene expression [326], which implied a similar relationship for H2B
acetylation at K6. Clearly, this has to be experimentally confirmed, since histone deacetylation
is correlated with gene silencing in general, however, studies of single deacetylated sites have
also shown to enhance gene expression [328,329]. In the case of H1, H1 has been reported to
be deposited onto unintegrated, extrachromosomal HIV-1 DNA early after infection, which
has been linked with transcriptional silencing in the presence of the posttranslational histone
modifications characteristic of inactive chromatin [330]. Loading of histones onto newly
synthesized viral DNA might transcriptionally block the initiation of infection by invading
viruses - a system, that has been already described to act against murine leukemia viruses
(MLV) [331], herpes viruses [332] and adenoviruses [333]. Nevertheless, the role of H1
acetylation (as suggested at K21 in this study) in this mechanism needs further research.
Apart from from histone modifications, down-regulation of acetylation on non-histone proteins
was observed. This is exemplified by key enzymes of the energy releasing phase of glycolysis
such as phosphoglycerate kinase 1 (PGK1) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (fig. 3.13). Interestingly, acetylation of GAPDH and PGK1 by PCAF has been
linked with increase glycolytic activity [334] and HIV-1 up-regulation of these enzymes was
also observed in the time resolved proteome analysis in infected CD4+ T-cells (supplemental
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fig. S4). Therefore, the decrease in acetylated GAPDH and PGK at the 48 h time point
might be explained as counter measure by the host cell to restrain the energy supply to fuel
HIV-1 protein expression. Interestingly, a recent study has shown a relationship between host
metabolic state and the likelihood for virus-cell fusion in CD4+ T-cells, which were treated
with glycolysis inhibitor 2-deoxyglucose and , as a result, become resistant to HIV-1 infection
[335]. It is also conceivable, that a higher energy requirement due to HIV-1 infection caused
a reduction in the pool of acetyl coenzyme A and, consequently, decreased non-enzymatic
(unspecific) acetylation by acetyl coenzyme A.
The examples of proteins with changed acetylation profile demonstrated the relevance of
studying the acetylation landscape in HIV-1-infected CD4+ T-cells. The whole acetylome
study complemented findings of the time course analysis of the proteome in HIV-1-infected
CD4+ T-cells and provided reference points for further research.
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4.5. Functional analysis of acetyl-acceptor lysines in HIV-1
Tat

4.5.1. Impact of acetylation sites on HIV-1 Tat’s LTR transactivation
ability

The HIV-1 encoded Tat protein is an essential viral factor, regulating processive transcription
from the HIV-1 LTR by controlling transcriptional elongation of viral transcripts by RNA
polymerase II (RNAPII) [336]. Tat binds to the HIV-related RNA stem loop structure,
encoded by the transactivation responsive region (TAR), and recruits the P-TEFb complex,
consisting of CDK9 and CCNT1 [136]. CCNT1 improves the Tat-TAR RNA interaction
and CDK9 phosphorylates RNAPII, thereby, increasing the rate of transcriptional elongation
of viral transcripts [337–339]. Apart from kinases such as CDK9, Tat-associated lysine
acetyltransferases (KATs) and deacetylases (KDACs or HDACs)/sirtuins also play multiple
roles during HIV-1 gene expression. These Tat-regulated KATs and KDACs/sirtuins do not
only remodel the chromatin organization at the site of the viral promotor [340], Tat itself has
at least two acetyl-acceptor lysines [243], K28 and K50/51, that are targeted by KATs and
KDACs. Acetylation related enzymes, that act on these sites, include KAT2B (also known
as PCAF) [150, 152, 245], EP300 [150, 245, 246], KAT2A (also known as GCN5) [154] and
HDAC6 [153] (fig. 3.15A). While many studies demonstrated, that Tat acetylation, regulated
by the exemplified KATs and KDACs, plays an important role in HIV-1 gene expression in
general, little is known about the impact of site specific acetylation on Tat’s transactivation
ability and the course of HIV-1 infection.
Therefore, Tat expressing constructs, mimicking either an permanently acetylated (K-to-Q
subsititution) or deacetylated state (K-to-R substitution) at K28, K50, K51 and K50/51, were
designed and used for different HIV-1 LTR transactivation studies (section 3.7.2, fig. 3.22).
In concordance with other studies of Tat mutants [150, 246, 341, 342], the transactivation
ability of K28R, K28Q, K50Q, K51Q and K50/51Q were drastically reduced in transfected or
transduced TZM-bl cells, which contain a luciferase reporter under the control of an integrated
HIV-1-LTR [250–254]. In parallel, the respective K-to-R mutants showed comparable or
slightly increased transactivation capability with Tat wt (fig. 3.19 A). In the direct comparison
of K28R with K28Q, K28R was still able to maintain 40-65% of the transactivation capability
relative to Tat wt. In general, the levels of reduced transactivation in the K-to-Q mutants were
comparable with the respective K-to-A mutations mimicking removed acetyl-acceptor lysine
residues. These results confirmed, that differential Tat acetylations at residues K28, K50, K51
and K50/51 exert large impact on HIV-1 LTR transactivation. Since the K-to-Q mutations
behaved like the K-to-A substitutions, it is conceivable, that Tat with a mimicked acetylated
state reduced LTR transactivation either due to decreased TAR RNA binding or impaired
interactions/recruitment with transcription initiation or elongation associated factors.
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After different HIV-1 LTR transactivation abilities were associated to the Tat mutants
mimicking different acetylation states, the influence of the mutants on de novo HIV-1
infection in Jurkat-E6 cells stably expressing Tat wt or mutants was evaluated using
HIV-1NL4-3-IRES-GFP. For this experiment, it was assumed, that the overexpression of Tat
in the T-cell lines outcompetes the Tat encoded by the infecting virus and is able to boost
the expression of the reporter virus. As proof of principle, infection in Tat wt expressing
cells was enhanced two-fold compared to control cells 24 h p.i. (fig. 3.20A). Interestingly
all acetylation or deacetylation mockups for K28, K50, K51 and K50/51 except for K28Q,
K50/51A and K50/51Q were able to retain 1.4 to 1.8-fold enhancement of infection. K28Q,
K50/51A and K50/51Q did not show enhanced infection remarkably confirming their impaired
functionality as observed in the transactivation assays in TZM-bl and J-Lat cells. In contrast
to the assays in TZM-bl and J-Lat cells, the single K-to-A and K-to-R mutations at K28, K50
and K51 did not result in severe reduction of the infection-boosting effect. Since TZM-bl and
J-Lat cells express reporter genes controlled by an already integrated HIV-1 LTR [168], the
effects exerted by the mutants during the transactivation assays in these systems might be
more direct and, therefore, more pronounced compared to the de novo HIV-1 infection assay.
This assumption was also supported by the evaluation of virion production by HEK293T
cells transfected with the respective Tat expressing constructs and a full length HIV-1 HXB2
ΔTat. This system was dependent on the activation of non-integrated HIV-1 LTR by Tat
(fig. 3.21). These observations were in line with similar findings of Bres et al. [342], describing
severely reduced transactivating ability of Tat K28R, K28Q and K50Q on integrated LTR in
comparison to unintegrated LTR.
Nevertheless, through all tested systems, K28Q, K50/51A and K50/51Q showed dysfunctional
activation of the HIV-1 LTR (fig. 3.22) emphasizing the importance of the acetyl-acceptor
lysines K28 and K50/51 of Tat during HIV-1 replication. K28Q and K28R mutations have
been described to exert intact interaction with TAR RNA [342], which suggests impaired
Tat-TAR complex formation as reason for the HIV-1 LTR transactivation deficiency as shown
in fig. 3.19 less likely. This implied, that the reduction in HIV-1 LTR transactivation due to
mutations in K28 might be based on disregulated interactions with other proteins required for
transcriptional elongation. In contrast, a weak interaction with TAR RNA has been described
previously at least for K50Q, implying, that reduced transactivation ability in the case of K50Q,
K51Q and K50/51Q, were due to disrupted complex formation with TAR RNA [342]. Since
K28Q and K50/51Q were related with decreased HIV-1 LTR activation in this study, while Tat
acetylation has been described to be critical during HIV-1 transcription [150–152, 246, 343],
the findings in this study support the concept of (de-)acetylation regulated "Tat recycling"
for multiple rounds of efficient HIV-1 transcription elongation [155,343,344].
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4.5.2. Acetylation-dependent changes in the HIV-1 Tat-associated
interactome

The Tat mutants mimicking a permanently acetylated state by K-to-Q mutations at K28
and K50/51 demonstrated their malfunction to activate HIV-1 LTR (fig. 3.22). Considering
more than 180 known human host proteins, that directly bind/interact with Tat [36], the
Tat-associated interactome was assessed by Co-IP and mutant specific changes were analyzed
for K28 and K50/51 by label-free quantification (LFQ) via LC-MS/MS.
In every Tat expressing condition, significant enrichment of subunits from known
Tat-associated complexes such as the P-TEFb complex (fig. 3.23C) or interactors linked
to HIV-1 infection were observed, while the number of enriched non-Tat-related proteins
(ca. 2%) from the control lysates was very limited suggesting a low risk for false-positively
identified Tat interactors due to the high specificity of the Co-IP. However, the sensitivity
for transient, weak interactions or proteins of low abundance might be limited in the used
system indicated by the identification of numerous highly abundant constituents of ribosomal
complexes (fig. 3.23C, fig. 3.24 and fig. 3.25). It has been described, that HIV-1 Tat is able
to affect rRNA maturation and to control ribosome biogenesis [345, 346], which was also
observed in this study. However, further analysis was focused on non-ribosome constituents,
that are less characterized so far.
Considering constituents of the P-TEFb complex or the superordinate SEC, CDK9, MLLT1
and MLLT3 were not affected by any of the K-to-R or K-to-Q mutations at K28 or
K50/51 suggesting, that their interaction with Tat is independent of these acetylation sites.
Interestingly, CCNT1 was found enriched in K28R mimicking non-acetylated Tat compared to
K28Q mimicking acetylated Tat at K28 (TatK28Ac) (fig. 3.25A). While acetylation at K28
by KAT2B (PCAF) has been described to enhanced binding to CDK9 or P-TEFb complex
in general [150], the interaction of TatK28Ac with CCNT1 is less elucidated. The findings
in this study suggested, that a disrupted interaction of TatK28Ac with CCNT1 contributed
to the deficient HIV-1 LTR transactivation (fig. 3.22, K28Q), since it has been shown, that
binding of Tat to CCNT1 is required for efficient transactivation of the HIV-1 LTR and
that K28R as well as K28Q do not affect interaction of Tat with TAR-RNA [342]. Apart
from CCNT1 as part of Tat-associated P-TEFb complex, several other HIV-1 infection linked
proteins with different abundancies in K28R and K28Q were identified, e.g. virus restriction
factor TRIM21 [347], which was enriched in K28Q. Interestingly, TRIM21 has been recently
discovered as substrate of HDAC6 [348] and HDAC6 has been shown to deacetylate Tat at
K28 [153]. The increased levels of TRIM21 in K28Q suggest a triggered intracellular innate
immunity in the presence of TatK28Ac via TRIM21-mediated degradation of intracellular
virus-antibody-complexes [347], which might correspond to the observation of reduced virus
production in K28Q transfected producer cells (fig. 3.21). Therefore, a TatK28Ac induced
recruitment of TRIM21 and/via HDAC6 exerting anti-viral effects is presumed here, which
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requires clearly further investigation.
Different from the R/Q mutations at K28, CDK9 and also CCNT1 protein abundancies were
not affected neither by K50/51R nor by K50/51Q (fig. 3.24B) concluding, that the mutations
did not lead to disruption of the interaction between Tat and the P-TEFb complex. In
conclusion, the impaired transactivation capability by K50/51Q mimicking acetylated Tat at
K50 and K51 (Tat50/51Ac) could be very likely explained by disabled complex formation
with the TAR RNA since K50Q as well as K50 acetylation by KAT2B (PCAF) have been
reported to compromise Tat’s binding to TAR RNA [342, 349]. Based on these findings,
TatK50/51Ac by KAT2B might regulate controlled dissociation of Tat from the TAR RNA
to be recycled for further rounds of HIV-1 transcription elongation. Nevertheless, several
identified K50/51R-associated interactors might provide additional information of cellular
processes induced by recruiting of certain host factors by Tat during HIV-1 replication. As an
example in the set of proteins only identified in K50/51R mimicking non-acetylated Tat at K50
and K51 (TatK50/51), RNA helicase DDX24 (fig. 3.25B) has been reported to increase HIV-1
RNA packaging [350] and to interact with EP300 leading to suppressed EP300-mediated
acetylation of p53 and, subsequently, induced cell cycle arrest and senescence [351]. Another
host protein enriched in K50/51Q and linked to HIV-1 infection is FTSJ3 (fig. 3.25B), which
mediates methylation of the HIV-1 genome, allowing the virus to escape the innate immune
system [352].
Overall, the performed HIV-1 Tat interactome analysis based on mutants mimicking different
acetylation states of Tat at the two acetyl-acceptor lysine sites K28 and K50/51 provide
new evidences for acetylation-based fine-tuning of HIV-1 Tat’s transactivational activity.
Moreover, the study revealed HIV-1-associated protein-protein interactions, which have not
been related to HIV-1 Tat acetylation so far and emphasized the importance of understanding
the HIV-1-host acetylome. However, further validation studies e.g. by immunoblotting
or (conditional) knock-out/-in will be required. Given the importance of Tat acetylation,
further research of the HIV-1-dependent changes in the acetylome would likely resolve
ambiguities in regards of HIV-1 replication and latency establishment. Moreover, conditional
knock-out/-down of Tat-associated KATs/HDACs and analysis of the resulting changes in the
interactome will provide additional insights about the role of Tat acetylation during HIV-1
pathogenesis.
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4.6. Comprehensive evaluation of the function of HIV-1 Tat
exon 2

HIV-Tat is encoded by two exons. Exon 1 corresponds to the N-terminal 72 amino acids
and harbors Tat’s activation domain (position 1 to 48), nuclear localization signal and
the TAR RNA binding site (both position 49 to 57) [353–357]. Deletion of exon 2 has
demonstrated, that exon 1 is sufficient for Tat’s transcriptional function [248]. So far, HIV-1
replication supporting functions such as NF-κB-activation [358], repression of transcription of
major histocompatibility (MHC) class I genes [359] and containment of interferon-stimulated
gene (ISG) expression in antigen presenting cells enabling immune escape [360] have been
associated with Tat exon 2. However, the function of the second exon as well as its mode of
action is largely unexplored.
Therefore, the function of Tat exon 2 was comprehensively investigated using a deletion
mutant of exon 2. Based on the transactivation assays in TZM-bl and J-Lat cells (fig. 3.19
C), Δexon2 maintained at least 60% of the transactivation capability of full length Tat.
Moreover, Δexon2 was able to increase de novo HIV-1 infection in a T-cell line (fig. 3.20)
and induce production of viral particles (fig. 3.21) to a comparable extent as full length
Tat. This findings confirmed the sufficiency of exon 1 to transactivate HIV-1 transcription.
Together with findings of other studies [358–360], it is likely, that the function of the second
exon is linked with interaction of host proteins. The comparison of the interactome of Δexon2
and full length Tat showed, that CCNT1, ELL, AFF1 and AFF4 were more enriched in full
length Tat than in Δexon2 (fig. 3.24C and fig. 3.25C) suggesting an decreased affinity of
Δexon2 for these subunits of the P-TEFb complex or SEC. Therefore, exon 2 of Tat might
be responsible for the stabilization of Tat’s interaction with P-TEFb or SEC, that jointly
drive transcription elongation and, thereby, optimize the transactivation capability of Tat.
Moreover, the analysis also highlighted the importance of Tat exon 2 coordinated interactions
with AFF1 and AFF2, since knock-out experiments of AFF1 and AFF2 have been described
to diminish Tat transactivation [361]. Interestingly, non-P-TEFb/SEC-related proteins such
as probable ATP-dependent RNA helicase DDX5 (DDX5) were found to be enriched in
the Δexon2 mutant (fig. 3.25C). DDX5 has been reported as co-factor enhancing HIV-1
replication and to promote nuclear export of viral transcripts in concerted action with HIV-1
Rev [362]. The increased DDX5 abundance in Δexon2 suggests the possibility, that the
second exon is able to control DDX5/Rev-mediated transcript export to suppress Tat induced
immune surveillance. As a matter of course, the dependency of these interactions on Tat
exon 2 needs to be validated. However, the interactome analysis provided evidences of so far
unknown relationships between Tat exon 2 and host factors for efficient HIV-1 transcription
elongation and suggested further research of Tat exon 2 regulated HIV-host interactions.
Based on the immunoblot analysis of Δexon2 transfected HEK293T (fig. 3.16B) and stable
transduced Jurkat-E6 cells (fig. 3.17B), remarkably lower protein abundance of Tat Δexon2
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was observed in comparison to full length Tat-independent of the used cell system. Flow
cytometric analysis of the BFP-MFI in Jurkat-Tat(Δexon2)-HA-T2A-BFP in comparison
with full length Tat (fig. 3.18B) disconfirmed the possibility of restrictions at transcription
level, since BFP-MFI in Tat Δexon2 expressing cells was not lower than in full length
Tat expressing systems. However, the treatment of stable (Δexon2) expressing Jurkat-E6
cells with proteasome inhibitor MG-132 (fig. 3.26A) showed no rescue of Δexon2 to levels
comparable protein levels as full length Tat, thereby, ruling out that TatΔexon2 was subjected
to proteosomal degradation. Another hypothesis of secreted Tat Δexon2 into the extracellular
space evaluated by anti-HA antibody based enrichment of Tat-HA molecules from supernatant
(fig. 3.26B) could also not be confirmed. As a consequence, the reason for the low abundance
of Tat Δexon2 in comparison to full length Tat and its consequences on Tat transactivation
remained unclear. Possible explanations, which need to be experimentally evaluated included
lysosomal protein degradation or possible protease cleavage sites that become exposed in the
absence of exon 2 due to steric effects.
Taken together, the comprehensive investigation of the function of Tat exon 2 revealed novel
aspects into the multifaceted role of HIV-1 Tat including regulating its own transactivation
capability and modulation of the host immune response. Based on the findings here, it is
assumed, that the second exon is associated with even more so far undiscovered regulatory
functions.
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4.7. Latency reversing agents for reactivation of latent
HIV-1 uncovered by epigenetic compound screening

Current ART is highly effective in the reduction of HIV-1 loads to undetectable levels in plasma
allowing an almost normal life of HIV-1-infected patients. However, HIV-1-infected individuals
have to commit to lifelong treatment, since ART does not eliminate latent cellular HIV-1
reservoirs. In addition, studies have shown, that, despite effective ART, HIV-1 replication can
remain persistent in lymphoid tissue reservoirs under conditions, in which drug concentrations
are too low to completely block virus replication [255,256]. Therefore, several trials have been
performed to develop drugs, that are more effectively delivered to the site of viral replication
and, in the same time, erase latent HIV-1 reservoirs for complete viral clearance. In the
last years, especially the cellular mechanisms, which maintain HIV-1 latency, are attempted
to be disrupted by pharmaceutical interventions with the idea to reactivate latently infected
cells and sensitize them for immune cells and common ART (known as "shock-and-kill"
approach) [363]. However, trials have not been clinically successful so far. Consequently,
there is still a strong demand to identify either latency maintaining cellular factors or novel
agents specifically targeting latent HIV-1 reservoirs.
Based on recent findings in regards of the relevance of PTMs (such as protein acetylation) for
HIV-1 replication and latency [40], the aim of this study was to screen a library of epigenetic
compounds for novel LRAs. For this purpose, a stable Jurkat-E6 based reporter cell line was
established as latent reporter HIV-1 provirus model, which enables sample handling under
biosafety level 1 conditions allowing more cost efficient high-throughput screenings. The
primary screen in this cell system comprised titrations and determination of cell toxicity of
each test substance and resulted in six compounds (10% of tested in total), which are able to
activate the HIV-1 LTR-promotor in a concentration-dependent manner. For validation and
for comparison with common latency cell systems, identified lead compounds were tested in
J-Lat cells under biosafety level 3** conditions. The secondary screen in J-Lat cells mainly
confirmed the results from the primary screen. The six lead compounds, namely vorinostat
(SAHA), CI-994 (Tacedinaline), SR-4370, HPOB, CPI-203 and bromosporine, showed strong
reactivation ability with low cellular toxicity in both cell systems. The analysis of GFP
expression by fluorescence microscopy confirmed the the reactivation properties of the six
lead compounds. Notably, in comparison to most of the lead compounds, GFP expression of
HPOB treated cells was lower in intensity but more evenly distributed (fig 3.28D). Therefore,
HPOB may target a wider range of latently infected cells compared to common class I HDAC
inhibitors.
All six lead compounds belong either to HDAC inhibitors or inhibitors of bromodomain
containing proteins, emphasizing the importance of lysine acetylation in the context of HIV-1
latency. Earlier studies and clinical trials have described vorinostat and CI-994 as potent
LRAs targeting mainly class I HDACs [256, 258], which regulate acetylation of histones and
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transcription factors such as LSF and YY1 [147, 176, 177, 364]. In a similar way, one target
of bromosporine and CPI-203 among others is bromodomain-containing protein 4 (BRD4),
which is a repressor of HIV transcription during latency by cooperating with the SWI/ SNF
nucleosome [365]. In this context, both inhibitors of bromodomain containing proteins have
shown latency reversing properties [257,259]. Different from vorinostat, CI-994, bromosporine
and CPI-203, two new compounds, SR-4370 and HPOB, with latency reversing ability were
identified in this study. In contrast to vorinostat and CI-994, the cytosolic deacetylase HDAC6
is also inhibited by SR-4370 and HPOB. In the HIV context, HDAC6 has been found to be
involved in autophagic degradation of the HIV-1 Vif protein and, thereby, acts as antiviral
factor [108]. HDAC6 has been also described to restrict α-tubulin- and HIV-1 Env-dependent
cell fusion and infection [366]. Moreover, HDAC6 has been also shown to deacetylate HIV-1
Tat, thereby, resulting in the inhibition of Tat’s transactivation activity [153].
Based on these HDAC6-associated mechanisms and the findings in this study, further studies
should be conducted to elucidate the role of HDAC6 in HIV-1 latency. Overall, the clinical
usability of SR-4370 and HPOB should be evaluated, since both are promising candidates for
realizing the clinical success of the "shock-and-kill" approach.
In addition to the identification of new LRAs, general compatibility of the tested lead
compounds with other immune cells such as cytotoxic T-cells and cells of the myeloid lineage
was observed in this study, which was investigated in primary cells. All six identified lead
compounds did not activate resting CD4+ T-cells (fig. 3.32). This is a prerequisite for further
clinical tests as T-cell activation might be associated with unfavorable cytotoxic cytokine
release [260], which may increase the susceptibility of adjacent T-cells and the risk of HIV
reservoir relocation. Moreover, all six identified lead compounds did not show detrimental
impact on any leukocyte-associated cell type as the cell fractions of B-cells, NK and NK-like
T-cells, CD4+ and CD8+ T-cells did not change upon treatment in comparison with untreated
cells (fig. 3.33). Only the population of monocytes showed minor fluctuations, which might
be associated with induced proliferation or differentiation of myeloid cells [367]. More
importantly, all six lead compounds showed no increased overall cytotoxicity in the PBMC
population, emphasizing the potential usability of these compounds. Further investigation
of the compounds may include tests in CD4+ T-cells isolated from ART-suppressed HIV-1
patients to provide additional pre-clinical evidences. If the new identified compounds pass
further (pre-)clinical tests, they might help to eradicate latent viral reservoirs in HIV-1-infected
patients and optimize common treatment strategies.
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4.8. Effect of HDAC inhibitor treatment on HIV-1 de novo
infection

HIV-1 reactivation in latently infected cells has been of high interest as a strategy to aim
for removal of HIV-1 reservoirs in the context of the "shock-and-kill" approach. A high
demand for compounds exists, that are able to reactivate HIV-1 gene expression from the
integrated, latent provirus and, thereby, induce the "shock" phase. The "shock" phase
is complemented by maintaining ART to allow effective reduction of viral loads from
neosynthesized HIV-1 during the "kill" phase, in which latently infected cells die from
viral cytopathic effects, host cytolytic effector mechanisms following viral reactivation or
ART [363]. For this idea of combination antiretroviral treatment (cART), the use of
HDAC inhibitors has come into focus since HDACs have been shown to induce chromatin
condensation by deacetylation of histones and, thereby, prevent HIV-1 transcription in the
silent state of HIV-1 latency [175,176,178,183,327]. However, the "shock-and-kill" strategy
using HDAC inhibitors has not been clinically successful in the complete eradication of latent
HIV-1 reservoirs in HIV-1-infected patients so far and infection of new cells by reactivated
virus remains a clinical concern [261, 368]. In this context, the HDAC inhibitors, romidepsin
and SAHA have demonstrated to reactivate HIV-1 efficiently but also may support HIV-1
infection in CD4+ T-cell [261, 262]. Generally, only very limited information is available
about how HDAC inhibitors affect de novo HIV-1 infections.
In this study, the impact of 15 inhibitors of HDACs/sirtuins on de novo HIV-1 infection in
human primary activated CD4+ T-cells was evaluated. The set of selected inhibitors with
demonstrated latency reversing properties in the J-Lat cell-based latency system (fig. 3.34)
covered the entire selectivity range for human HDACs/sirtuins. Interestingly, 13 inhibitors
did not affect de novo HIV-1 infection except for sodium butyrate and bufexamac. These
two compounds, which have been shown to inhibit different HDACs, i.e. class I HDACs [369]
and HDAC6/10 [370], respectively, caused an unexpected, highly significant reduction of
p24-positive cells suggesting an impairing effect on HIV-1 infection (fig. 3.35C). Similar
findings were made for X4-tropic HIVNL4-3 and R5-tropic HIV-1 transmitted founder (T/F)
strain CH058 (fig. 3.35D) demonstrating, that decrease of HIV-1 infection levels was also
observed for a molecular HIV-1 clone that closely resembles primary isolates. Moreover,
reduction of HIV-1 infection levels was shown for X4- and R5-tropic viruses indicating, that
it was independent of the co-receptor usage. In addition, the reduction did not correlate
with the compounds target specificity, which is exemplified by the common selectivity of
bufexamac, tubacin and LBH 589 for HDAC6, however, the latter two inhibitors did not
negatively affect de novo HIV-1 infection in treated cells in this screen. Therefore, it is
assumed, that the observed effect by sodium butyrate and bufexamac was compound-specific.
In summary, these results disproved the potential risk of enhanced de novo infections at
least in CD4+ T-cells. Furthermore, this study highlights two HDAC inhibitors, namely
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sodium butyrate and bufexamac, as potential novel drugs for the treatment of HIV-1-infected
individuals.
To elucidate the underlying molecular mechanisms of the two compounds on a global level,
transcriptome analysis was performed. The comparison of identified DEGs with the NCBI
HHID [36] showed, that a substantial number of genes (Sb: ca. 25%, Bu: ca. 34% that
are significantly affected upon treatment have been reported to be associated with HIV-1
infection. Hits which were found down-regulated for both compounds comprised several
cytokines/interleukins such as CXCL8 (IL8) and IL4 (fig. 3.36A and B). IL8 is known to
promote HIV-1 replication in human monocyte-derived macrophages [371] and IL4 has
been reported as important regulator of HIV-1 expression via transcriptional activation
mechanisms [372]. Therefore, interleukin regulated cell responses might contribute to the
latency reversing ability of sodium butyrate and bufexamac. Furthermore, IL4 influences
T-cell activation, differentiation, proliferation, and survival [373] and, thus, might affect the
susceptibility of T-cells towards de novo HIV-1 infection. GO term and pathway analysis
showed enriched gene sets for terms related to cell cycle (fig. 3.36C). A more detailed
analysis at level of single genes/proteins showed strong down-regulation of factors regulating
checkpoint-mediated cell cycle arrest and activation of DNA repair in response to the
presence of DNA damage or unreplicated DNA, such as serine/threonine-protein kinase
Chk1 (CHEK1), cyclin-dependent kinase 1 (CDK1) or proliferating cell nuclear antigen
(PCNA) (fig. 3.37). These evidences suggest the ability of sodium butyrate or bufexamac
to block cellular proliferation in treated CD4+ T-cells. Earlier studies have demonstrated,
that HIV-1 infection of quiescent lymphocytes does not result in efficient production of
viral progeny and that the completion of reverse transcription and viral integration is highly
dependent on the stage of cell cycle during acute HIV-1 infection [30, 374]. Furthermore, it
has been also shown, that the majority of HIV-1-infected cells arise from cell proliferation in
latently infected cell populations during ART [375,376]. Thus, the anti-proliferative effect of
sodium butyrate and bufexamac might contribute to their latency reactivating and de novo
infection inhibiting properties. Besides the KEGG pathway "cell cycle", sodium butyrate
and bufexamac treatment also resulted in down-regulation of genes of the KEGG "Fanconi
anemia pathway" (fig. 3.37), a mechanism, which is responsible for the maintenance of
genomic stability by repairing DNA interstrand crosslinks [377]. It is conceivable, that
down-regulation of this pathway might impair mechanism favoring viral cDNA integration
during de novo HIV-1 infection since the repair of HIV-1 integration-related DNA lesions is
a critical process for efficient HIV-1 replication [378–380].
For sodium butyrate, quantitative proteomic analysis of treated CD4+ T-cells was performed
to gain additional insights, which are not covered by the transcriptome analysis. Among
the proteins with changed protein abundance upon treatment, several proteins have been
associated with HIV-1 infection according the NCBI HHID [36]. Down-regulated proteins
linked to HIV-1 infection in this analysis included RACGAP1, UBE2C, HNRNPU and
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HMGCS1, which have been described in genome-wide shRNA/siRNA screens to be required
during HIV-1 replication in Jurkat cells [276, 381]. DDX5 has been also described as HIV-1
replication enhancing factor [362], which was also found down-regulated in this proteomic
analysis. Interestingly, HIV-1 Tat’s second exon has been also associated with decreased
DDX5 levels (fig. 3.24C) as discussed in section 4.6 suggesting a potential link between
sodium butyrate and Tat exon 2-dependent protein interactions. Another down-regulated
protein in this data set was EP300, which interacts with HIV-1 Tat and functions as
co-activator of HIV-1 gene expression [151]. In parallel to the exemplified down-regulated
proteins associated with increased HIV-1 infection, up-regulation of factors with anti-viral
effects were also found as exemplified by BRD2, which is described as suppressor of viral
gene expression in a Tat-independent manner [382].
In summary, the HDAC inhibitor screen in this study identified in particular class I and
class II HDACs as modulators during HIV-1 gene expression and latency. Moreover, clinical
concerns about reseeding of HIV-1 reservoirs by HDAC inhibitors could not be confirmed
in this screen. Furthermore, sodium butyrate and bufexamac were identified as compounds
with latency reversing and de novo infection inhibiting properties. Global transcriptome
and proteome analysis provided several evidences for the mode of action of these two
compounds including blocking of of cell proliferation, inhibition of DNA repair mechanisms
and restriction of viral transcription. Therefore, both HDAC inhibitors might be capable to
improve existing cART strategies. Consequently, findings of this study suggest further clinical
evaluation of the use of sodium butyrate and bufexamac for the treatment of HIV-1 infections.

In summary, this doctoral thesis examined various aspects of HIV-1 infection - from
the investigations of virus-host interactions to the evaluation of potential new compounds for
pharmaceutical intervention. The results provide a valuable resource as well as novel analysis
tools, which are anticipated to be useful in the investigation of the underlying molecular
mechanisms of productive and latent HIV-1 infection. Moreover, they will help to optimize
current therapies or support the evaluation of new treatment strategies for HIV-1-infected
individuals.
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Figure S1. HIV-1 fusion inhibition in Jurkat-E6 cells. Jurkat-E6 cells were treated with fusion inhibitor T-20
and subsequently spin-infected with HIV-1NL4-3. Cells were harvested after different time points, stained for
viral p24 and analyzed by flow cytometry. Treatment with PBS served as control. Error bars show standard
deviations.
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Figure S2.Confirmed HIV-1 regulated (phosphorylated or acetylated) proteins (24 h p.i.). Overlap of
regulated proteins with the NCBI HIV-1 Human Interaction Database or hits identified by affinity tagging and
purification mass spectrometry (Jäger et. al., 2011) [37].
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Figure S3. Mapping of quantified protein abundancies in HIV-1-infected Jurkats into the KEGG pathways
spliceosome and ribosome. Proteins of pathway are depicted as squared time bars ranging from 4 to 24 h
color-coded according to the protein abundance relative to control as log2 fold change. (A) Spliceosome
(KEGG id: hsa03040, coverage: 85.7 %). (B) Ribosome (KEGG id: hsa03010, coverage 64.5 %).
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Figure S4. Mapping of quantified protein abundancies in HIV-1-infected Jurkats into the KEGG pathway
glycolysis. Proteins of pathway are depicted as squared time bars ranging from 4 to 24 h color-coded according
to the protein abundance relative to control as log2 fold change.

ubiquitination

phosphorylation

deubiquitination

dehosphorylation
+p

- u
+u
- p

repression
expression

activation
inhibition

0

log2 fold changes

-2 21-1

PROTEIN
4 8 12 24 hour p.i.

Figure S5. Mapping of quantified protein abundancies in HIV-1-infected Jurkats into the KEGG pathway
Rig-I-like signaling. Proteins of pathway are depicted as squared time bars ranging from 4 to 24 h color-coded
according to the protein abundance relative to control as log2 fold change.
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Figure S8. Toxicity/cell viability screen of HDAC inhibitors on human primary, activated CD4+ T-cells.
Human primary, activated CD4+ T-cells were cultivated in the presence of different concentrations of the
respective HDAC inhibitors for 72h. Afterwards, viability of cells was determined using a luminescence-based
viability assay. Data were derived from three independent experiments each with two independent
four-donor-pools of cells. Curve fitting and lethal concentration (LC20 are indicated. Error bars show standard
deviation (SD).
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