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Abstract

Integration of HIV -1 DNA is an essential step in the viral life cycle, and how the
unintegrated proviral DNA is transcriptionally silenced has been an ongoing question in
the field. Here we show that this silencing is epigenetic and demonstrate that the Tax
protein encoded by Human T-cell Leukemia Virus 1 (HTLV -1) can reversethe repressive
epigenetic modifications on chromatinized unintegrated HIV -1 DNA by inducing the
recruitment of NF - | wié®@iral LTR promoter and leads to a robust, spreading
infection . Using an unbiased screen, we identify the host SMC5/6 complex as essential
for epigenetically silencing unintegrated /pre-integrated HIV -1 DNA . The SMC5/6
complex binds chromatinized HIV -1 DNA and triggers epigenetic silencing by inducing
its SUMOylation through its NSMCE2 component, an E3 SUMO ligase. Inhibiting this
SUMOylation, by knocking out members of the SMC5/6 complex, mutationally

disru pting its E3 ligase function, or by using the SUMOylation inhibitor s TAK-981,
prevents epigenetic silencing and rescuesboth viral gene transcription from, and
replication of, integrase-deficient HIV -1. Finally, we show that inhibiting t he initial
SUMO-mediated silencing of HIV -1 DNA in integration-competenproviruses by the
SMC5/6 complexinhibits the establishment of latent HIV -1 infections in both CD4+ T cell
lines and primary human T cells . We thus propose a new model to explain the

establishment of the HIV -1 latent reservoir in vivo.
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Chapter 1. Introduction

1.1 HIV-1: A Global Scourge
Human Immunodeficiency Virus 1 (HIV -1) is a pathogen responsible for one of
the great plaguesof human history. This viral pandemic has killed an estimated 36
million people and was responsible for approximately 1.5million new infections a nd
680,000deaths in 2020(UN AIDS (2021)).
While the virus probably spread from chimpanzees to humans sporadically in
the 1920s(Faria et al., 2014; Keele et al., 2000)wUT | wYPUUUwOOOa wEEOT wlOwU
attention in the 1980s when homosexual men in urban centers were suddenly afflicted
by an unexplained immunodeficiency that presented as high occurrence of rare diseases
OPOIl w*EUxOUPZUW2EUEOOEWEOEwWOXxxOUUUOPUUPEWDOI I E
(Gottlieb et al., 1981) The cause of the disease, that would soon be known as acquired
immunodeficiency syndrome (AIDS), was discovered as a viral infection within 2 years
of the initial outbreak report and the virus, HIV -1 (initially called HTLV -lIl), was
isolated (Barré-Sinoussi et al., 1983; Gallo et al., 1984)
AIDS was essentially a death sentence in the early years of the epidemic; HI\V1

infected individuals had a median survival ti me of 1 year after diagnosis(Rothenberg et

al., 1987) Today, with the advent of modern combination antiretroviral therapy (CART),



HIV -positive individuals with access to antiretroviral drugs only show a 8-year median
survival gap compared to HIV -negative individuals (Marcus et al., 2016)

Initiatives like the Global Fund for AIDS, Tuberculosis and Malaria, and the UN
Global AIDS Strategy have beenproviding cART drugs to and funding HIV testing in
low resource countries. As of 2020, approximately 73% of people infected with HIV -1 are
now on therapy, up from just 7% in 2005. As a result, AIDS related mortality declined
from 2.4 million deaths in 2005 to 680,000 in 2020. The provision of treatment has also
blunted the number of new HIV -1 infections, especially among children, by preventing
maternal transmission during birth, and there is now a 69% reduction in new infections
in children under 14 (UN AIDS (2021)).

However, the outlook is not uniformly rosy. COVID -19 restrictions have led to
disruptions in HIV -1 testing and treatment in most countries and have led to a ~40%
decline in treatment in African and Asian countries. Even high -income countries are not
spared. COVID restrictions and the shutdown of safe injection sites have exacerbated the
prevalence of HIV -1 infections among people who inject drugs (PWID) in the op ioid
epidemic. These new HIV-1 outbreaks, primarily in rural settings without the medical
infrastructure to address the issue, have stalled the steady decline in new HIV infections

in the country (Lyss et al., 2021)



Also, while HIV infection can be controlled by cART, which effectively
suppresses viral replication and disease progression, it is not able to cure the disease. t
antiretroviral therapy is stopped, the virus almost invariably rebounds within weeks
(Davey et al., 1999) There remains a HIV-1 latent reservoir of infected cells| primarily
CD4+ T cell§ containing integrated HIV -1 proviral DNA that is transcriptionally
silenced and do not express HIV proteins but can be periodically reactivated to produce
active virus.

Very little is known about how this latent reservoir is established, and though
there are theories, many of them ae unsupported and even inconsistent with
observations and recent findings. Consequently, understanding how HIV -1 is initially
silenced in the cell may be crucial in understanding this latent reservoir and ensure

continued progress in controlling the HIV -1 pandemic.

1.2 The HIV-1 Life Cycle
1.2.1 HIV-1 Entry and Trafficking

HIV -1 infection of a cell begins with the binding of the HIV -1 envelope
glycoprotein gpl120to the target CD4 receptor and either the CXCR4 or CCR5 ce
receptor on the cell surface. This binding culminates in the fusion of the viral and
cellular membranes, and the release of the viral core made up of the viral p24 capsd

protein surrounding two single stranded HIV -1 RNA genomes bound to the viral



proteins p6 and p7 (Hare et al., 2010a) This viral capsid also encapsulates a variety of
HIV -1 proteins such as the viral protease, integrase, and reverse transcriptase as well as

the various host cellular proteins that have been packaged with the virion.
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Figure 1: The HIV -1 Replication Cycle .

1) The HIV-1 gp120 binds to the CD4 cell surface receptor, engages the CXCR4/ CCR5
co-receptor and mediates 2) fusion and nuclear entry. 3) Reverse transcription takes
place within the intact capsid, which traffics to the nucleus. 4) Viral cDNA is integrated
into the host DNA and acts as template for 5) viral RNA transcription. Fully spliced viral
RNA (and eventually variously spliced and full-length RNA forms) can be exported from
the nucleus, and 6) viral proteins are produced. 7) Gag/Gag-Pol proteins associate at
the cell membrane and the virus is assembled. 8) The virion buds from the cell and is
released.



Following the entry of the viral core into the cytoplasm, the HIV -1 RNA genome
is reverse transcribed into a single DNA genome by reverse transcriptase, and this
newly synthesized HIV -1 DNA then associates with the viral integrase, capsid proteins,

and a few cellular proteins to form the pre -integration complex (PIC) (Arhel, 2010).

1.2.2 Nuclear Import of the Pre-Integration Complex
HIV -1 can infect non-dividing cells, and t hus the viral PIC must be actively
trafficked across an intact nucleus through the Nuclear Pore Complex (NPC) in an
energy-dependent active process, as diffusion through the NPC is limited to molecules
smaller than 50-60kDa which the PIC vastly exceeds(Elad et al., 2009)
The nuclear pore is made up of three main ring structures with the central ring
I OET EEl EWEUwWUT | wxOUI zUWEOUI wUEOEPDPET T EwEI UPI 1 O
nuclear membrane respectively. These three rings create a central channel with a
minimum diameter of ~35nm. Eigh t filaments extend from both the outer rings on the
cytoplasmic and nuclear side of the pore. The filaments extending into the nucleus join a
EDUUEOwWUDPOT wUUUUEODUUI wEOEwWI OUODOT wEddetaE OEUUDPE W
2009; StrambieDe-Castillia et al., 2010)
The HIV -1 capsid protein is essential for the active nuclear import of the PIC

across the NPC. Mutations inthe HIV-WWEE x UPEWEEOWEEUOT EUT wUOT 1T wyYbU

resting cells but not actively dividing cells, indicating that the capsid is involved in



nuclear entry (Yamashita et al., 2007) Furthermore, the replication of chimeric HIV -1
viruses carrying the capsid protein from murine leukemia virus, a gamma retrovirus
that can only infect dividing cells, becomes dependent on cell cycle and nuclear import
of viral DNA was impaired when the cell cycle was arrested (Yamashita and Emerman,
2004)

The HIV -1 capsid interacts with the cellular factor, cleavage and polyadenylation
specificity factor 6 (CPSF6)(Bhattacharya et al., 2014; Chin et al., 2015; Lee et al.022;
Rasheedi et al., 2016)CPSF6 is a 68kDa mRNA splicing factor that shuttles between the
nucleus and cytoplasm through the NPC (Riegsegger et al., 1998)CPSF6 is transported
across the nucleus by Transportin 3 (TNPO3) that mediates its active transport across the
NPC through RanBP2 on the outer nuclear membrane, and Nup153on the inner nuclear
membrane (Kataoka et al., 1999; Lai et al., 2000)The HIV-1 PIC binding CPSF6 through
interactions with the capsid protein would allow it to be co -transported with CPSF6
across the NPC(Price et al., 2012; Sowd et al., 2016)

Indeed, mutations in the capsid protein that no longer bind CPSF6 show
drastically reduced viral nuclear entry, and truncated CPSF6 lacking a C-terminal
domain blocked nuclear entry of the PIC (De laco et al., 2013; Koh eal., 2013; Ocwieja et
al., 2011) Furthermore, multiple siRNA knockdown screens have identified TNPO3,

RANBP2, and NUP153 as genes that when knocked down, block infection at a stage



after reverse transcription, but before integration (Brass et al., 2008; Bushman et al., 2009;
Kdnig et al., 2008; Lee et al., 2010Subsequent knockdown studies have shown that
depletion of RANBP2 or NUP153 decreases the nuclear import of HIV-1.

Cyclophilin A (CYPA) is another host protein that binds the viral capsid protein
and has been shown to be involved in HIV -1 nuclear entry through RANBP2 though the
mechanism through which it mediates its effects is less well understood (Bosco et al.,

2002)

1.2.3 HIV-1 DNA Integration

The integration of the viral DNA into the host genome is catalyzed by the HIV -1

integrase protein (Buchow et al., 1989) Immediately after the synthesis of the double

stranded linear viral DNA molecule, 4 integrase proteins multimerize and bind the DNA

to form a DNA -protein complex known as the intasome (Hare et al., 2010b; Maertens et

al.,, 2010 w31 1 wbOUI T UEUI wUI | OWEEUEOGaal UwlT 1 wul OOYEO

ends of the blunt-ended viral DNA to generate reactive CA-OH-t z wi aEUORa OQwi OEUS
Following nuclear import, the intasome docks onto the host DNA to from the

target capture complex (TCC) (Hare et al., 2010b) and the integrase then catalyzes a

EUI EOI WEUT EOUwWPOwWUT T wi OU U w#are trenisérteauintozher] OE U wOi w

T OUU0wWT T 0001 wUUDPOT wUOT T wkzwxT OUxT EGhdingg OwOT T wi OE



partially integrated vi ral-host DNA intermediate with single stranded 5 nucleotide gaps
that are subsequently filled in by the host cell DNA repair machinery. This yields the
signature 5bp target site duplication that flanks the stably integrated HIV -1 provirus
(Vink et al., 1990).

While integration can occur anywhere throughou t the host genome, the sites of
integration are not random (Bushman et al., 2005) Multiple studies have shown that
HIV -1 integration sites are biased towards regions of active transcription (marked by
H3K36me3 histone modifications) that are close to the NPC (Barr et al., 2006; Ferris et al.,
2010; Han et al., 2004, Lewinski et al., 2006; Mitchell et al., 2004, Schréder et al., 2002;
Sherrill-Mix et al., 2013; Wang et al., 2007)An analysis of ~1 million int egration sites in
infected cells shows that ~80% of all integrations were in genomic regions with active
transcription and multiple introns (Singh et al., 2015)

LEDGEF is the most well-studied and probably the most important host factor
involved in HIV -1 integration. LEDGF is a chromatin-tethering protein involved in
stress response and cell differentiation. It was initially identified as a host protein bound
to integrase (Cherepanov et al., 2003)and plays a pivotal role in HIV -1 replication and
integration that has been extensively characterized and reviewed elsewhere(Debyser et

al., 2015) In brief, LEDGF is a 75kDa protein with an integrase binding domain (IBD) at



its C-terminal end and a conserved N-terminal PWWP domain that binds several
splicing factors and H3K36me3 (Eidahl et al., 2013; Pradeepa et al., 2012)

Thus, LEDGF binds the HIV -1 intasome through its IBD and directs it to
integrate in genomic regions where active transcription is taking place by binding
H3K36me3 through its PWWP domain (Singh et al., 2015) LEDGF binding various
splicing factors also directs the intasome to regions with highly spliced transcriptional
units and intron -rich genes, explaining the enrichment of viral integration events in
these regions(Pradeepa et al., 2012; Singh et al., 2015)

Another cellular protein that can interact with i ntegrase directly is integrase
interactor 1 (INI1) which is part of the SWI/SNF chromatin remodeling complex. The
INI1 interaction with the viral integrase has been proposed to facilitate targeted
integration of the viral genome into SWI/ SNF -remodeled regions of the genome, which
generally tend to be transcriptionally active (Lesbats et al., 2011)

While CPSF6 has not been shown to interact directly with the vir al integrase, it
has a critical role in targeting integration of HIV -1 to transcriptionally active
euchromatin. The nucleus is a complex, dynamic and highly organized environment
with chromosomes, active genes, and heterochromatin occupying preferred positions.
3D-immuno DNA FISH experiments have shown that HIV -1 preferentially integrates in

the peripheral nuclear compartment within 1um from the edge of the nucleus (Marini et



al., 2015) This is in concordance with experiments that track the PIC by tagging it with a
fluorescent protein and show that the PIC is heavily enriched at the edges of the nucleus
and not evenly distributed throughout (Albanese et al., 2008; Burdick et al., 2013;
Quercioli et al., 2016). Analysis of recurrent integration genes (RIGs) t+ genes that are
frequent integration sites for HIV -1| show that these genes are overwhelmingly
distributed at the nuclear periphery close to the NPC (Marini et al., 2015). In general,
genes positioned at the nuclear periphery underlying the NPC are predominantly
transcriptiona lly active with open chromatin and are most likely to facilitate efficient
splicing and mRNA export through the NPC (Ibarra and Hetzer, 2015). In contrast, the
HIV -1 PIC strongly disfav ors integrating into lamin -associated domains (LADs) where
heterochromatin condensed DNA is predominantly found (Guelen et al., 2008)

A likely mechanism to explain these integration patterns is that CPSF6, while not
binding integrase directly, facilitates the nuclear impor t of the viral PIC through the
NPC into the nuclear periphery which is enriched in euchromatin and actively
transcribing genes. Here, the function of LEDGF (and other proteins like INI1) is to
target the viral integrase to specific genomic regions with mul tiple introns, active
splicing and high transcriptional activity.

This hypothesis is supported by tandem knockout experiments with CPSF6 and

LEDGF, which showed that while knocking out LEDGF decreased viral integration into
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active gene bodies, the viral DNA w asstill targeted to regions of euchromatin (Sowd et
al., 2016. A subsequent experiment looking at the nuclear distribution of HIV -1 PICs in
the presence or absence of LEDGF shows that the HIV1 PIC maintains its preference for
euchromatin on the nuclear periphery even in the absence of LEDGF (Quercioli et al.,

2016)

1.3 Antiviral Drugs Targeting Integration

Initial antiviral therapies (ART) against HIV -1 were regimens consisting of 2
nucleoside analogue reversetranscriptase inhibitor (NRTIs) along with a non -nucleoside
reverse transcriptase inhibitor (NNRTI) or a protease inhibitor (P1) (Gulick et al., 1997;
Perelson et al., 199). Though these regimens are highly effective in reducing the viral
load in clinical patients to below the limit of detection, they have been largely replaced
in modern medicine by ART regimens that consist of 2 NRTIs or NNRTIs and an
integrase strand transfer inhibitor (INSTI) (Saag et al., 2020)This is largely due to the
greatly reduced side effects of integrase inhibitors, when compared to Pls, that in turn
promotes the drug regimen adherencethat is crucial in the success of any ART.

Efforts to design integrase inhibitors with different mechanisms of action than
these INSTI (which work by inhibiting the strand transfer reaction by integrase) have
culminated in the development of LEDGF inhibitors (LEDGINS) that p revent the

binding of LEDGF to integrase (Christ et al., 2010; Desimmie et al., 2013and hence

11



prevent the initial multimerization of integrase and stop the formation of the viral
intasome.

These inhibitors prevent the integration of the viral DNA into the host genome .
Unintegrated HIV -1 proviruses are then rapidly transcriptionally silenced , which stops
the viral replication cycle. | will discuss unintegrated HIV -1 silencing later in this

chapter.

1.4 The Fate of Unintegrated Retroviral DNA
1.4.1 Unintegrated DNA exists in multiple forms

As previously mentioned, the retroviral DNA genome is preferentially integrated
into regions of transcriptionally active host DNA and then becomestranscriptionally
active. This integration an essential feature of the HIV-1 lifecycle, and proviral DNA that
fails to integrate into the host genome is transcriptionally silent and is unable to

synthesize viral proteins and produce infectious viruses.

12



Hiv-1
DA

AATG CAOH
ORALY peTas
Host DNA

INI-1

5 Strand Transfer Integration Failure
- TR T LTR
%
T ST T S T I [T
o Non-Homologous Homologous
End Joining Recombination
Cellular Repair (NHE)) (HR)
T T T T
5ntrepeat 5nt repeat
Integrated HIV-1
Transcriptionally Active Transcriptionally Silenced

Figure 2: Unintegrated HIV -1 Forms Stable Circul ar DNA that are Transcriptionally
Silenced.

However, during a natural HIV -1 infection, the majority of proviral DNA

remains in an unintegrated state (Bukrinsky et al., 1991; Chun etal., 1997; Pang et al.,
1990; Sharkey et al., 2000; Teo et al., 1997his unintegrated DNA exists in a linear and
2 circular forms which either contain one long terminal repeat (LTR) copy (1LTR circles),
or two LTR copies (2LTR circles). The most abundant form, at least the early stages of
infection, is the linear form which is the immediate product of reverse transcription and
is the canonical substrate for integration (Bukrinsky et al., 1991; Chun et al., 1997)
However, this unintegrated linear DNA does not persist in the cell for long and is either

degraded or circularized into more stable forms.
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2LTR circles are formed by the cellular nonhomologous end joining (NHEJ)
machinery ligating the 2 distal LTR ends of the unintegrated linear DNA (Bukrinsky et
al., 1991; Shoemaker et al., 1980Yhe linear proviral DNA is bound by the host Ku
heterodimer Ku70/80, as well as the ligase4, XRCC4, and DNAPK that catalyzes its
circularization (Jeanson ¢al., 2002; Li, 2001; Zheng et al., 2011Knocking out these
NHEJ proteins drastically reduces the levels of 2LTR DNA after infection, but also
triggers apoptosis in the infected cells. In these knockout models, reverse transcription,
but not integrat ion, was required to trigger apoptosis, indicating that it is the linear
unintegrated DNA that triggers cell death when the NHEJ machinery is knocked out.

1LTR circles can be formed from initial reverse transcription errors, and
autointegration events wher e the viral integrase catalyzes the nucleophilic attack of the
3-OH reactive end on the viral cDNA into itself. 1LTR circles are also formed by
homologous recombination (HR) of the 2 LTR segments on the linear DNA and involves
the RAD50/MRE11/NBS1 complex(Kilzer et al., 2003)

Estimates of the ratio of linear to 1LTR to 2LTR forms of the unintegrated DNA
early after infection is approximately 20:9:1 (Butler et al., 2001; Gelderblom et al., 2008)
however this ratio is highly malleable and is likely to be different based on when these
forms were assayed after infection, what cell types they were assayed in, and whether

they were assayed in dividing or non -dividing cells. Furthermore, assays quantifying
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1LTR circles have been shown to be inaccurateg(Mbisa et al., 2009; Yoder and Fishel,

2006)

1.4.2 Degradation and Stability of Unintegrated Forms

Unintegrated linear proviral DNA is degraded in dividing T cells in a matter of
hours after entry into the nucleus due to host defenses andthe DNA repair machinery
detecting the presence of nontelomeric DNA (Fischer et al., 2003; Pierson et al., 2002;
Wu and Marsh, 2003).

Circular forms of the unintegrated viral episomes are more stable and are only
lost when infected cells divide (Pierson et al., 2002; Sharkey et al., 2005deed,
unintegrated forms of HIV -1 viral DNA persist in non -dividing i nfected macrophages
for at least 30 days(Kelly et al., 2008), and infected retinal cells (Yafiez-Mufioz et al.,
2006) neurons, and muscle tissue(Philippe et al., 2006)show stable levels of these
circular proviral DNA episomes for years. Furthermore, adding an origin of replication
to the viral DNA can maintain these circular forms even in dividing cells (Lu et al., 2004;

Vargas et al., 2004)

1.4.3 Viral Gene Expression from Unintegrated HIV-1

Despite their abundance, unintegrated HIV -1 proviruses are considered a
replicative dead end for the virus. HIV -1 viruses that do not integrate do not produce

any progeny virions and are unable to spread. However, in 2001, Nakajima and
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colleagues(Nakajima et al., 2001)reported the replication of HIV -1 with mutations on
the viral integrase gene that render it unable to integrate into the host DNA, a f inding
that was controversial at the time. However, this replication only occurs in specific cell
lines, like MT2 and C8166 which are HTLV -1 transformed cell line s that express the
HTLV -1 protein Tax. We will explore how Tax overcomes the transcriptional repression
of unintegrated HIV -1 DNA in Chapter s2 and 3.

While unintegrated HIV -1 isnormally unable to produce progeny virions,
studies using HIV -1 integrase mutants (where point mutations are introduced into the
integrase catalytic triad D64, D116, EE152 to yield nonfunctional integrase protein)
show that unintegrated HIV -1 episomes do transcrbe low but detectable levels of
unspliced, singly -spliced, and multiply -spliced RNA (Kelly et al., 2008; Wu and Marsh,
2001, 2003)However, only a subset of viral early genes is actually translated into
proteins, including nef (Sloan et al., 2010; Wu and Marsh, 2003)Tat (Engelman et al.,
1995; Gelderblom et al., 2008)and Rev (Shimura et al., 2015) albeit at very low levels
and only early after infection.

It is likely that this low level of gene expression, especially of Tat and Rev, is
insufficient to initiate the positive feedback loop on gene expression from unintegrated
HIV -1 DNA. Tat is required to initiate productive transcription from HIV  -1. Another

proposed explanation for the lack of late protein translation and expression is the low
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levels of Rev made from the unintegrated viral DNA (Wu and Marsh, 2003). Rev binds
the Rev Respong Element (RRE) on the HIV-1 RNA and facilitates the export of
incompletly spliced viral RNA s from the nucleus. Hence, without sufficient Rev, RNA
encoding these late viral genes cannot be exported from the nucleus to be translated. In
support of this, expressing Rev in T cells (CEM-Rev) rescues the expression of late genes
from unintegrated HIV -1 early after infection (Bar-Magen et al., 2009)

It is important to note that while viral MRNA and early proteins have been
detected early after infection in cells infected with integrase -deficient viruses, these
levels are much lower than what is detected from an infection with the wild -type virus
and drop even further after the first 16 -24h post infection. After 24h, levels of even fully
spliced viral proteins are 2-3 orders of magnitude lower in cells infected by IN -deficient
virus than in cells infected by WT HIV -1. Thus, there is alow level of viral gene
expression from unintegrated HIV -1 early after infection that is quickly turned off in a

matter of hours.

1.5 The Epigenetic Silencing of Foreign DNA

The entry of exogenous DNA into cells is highly unusual and typically triggers a
range of host responses that induces an innate immune response to either trigger an
antiviral state in the target cell and its neighbors, or to epigenetically silence

transcription from that foreign DNA. | nappropriate localization of DNA within the cell
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cytoplasm or in the various endosomal compartments indicates that a cell may either be
infected by avirus or bacterium , or that it has problems with nuclear integrity. In the
cytoplasm, DNA is detected by a host of immune sensors that include cGAS, STING,
IFI116, TLR9, AIM2, and others, which then activate molecular signaling pathways to
induce the prod uction of interferons that eventually leads to the establishment of an
antiviral state in the cell and its surrounding cells. These signals can also initiate
apoptosis and an inflammatory and lytic form of cell death called pyroptosis to

eliminate these potential infected or damaged cells (Briard et al., 2020)

More germane to our study of HIV -1 silencing and more broadly, viral epigenetic
silencing, is what happens to any foreign DNA that enters the nucleus. As mentioned,
HIV -1 DNA that enters the nucleus is rapidly transcriptionally silenced, but this
silencing is not limited to HIV -1 and applies generally to all viruses that introduce their
DNA into the host cell nucleus and indeed even to transfected DNA. It could be
theorized that this silencing evolved as a general host defense to restrict infection by a
multitude of viruses that would otherwise initiate a course of viral gene expression, viral
replication, and po ssibly cell death (Tsai and Cullen, 2020) and is most well

characterized in the context of infection by herpes viruses.
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1.5.1 Epigenetic Silencing as a Host Defense: Non-retroviral Evasion
Strategies

Though it probably evolved as a defense against viral infections, this silencing of foreign
DNA in the nucleus clearly acts even if the DNA is not viral in origin. Early studies of
DNA introduced into cells by transfection with calcium phosphate or DEAE dextran
showed that the transfected DNA rapidly associated with histones and formed
minichromosomes (Griffith, 1975; Reeves et al., 1985)hat showed the ~190bpspacing
between nucleosomes typical of normal chromosomal structures (Camerini-Otero and
Zasloff, 1980) Transcription from these exogenous DNA was silenced, and there were
many early indications that this silencing was mediated by the a ddition of histones and
epigenetic silencing. Firstly, the addition of various histone deacetylase (HDAC)
inhibitors like sodium butyrate or Trichostatin A (TSA) could significantly boost the
expression of genes from these transfected DNA constructs(Gorman et al., 1983;
Ishiguro and Sartorelli, 2004; Yoshida et al., 1990) suggesting that the transfected DNA
was transcriptionally silenced, at least in part, by the deacetylation of the histones
loaded onto it, as is the case even for endogenous geneéVerdin and Ott, 2015).
Furthermore, treating transfected cells with either sodium butyrate or TSA
drastically increases the sensitivity of the transfected DNA to DNAsel digestion (Reeves
et al., 1985) indicating that the newly assembled minichromosomes had adopted a more

open, highly accessible structure. In addition, these transfected, HDAC inhibitor treated
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cells had minichromosomes that had lower levels of histone H1 associated with
chromosomal compaction and were enriched in the acetylated histone H4 that is one of
the markers of transcriptionally active chromatin (Griffith, 1975; Reeves et al., 1985)

There is a significant corpus of work on the dyn amics of epigenetic silencing in
cells infected with herpes viruses and are reviewed elsewhere (Knipe, 2015; Lu and
Triezenberg, 2010) Briefly, H SV DNA in the virion exists as naked DNA that is not
associated with histones and do not exist in higher chromosomal structures but is
rapidly formed into chromatin once the DNA enters the infected host nucleus that is
then condensed into transcriptionally silenced heterochromatin (Knipe, 2015). However,
DNA herpesviruses package viral tegument proteins in their virions that can counteract
this epigenetic silencing and enable efficient expression of genes from the viral DNA.

In herpes simplex virus 1 (HSV-1), this reversal of epigenetic silencing is
mediated by the viral proteins VP16 and ICPO (Cliffe and Knipe, 2008; Hancock et al.,
2010) HSV-1 viral DNA entering the host nucleus is detected by DNA binding proteins
on the PML/ ND10 nuclear bodies like PML and Sp100, loaded with histones by the
histone chaperones ATRX and Daxx(Cabral et al., 2021) then epigenetically silenced
through the addition of the re pressive chromatin marks H3K9me3 and H3K27me3 (Lee
et al., 2016) ICPO is, among other things, an E3 ubiquitin ligase that is able to

ubiquitinylate a plethora of host proteins to cause their degradation (Rodriguez et al.,
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2020) Many of these proteins, including PML and Sp100, are involved in the epigenetic
silencing of HSV-1 DNA. In addition, ICPO is also able to disperse ATRX and Daxx from
the ND10 nuclear bodies (Knip e, 2015; Lee et al., 2016)

Outside of the herpes viruses, a similar pattern where a viral protein antagonizes
the epigenetic silencing of its viral DNA is seen in the hepadnavirus Hepatitis B Virus
(HBV). Hepadnaviruses, like HIV -1 and other retroviruses, reverse transcribes its RNA
(pre-) genome to generate a double stranded DNA copy that enters the nucleus of an
infected cell. However, unlike retroviruses, hepadnaviruses do not integrate into the
host genome but instead exists as stable covalently closed circular DNA (cccDNA) thatis
recognized by the DNA binding proteins of the SMC5/6 complex that then epigenetically
silence the viral DNA. Similar to herpes viruses, hepadnaviruses also encode (HBX is
NOT packaged, it is the only HBV non -structural protein) a protein that antagonizes the
epigenetic silencing of its episomal DNA. In HBV, this protein is the HBV X protein
(HBX), an E3 ubiquitin ligase that associates with the ubiquitinylation machinery DDB1/
CUL4/ROCL1 and induces the degradation of the host proteins SMC5 and SMC6 involved

in epigenetically silencing its viral genome (Decorsiére et al., 2016; Murphy et al., 2016)
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1.5.2 Epigenetic Silencing of Retroviral DNA
MLV

Unlike the DNA forms, viral or otherwise, discussed so far, retroviral DNA is
both synthesized de novdrom the viral RNA after it enters the cell such that it is never
exposed to any DNA sensors in transit to the nucleus, and is integrated into the host
genome once in the nucleus such that it becomes effectively indistinguishable from the
host DNA. As mentioned, retroviral DNA preferentially integrates into regions of active
transcription and becomes transcriptionally active, and any unintegrated viral DNA
remains transcriptionally silenced. However, the exact mechanism of silencing HIV -1
DNA is still poorly understood. It is still unclear w hat loads histones onto the HIV-1
DNA, if the silencing of HIV -1 DNA is epigenetic, and if these putative epigenetic
modifications (repressive or otherwise) occur before viral integration (but the Geis and
Goff paper in PNAS in 2019 looked at some of these questions)

Early studies on the Moloney murine leukemia virus (MLV) may shed some light
on these questions. MLV is a retrovirus like HIV -1 that reverse transcribes its RNA
genome into a dsDNA copy that int egrates into the host nuclei. However, unlike HIV -1,
MLV is a gammaretrovirus and cannot enter an intact cell nucleus through the NPC but
instead must wait for mitosis and enters when the nuclear membrane breaks down (Roe

et al., 1993)
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In MLV infections, naked retroviral DNA is delivered into the host nucleus that
becomes rapidly associated with histones. The viral DNA is loaded with H3 and H2A
core histones within 12h post-infection (Wang et al., 2016) which is almost immediately
after the viral DNA enters the nucleus, and well before viral integration. Furthermore,
the temporal dynamics of this histone association remained the sameeven when
integration was blocked, either by mutating the viral integr ase to render it non-
functional, or pharmacologically by the addition of the integrase inhibitor raltegrav ir.

However, if we block the entry of MLV DNA into the nucleus of nondividing
cells by arresting them in the G1/S phase using the drug aphidicolin, viral DNA becomes
trapped in the cytoplasm and is not associated with any histones, indicating that
nucleosome loading on the viral DNA occurs mainly | if not exclusively | after nuclear
entry (Wang et al., 2016) In addition, the proviral DNA molecules isolated from these
experiments were overwhelmingly linear, with very little circular forms detected.

MLV DNA, like unintegrated HIV -1 DNA, that does not integrate is
transcriptionally s ilenced, and that silencing is epigenetic. The unintegrated episomes
are associated with histones that show high levels of the transcriptionally repressive H3
trimethylation on lysine 9 (H3K9me3), and low levels of H3 and H4 acetylation (H3Ac/
H4Ac) associted with active transcription. Knocking down SETDB1, one of the main

histone methyl transferases associated with adding H3K9me3 histone modifications, or
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the addition of the HDAC inhibitor TSA , results in an increase in viral gene transcription
from the unintegrated MLV DNA, and this relief of transcriptional repression correlates
with a reduction in the repressive H3K9me3 modification, and an increase in the levels
of H3Ac (Wang etal., 2016)

A forward genetic screen using a whole genome CRISPR KO library identified
the role of SETDB1, NP220, and the Himan Silencing Hub (HUSH) complex --
comprising the proteins MPP8, TASOR, and peripherin -- as being involved in the
silencing of unintegrated MLV DNA (Zhu et al., 2018) As mentioned, SETDB1 is one of
the HMTs responsible for adding H3K9me3 modifications, while the HUSH complex
has been implicated in silencing retrotransposons (RobbezMasson et al., 2018)
maintaining heterochromatin and is involved in position -effect variegation in human
cells (Tchasovnikarova et al., 2015) NP220 is a nuclear double stranded DNA (dsDNA) -
binding protein with a preference for cytidine clusters . Knocking out any of these 5
genes individually was sufficient to relieve the epigenetic repression on unintegrated
MLV DNA. Hence, in the mechanistic model proposed, NP220 recognizes the incoming
viral DNA and recruits it to the HUSH complex that mediates its epigenetic silencing by
adding inhibitory h istone modifications (like H3K9me3) through the activity of SETDBL1.
However, as we will later see in chapter 2, and as shown by other subsequent studies

(Dupont et al., 2021; Machida et al.,2020) knocking out NP220 or the HUSH complex
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does not relieve the transcriptional repression on unintegrated HIV -1 DNA, which
indicates that the epigenetic repression of unintegrated MLV and HIV -1 DNA is

mediated by different mechanisms.

HIV -1

Althoug h they are silenced by different mechanisms, the epigenetic changes on
both MLV and HIV -1 DNA remain startlingly similar. Histones H3 and H2B are loaded
onto the naked HIV -1 DNA almost immediately after nuclear entry (Geis and Goff, 2019;
Machida et al., 2020) and HIV -1 is rapidly chrom atinized before integration. Moreover,
preventing HIV -1 integration either by using the integrase inhibitor raltegravir or by
introducing inactivating mutations into the viral integrase gene, caused the unintegrated
HIV -1 episomal DNA to become enriched in the inhibitory H3K9me3 maodification and
depleted in the activating H3Ac modification, just like in unintegrated MLV DNA.
Similarly, the addition of the HDAC inhibitor TSA was able to reverse the pattern of
these repressive epigenetic modifications and led to strong activation of viral gene
expression from episomal viral DNA.

Unintegrated HIV -1 was associated with at least 2 isoforms of the linker histone
H1l| H1l.2 and H1.4] involved in compacting nucleosomal DNA, indicating that the
unintegrated HIV -1 DNA was likely present in a condensed state similar to

heterochromatin.
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A broader analysis of nucleosome positioning using micrococcal nuclease
digestion of chromatin after HIV -1 indicates that the pattern of nucleosome positioning
is almost identical in cells infected with WT HIV -1 or IN- mutant HIV -1 that cannot
integrate at 9 hpi (Machida et al., 2020) In both cases, there & nucleosomes positioned
upstream of the transcriptional start site (Nuc 0, promoter region), at the start site (Nuc -
DHS, DNAse hypersensitivity site), and further downstream (Nucl, Nuc2, etc.) This
pattern changes by 48h post infection in WT HIV -1: Nuc-DHS is lost, while the position
of Nuc 0 is displaced slightly upstream, presumably to enable transcription factors better
access to the viral promoter. In contrast, at 48hpi the nucleosomal positions on the
unintegrated HIV -1 DNA remains the same as it wasat 9hpi. Thus, the removal of Nuc-
DHS and displacement of Nuc 0 seems to be acquired upon HIV-1 viral integration (and
transcriptional activation), though the exact mechanism and specific histone chaperones/
chromatin remodelers involved remains unknown (Machida et al., 2020)

Hence, the activation of viral gene expression seems is correlated with the
acquisition of H3Ac and loss of H3K9me3 on the viral DNA -associated histones, as well
as macro changes in the nucleosomal structure that evicts NueDHS to reveal the
transcriptional start site and displaces Nuc 0 to improve accessibility to the HIV -1 viral

promoter.
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1.6 Thesis Aims

Integration of HIV -1 DNA is an essential step in the viral life cycle, and how the
unintegrated proviral DNA intermediate is transcriptionally silenced has been an
ongoing question in the field. We propose that cells have evolved an innate antiviral
restriction pathway that recognizes unintegrated viral DNA as non -self and then
induces its epigenetic silencing. Consistent with this hypothesis, we note that several
viruses, like herpesviruses and Hepatitis B virus, with an episomal DNA genome in the
host nucleus are epigenetically silencedin the absence of viral proteins like ICPO, VP16
and HBX that interfere with this silencing.

My initial aim was to show that the transcriptional sil encing of unintegrated
HIV -1is epigenetic and demonstrate that expressing exogenous viral proteins known to
interfere with epigenetic viral DNA silencing could in turn reverse the silencing on
unintegrated HIV -1 (Chapter 2). The data revealed that expresi®n of the Tax
transcription factor encoded by Human T-cell Leukemia Virus 1 (HTLV -1) canprevent
the addition of repressive epigenetic modifications to unintegrated HIV -1 DNA,
reactivate viral gene expression, and lead to a robust spreading infection driven
exclusively by unintegrated HIV -1 proviral DNA.

We next wanted to further characterize the mechanism through which HTLV -1

Tax reverses epigenetic silencing of unintegrated HIV -1 (Chapter 3). We determined that
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Tax expression activates the canonical andnon-canonical NF-f !pathway sthat in turn
causes therecruitment of NF-f | wU O wU O BpfdUiral TLTREptbindfeny which then
reverses the repressive epigenetic modifications on the chromatinzed viral DNA .

Our next aim was to identify and characterize this hitherto unknown host
epigenetic restriction mechanism acting on extrachromosomal HIV -1 (Chapter 4). Using
an unbiased whole genome CRISPR knockoutscreen, we identified the host SMC5/6
complex as essential forthe early epigenetic silencing of unintegrated/ pre -integrated
HIV -1 DNA and show that this epigenetic silencing occurs rapidly after viral DNA
nuclear entry. The SMC5/6 complex bindschromatinized HIV -1 DNA and triggers
epigenetic silencing by inducing its SUMOylation through the SVIC5/6 component
NSMCE2, an E3 SUMO ligase.

Furthermore, we show that inhibiting this initial SUMO -mediated silencing of
HIV -1 DNA in viruses with a functional integrase , that are able tointegrate into the host
genome, interferes with the establishment of latent HIV -1 infections in both CD4+ T cell
lines and primary human T cells .

This thesis thus describesboth a novel mechanism for the HIV -1 epigenetic
silencing on unintegrated/ pre -integrated proviral DNA and proposesa new model to

explain the establishment of the HIV -1 latent reservoir.
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Chapter 2. Robust HIV-1 replication in the absence of
integrase function?

2.1 Significance

While retroviral DNA is synthesized normally after infection by integrase -
deficient viruses, the resultant episomal DNA is then epigenetically silenced. Here, we
show that expression of the Tax transcription factor encoded by a second human
retrovirus, HTLV -1, prevents the epigenetic silencing of unintegrated HIV -1 DNA and
instead induces the addition of activating epigenetic mark s, and the recruitment of NF-
kB/Rel proteins, to the HIV -1 LTR promoter. Moreover, in the presence of Tax(Sayana
and Khanlou, 2008; Scopelliti et al., 2011)the HIV -1 DNA circles that form in the
absence of integrase function are not only efficiently transcribed but also support a
spreading, pathogenic IN- HIV -1 infection. Thus, retroviruses have the potential to

replicate without integration, as is indeed seen with HBV.

2.2 Introduction

Integration of the proviral DNA intermediate into the chromosomal DNA of
infected cells is adefining step of the retroviral life cycle (Sakai et al., 1993; Schwartzberg
et al., 1984) Indeed, inhibition of integrase (IN) function is an effective means of

blocking HIV -1 replication in not only T cells bu t also macrophages and IN inhibitors

This chapter is adapted from a study published in mBio (Ishak et al., 2020
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are routinely used as part of antiretroviral drug combinations (Sayana and Khanlou,
2008; Scopelliti et al., 2011)However, the reason(s) why proviral integration is essential
for productive HIV -1 replication remain unclear. Of note, even though hepadnaviru ses
such as hepatis B virus (HBV) also generate dsDNA copies of genome length viral RNAs
by reverse transcription, chromosomal integration of this dsDNA does not form part of
their replication cycle. So why is HBV able to replicate without chromosomal inte gration
and, conversely, why is integration a critical step in all retroviral replication cycles?

A potential answer to these questions has emerged from the study of how not
only HBV but also other DNA viruses, such as herpesviruses, are able to express tteir
dsDNA genomes in infected cells. Specifically, HBx facilitates HBV gene expression by
inducing the degradation of two cellular factors, SMC5 and SMCS6, that otherwise block
transcription of HBV episomes (Decorsiéere et al., 2016; Livingston et al., 2017; Murphy et
al., 2016) SMC5 and SMCE6 localize to PML nuclear bodies (PML-NBs), alsocalled ND10,
and depletion of PML -NB components, including PML and Sp100, rescues the
transcription of HBV episomes even in the absence of HBx(Niu et al., 2017). PML-NBs
also serve as components of the innate immune response to infection by several
herpesviruses (Glass and Everett, 2013; Gu and Zheng, 2016; Tsai et al., 20153 the case
of herpes simplex virus 1 (HSV1), the incoming dsDNA genome is sensed by cellular

factors, including IFI116, and then decorated with repressive chromatin modifications,
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including H3K9me 3 and H3K27me3(Diner et al., 2016; Knipe, 2015; Lee et al., 2016)
However, these inhibitory marks are then removed in a process that is dependent on the
disruption of PML -NB function by the HSV1 immediate early protein ICPO (Lee et al.,
2016; Lilley et al., 2011) Thus cells have evolved an innate antiviral restriction pathway
that recognizes extrachromosomal viral E U# - wE Wui 200 & GuE Giks eriyénétld E |
silencing (Knipe, 2015) We propose that dsDNA viruses have evolved at least two
mechanisms to counter this restriction pathway. In the case of HBV and most
herpesviruses, this depends on viral proteins that induce the degradation of cellular
factors that would other wise epigenetically silence viral DNA, including SMC5/SMC6 in
the case of HBV HBX, and the PML-NB components PML and Sp100 in the case of HSVY
1 ICPO(Decaorsiére et al., 2016; Tsai et al., 2015Conversely, we hypothesize that
retroviru ses avoid cellular restriction factors that recognize and silence
extrachromosomal DNA by integrati ng their proviral DNA into the host genome, where
it eludes detection. It is well established that unintegrated retroviral DNA is rapidly
loaded with histone s that are then decorated with repressive chromatin marks that
induce epigenetic silencing (Geis and Goff, 2019; Wang et al., 2016)n the case of
unintegrated murine leukemia virus (MLV) DNA, epige netic silencing is mediated not
by PML-NBs but rather by a DNA binding protein called NP220 acting in concert with

the human silencing hub (HUSH) complex (Zhu et al., 2018) However, the HUSH
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complex was reported to not play a role in silencing unintegrated HIV -1 DNA. Here, we
report the surprising result that the epigenetic silencing of unintegrated HIV -1 DNA is
prevented by ectopic expression of the Taxtranscription factor encoded by a second
human retrovirus, human T cell leukemia virus 1 (HTLV -1). In the presence of Tax,
integrase deficient HIV -1 is able to effectively transcribe the circular DNA molecules
that form in the nucleus in the absence of integrase function to mount a spreading,

cytopathic infection.

2.2 Results

If the inability of unintegrated HIV -1 DNA to be effectively transcribed is caused by
host restriction factors, then the level of inhibition might vary between different cell
types, as has in fact been previously reported (Nakajima et al., 2001) To confirm and
extend this observation, we infected primary peripheral blood mononuclear cells
(PBMCs) and various human cell lines with an NL4 -3-based indicator virus in which the
nefgene has been replaced with the Nano luciferase NLuc) indicator gene (NL -NLuc).
Cells were infected with WT HIV -1, with an IN mutant (D64V) that lacks integrase
function, or with WT HIV -1 in the presence of 20 uM raltegravir (RAL), which blocks IN
function (Leavitt et al., 1996; Pdlicita et al., 2014). Levels of NLuc expression were
guantified and normalized to WT HIV -1, which was set at 100%. Similar levels of NLuc

expression were observed whether IN activity was blocked by the D64V mutation or by

32



RAL (Fig. 3A). These data revealed variable levels of inhibition of HIV -1 gene expression

when proviral integration was blocked. Thus PBMCs, H9, CEM, CEM -SS and SupT1

cells all showed a >50fold reduction in NLuc expression in the absence of IN function.

Jurkat, HeLa, THP1 and A549 cells retained from 2% to 10% residual NLuc activity,

while 293T cells allowed ~12% residual NLuc expression in the absence of IN function.
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A) NLuc activity from the indicated cell lines or activated PBMCs infected with WT,
WT+RAL, or with the D64V integrase mutant (IN-) NL-NLuc reporter virus at 48 hpi. The
cells used express CD4 naturally or artificially. NLuc expression levels were normalized
to WT, set at 100%. n=3, £ S.D. Viable cell counts of B) CEM-SS and D) C8166 cells
infected with WT or IN- forms of the replication competent NL-NLuc indicator virus.
Virally encoded NLuc expression was measured for C) CEM-SS and E) C8166 cells
infected with WT or IN- NL-NLuc. All IN- infections in were conducted in the additional
presence of 20 uM RAL.

Remarkably, MT2 cells retained ~70% of the NLuc expression in the absence of IN

function while C8166 cells supported similar levels of NLuc exp ression whether IN was

active or not (Fig.3A). Moreover, while infection of CEM -SS cells with the D64V IN
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mutant resulted, as expected, in minimal viral gene replication (Fig. 3C) and did not
reduce cell viability (Fig. 3B), IN- HIV -1 was capable of almostWT levels of replication
in C8166 cells (Fig.3E), resulting in cytotoxic effects indistinguishable from WT (Fig.
3D).

Both C8166 and MT2 cells are HTL\A1 infected and express the HTLV-1 Tax
protein, which can activate transcription from the HIV -1 LTR (Bohnlein et al., 1989) To
test whether Tax expression is sufficient to rescue the replication of IN- HIV -1, we
transduced CEM-SS Tcells with a Tet-inducible lentiviral vector expressing either Tax,
or the HIV -1 Tat transactivator, the HIV -1 Vpr protein, which has been reported to
partially rescue gene expression from IN- HIV -1 (Poon and Chen, 2003) or expressing
the HIV -2 Vpx protein, which has been reported to block the inhibitory activity of the
HUSH complex (Chougui et al., 2018; Yurkovetskiy et al., 2018) As shown in Fig. 4A,
while expression of Tax fully rescued gene expression from IN- HIV -1 virus, it had little
or no positive effect on the level of gene expression seen with WT HIV-1. In contrast,
ectopic expressionof the HIV -1 Tat protein had a small but non-specific positive effect
on gene expression from both WT and IN- NL -NLuc, while expression of HIV -1 Vpr
protein or HIV -2 Vpx both failed to affect either WT or IN - HIV -1 (Fig. 4A), although
both proteins were expressed at readily detectable levels (Fig. S1B).

The HTLV -1 Tax protein can activate both the NFkB pathway and the CREB/CRE
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pathway in expressing cells and Tax mutants lacking the ability to activate each of these
pathways have been described(Smith and Greene, 1990) While the Tax M1 mutant,
which lacks the ability to induce the CREB/CRE pathway, fully retained the ability to
rescue IN- HIV -1 gene expression, the Tax M22 mutant, which is urable to activate NF-
kB, lost the ability to rescue IN- HIV -1 gene expression, even though both mutants were
expressed at similar levels (Figs.4A and S1A). In further support of the critical role of
NF-kB in this rescue, treatment of WT CEM-SS cells with TNFY, an inducer of NF-kB
function (Schutze et al., 1995)also selectively rescued gene expression from the IN NL -

NLuc vector, albeit not to the same degree as seen with Tax (Fig4A).

2.2.1 Tax expression allows IN- HIV-1 to mount a spreading infection

Given that induction of Tax expression in the otherwise non -permissive CEM-SS T
cell line can fully rescue IN - HIV -1 gene expression (Fig4A), we asked whether Tax
could also rescue IN- HIV -1 replication. For this purpo se, we analyzed the ability of WT
or IN - versions of the otherwise replication competent NL -NLuc indicator virus to
spread in CEM-SS cells transduced with the inducible Tax expression vector, in the
presence and absence of Doxycycline (Dox). Parameters arlgized included total HIV -1
DNA levels (Fig. 4B), total HIV -1 RNA levels (Fig. 4C) and viral protein expression, as
measured by analysis of the virally encoded NLuc protein (Fig. 3D) or of viral Gag

expression (Fig. S1C). The IN form of the NL -NLuc virus f ailed to express significant
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levels of viral DNA, RNA or protein in the absence of Tax while, in the presence of Tax,

viral DNA, RNA and protein were not only readily detected but increased over the

course of the experiment, resulting in the death of the CEM-SS culture by 7 dpi (Figs.4B,

4C, 4D and S1C). To further confirm that Tax can indeed rescue the ability of IN- HIV -1

to mount a spreading infection, we repeated this experiment using a mutant of the NL -

NLuc indicator virus lacking a functional envgene ( Env) that cannot spread. WT and

IN-forms ofthe NL-NLuc, $ OYwYPUUUwPI1 Ul wx Ulchidheraused ®wb D UT w5 |
infect CEM-SS cells with and without induced Tax expression. As shown in Fig. 4E, the

. Env IN - virus produced equal levels of HIV -1 DNA, regardless of Tax expression, that

peaked at 2 days postinfection (dpi) and then gradually declined to background levels

by 7 dpi, as predicted if the viral DNA was not chromosomally integrated. In contrast,

PT DOl wUOT T w, $OYwYI UUPOOWOI wOT T w( - HuYPUUUWEOUOWI
was only a modest decline in viral DNA by 7 dpi, regardless of Tax expression. While

Tax had no effect on HIV-1 DNA levels in the context of a non-spreading infection, it did

dramatically increase the level of viral gene expression from the IN - form of NL -

with the loss of unintegrated viral DNA (Figs. 4E and F).
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was added at the time of infection. NLuc expression in each experiment was normalized
to WT NL-NLuc-infected CEM-SS cells, which was setto 1. n=3, £ S.D. B) Clonal CEM-
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reporter virus with and without Dox-induction. Total HIV-1 DNA levels in the cells were
measured by gPCR at the indicated times. Similar to B but quantifying changes in C)
total viral RNA, and D) Virally encoded NLuc expression over time. In E and F,Tet-
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IN- infections performed in the presence of 20 uM RAL. Crosses indicate last viable day

of culture.
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To further confirm that Tax was not facilitating illegitimate HIV -1 DNA
integration, we performed Alu -LTR gPCR (Brussel et al., 2005)which gquantifies the
level of integrated viral DNA in HIV -1-infected cultures. As shown in Fig 5A, we
observed high levels of integrated HIV -1 proviral DNA when the IN+ form of NL -NLuc
was analyzed, while the IN - form of NL -NLuc, as predicted, gave rise to undetectable

levels of integrated proviral DNA regardless of Tax expression.

2.2.2 Integrase defective HIV-1 produces transcriptionally active DNA
circles in the presence of Tax.
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Figure 5: HTLV -1 Tax does not facilitate the illegitimate integration of IN - HIV -1.

A) Quantification of integrated HIV-1 DNA in Tet-inducible CEM-SS Tax cells infected
with WT or IN- HIV-1, in the presence or absence of Tax induction, as measured by Alu-
LTR gPCR. B) Schematic showing the production of a short 2LTR transcript (red line)
and the full-length transcript (green line) from circular 2LTR HIV-1 DNA. C) Total 2LTR
circle DNA was measured at the indicated timepoints by gPCR, using primers that span
the U5-U3 junction, in CEM-SS Tax cells infected with WT or IN- HIV-1 in the presence
or absence of Tax. D) Quantification of the predicted 2LTR RNA transcript in CEM-SS

38



cells + Tax infected with WT or IN- HIV-1. All data in A, C and D are normalized to WT
infected Tax- cells at day 1, set to 1; n=3. Crosses indicate last day viable cells were
detected. E) DNA from CEM-SS cells =+ Tax expression, infected with WT or IN- HIV-1,
was digested with Mscl and Xhol and probed on a Southern blot with HIV-1 probes that
detect specific DNA species that correspond to 2LTR DNA (3.4 kb), 1LTR + linear
unintegrated DNA (2.6-2.8 kb), and total HIV-1 DNA (1.9 kb). Note that lane 2 contains
Y of the amount of cellular DNA used in lanes 1 and 3. See Fig. S2 for details. F)
Quantification of the bands (2LTR+1LTR+linear and 2LTR) in E expressed as a
percentage of total HIV-1 DNA, which was set at 100%.

Unintegrated HIV -1 DNA can exist in three different forms in infected cell nuclei.
These are linear DNA, which is the substrate for integration; 1LTR DNA circles, formed
by homologous recombination of linear DNA; an d 2LTR DNA circles, formed by non -
homologous end joining of the linear DNA (Barbosa et al., 1994)While all three forms of
unintegrated viral DNA could be transcriptionally active, 2LTR circles are of interest
because of their unigue ability to generate a nove HIV -1 transcript, called 2LTR RNA,
Ul EOwbODPUPEUI UwbOwbkbT E0wPOUOEWOEBODBOOE WEEWOHD Wi
LTR (Fig. 5B) (Brussel and Sonigo, 2004) Analysis of the formation of 2 LTR circular
DNA in HIV -1 infected CEM-SS cells, in the presence and absence of Tax, revealed a low
level in the IN - infected culture at early times after infection in the absence of Tax, but
high and gradually increasing levels of 2LTR DNA in the presence of Tax (Fig. 5C).

These data therefore mirror what was seen for total viral DNA in IN - virus infected
CEM-SS cells in the presence and absence of Tax (FigB). Interestingly, Tax had an

unexpected effect on the formation of 2LTR circles by IN+ WT virus. Specifically, while

WT HIV -1 growing in CEM -SS cells in the absence of Dox induction gave rise, as
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expected, to low levels of 2LTR circles, this level was dramatically increased when Tax
expression was induced (Fig. 5C). Similarly, when we analyzed the expression level of
the predicted 2LTR RNA by gRT-PCR, we observed essentially undetectable levels in
CEM-SS T cells infected by IN- HIV -1 in the absence of Tax but high and gradually
increasing levels of 2LTR RNA when the same IN- virus was used to infect Tax
expressing CEM-SS (Fig.5D). Again, the WT IN+ version of the NL -NLuc indicator virus
gave rise to only low levels of 2LTR RNA in the absence of Tax while the same virus, in
the presence of Tax, produced high levels of 2LTR RNA (Fig.5D). Thus, Tax causes WT
HIV -1 to form a higher level of 2LTR circular DNA that is then efficiently transcribed to
generate not only full length HIV -1 transcripts but also a short non-coding RNA
consisting of two copies of the viral LTR (Figs. 5B and 5D). While the ability of Tax to
induce transcription of the small number of unintegrated HIV -1 DNA proviral
intermediates that arise during infection with WT HIV -1 is not unexpected, what was
surprising was that Tax also dramatically increased the number of 2LTR proviral DNA
circles (Fig.5C).

To further confirm that Tax is indeed inducing a spreading infection due to the
active transcription of unintegrated HIV -1 proviral DNA circles, we performed a
Southern blot analysis to quantify total viral DNA, 2LTR DNA and linear/ALTR DNA

(these latter two forms cannot be distinguished, see Fig. S2 for probe strategy). As
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shown in Fig. 5E, we again observed a dramatic increase in the level of HIV-1 DNA in
Tax-expressing CEM-SS T cells infected with IN- HIV -1 (lane 3), when compared to the
same virus in CEM-SS cells lacking Tax (lane 1). Moreover, when compared to IN+ HIV-
1 (lane 2), quantification revealed that ~100% of the viral DNA detected in the IN -
infected culture was unintegrated, while ~30 % of the viral DNA was unintegrated in the
Tax-expressing culture infected with IN+ virus (Fig. 5F). Even though Tax at least
modestly inhibits HIV -1 DNA integration in cells infected with WT HIV -1 (Fig.5C), we
only observed low levels of 2LTR circular DNA in these cells. In contrast, 2LTR circles
contributed ~30% of the viral DNA detected in Tax -expressing CEM-SS cells infected

with IN - HIV -1 (Fig. 5F).

2.2.3 Tax expression prevents the epigenetic silencing of
unintegrated, chromatinized HIV-1 DNA.

It has previously been reported that unintegrated HIV -1 DNA is rapidly loaded
with core and linker histones and then epigenetically silenced due to the addition of
inhibitory histone modifications (Geis and Goff, 2019) Therefore, we predicted that Tax,
which induces the efficient transcription of unintegrated HIV -1 DNA, was likely acting
to prevent this latter effect. We used ChIP-PCR to quantify the level of two inhibitory
chromatin modifications (H3K9me3 and H3K27me3) and two activating chromatin
modifications (H3K4me3 and H3Ac) on integrated and unintegrated HIV -1 DNA in the

presence and absence of Tax. As previously reported (Geis and Goff, 2019) unintegrated
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HIV -1 DNA was significantly enriched for repressive H3K9 trimethylation, and depleted
for activating H3K4 trimethylation, when compared to integrated proviruses (Fig. 6A).
In contrast, in the presence of Tax, K9trimethylation on H3 bound to unintegrated HIV -
1 DNA was detected at levels that were not only significantly lower that seen with the
same DNA in the absence of Tax but also lower than seen on integrated HIV-1 DNA

(Fig. 6A).
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Figure 6: Tax changes the epigenetic state of viral DNA and Rel/NF -kB binding to the
LTR.

A) CEM-SS cells in the presence or absence of Dox-induced Tax were infected with WT

or IN- NL-NLuc and subjected to ChlIP using antibodies against the indicated histone

modifications. The level of bound HIV-1 DNA was quantified by gPCR, with WT IN+ HIV-

1 set at 1.0. Fold changes were normalized to total histone H3 levels. n=3, +SD. B)
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quantified by gPCR in CEM-SS cells + Dox-induced Tax expression, infected with IN+ or

IN- HIV-1. Cells were harvested at 2 dpi, and bound HIV-1 DNA quantified using primers

that amplify part of the viral LTR. Fold change normalized to WT IN+ HIV-1 in the

absence of Tax, which was set at 1.0. n=3, £SD. *p<0.05, **p<0.01, **p<0.001,

****p<0.0001 2-way ANOVA with Tukeyds multiple compar.i
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Similarly, the level of the activating H3Ac maodification was significantly higher on
unintegrated HIV -1 DNA in the presence of Tax than seen on either unintegrated or
integrated HIV -1 DNA in the absence of Tax (Fig.6A). We also observed a Taxinduced
enhancement in the level of the activating H3K4me3 modification on unintegrated HIV -
1 DNA, though this fell short of statistical significance (p=0.059). Finally, neither
integration nor Tax expression affected the level of H3K27 trimethylation detected on
viral DNA.

In Fig. 4A, we showed that the ability of Tax to rescue gene expression from
unintegrated HIV -1 DNA not only required the ability to activate NF -kB but also that
this effect could be partly mimicked by using TNF Y to activate NF-kB. Previously, Tax
has been reported to activate both RelA/p65 and RelB(Currer et al., 2012) both of which
are potent transcriptional activators that are known to bind to the two can onical NF-kB
DNA binding sites found in the HIV -1 LTR U3 region. We therefore performed ChlP-
PCR to test whether Tax expression induced the recruitment of increased levels of RelA
and/or RelB to the HIV-1 LTR. As shown on Fig. 6B, we indeed observed a large and
statistically significant (p<0.01) increase in the recruitment of both RelA and RelB to both
integrated and unintegrated HIV -1 DNA upon expression of Tax in infected CEM -SS

cells.
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Neither NP220 nor PML -NBs appear to be involved in silencing unintegrated HIV -1
episomal DNA.

A) We generated two 293T-derived clonal cell lines, ¢10 and ¢13, in which expression of
NP220 was blocked by CRISPR/Cas-mediated gene editing. Loss of PML expression
was confirmed by Western blot. See Fig. S3 for details. F) The PML knock out 293T
clones sgPML1 and sgPML2 were infected with WT or IN- NL-NLuc virus, as described
in panel B. NLuc expression was analyzed at 48 h post-infection and normalized to WT
NL-NLuc in control cells, which was set at 1.0. For panels B, D and F, n=3 with S.D.
indicated.

As noted above, it has previously been reported that the epigenetic silencing of
unintegrated MLV proviral DNA is mediated by the host cell DNA binding protein
NP220 acting in concert with the HUSH complex (Zhu et al., 2018) Surprisingly,
however, this report also documented that the HUSH complex was not involved in

silencing unintegrated HIV -1 DNA, a result that is consistent with the inability of the
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HIV -2 Vpx protein, a known inhibitor of HUSH complex function, to rescue gene
expression from unintegrated HIV -1 DNA (Fig. 4A). We used CRISPR/Cas to
mutationally inactivate the NP220 gene in human 293T cells by deletion of the entire
NP220 DNA binding domain and simultaneous introduction of stop codons (Fig. 7A,
Fig. S3A and B). Surprisingly, we observed that loss of NP220 function had no effect on
the level of silencing of unintegrated HIV -1 DNA (Fig. 7B), thus further confirming that
the silencing of unintegrated MLV DNA and unintegrated HIV -1 DNA are, in fact,
mechanistically distinct. The obvious other potential cellular factor mediating
unintegrated HIV -1 DNA silencing are PML -NBs, given their known role in the
epigenetic silencing of other nuclear DNA viruses (Glass and Everett, 2013) However,
knock down of several key PML -NB components, including PML, ATRX and Daxx,
either individually or simultaneously, using RNA interference (RNAI) did not

significantly enhance gene expression from unintegrated HIV -1 DNA (Fig. 7C and D). It
could be argued that RNAI does not fully deplete targeted proteins and that th e low,
residual level of PML -NB function might still be sufficient to silence unintegrated HIV -1
DNA. To address this issue, we used CRISPR/Cas to inactivate thgopml gene in 293T cells
by introduction of frame shift mutations (Fig. S3C). However, loss of PML expression
due to gene editing (Fig. 7E) also failed to rescue gene expression from unintegrated

HIV -1 proviruses (Fig. 7F). Therefore, while the cellular mechanism that silences
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unintegrated HIV -1 DNA, and that is in turn inhibited by Tax expression, remains to be

determined it does not appear to involve either the HUSH complex or PML -NBs.

2.3 Discussion

We report the surprising finding that expression in T cells o f the HTLV -1
transcription factor Tax allows integrase deficient HIV -1 to mount a spreading,
cytopathic infection characterized by increasing levels of HIV -1 DNA, RNA and gene
expression (Fig.4). These increases in viral DNA and protein expression were lost when
a replication incompetent, env-deficient HIV -1 was analyzed, and hence must result
from virus spread (Fig. 4E and F). Interestingly, while all the HIV -1 DNA produced
during the spreading infection mounted by IN - HIV -1 in the presence of Tax is, as
expected, unintegrated (Figs. 5A and 5F), much of this DNA is in the form of HIV -1
DNA circles, with 2LTR circles contributing ~ 30% of the total (Figs. 5E and 5F). These
2LTR circles in turn produce readily detectable levels of a novel HIV -1 non-coding RNA
consisting solely of the two viral LTRs (Figs. 5B and 5D). Unexpectedly, this novel 2LTR
RNA was also detected in Tax expressing, but only minimally in non -Tax expressing,
CEM-SS cells infected with IN+ HIV -1 (Fig. 5D), which correlated with a substantia |
increase in the production of 2LTR circular DNA in the Tax expressing cells (Fig. 5C).
The reason for this phenomenon is not known but we speculate that Tax expression is

activating cellular DNA binding proteins, including NF  -kB (Fig. 6B), that bind to
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unintegrated HIV -1 DNA and induce the transcription of that DNA. This in turn may
then sterically hinder proviral integration, resulting in an increase in transcriptionally
active, unintegrated HIV -1 DNA even in IN+ HIV -1 infected, Tax expressing cells.
Previously, it has been reported that unintegrated retroviral DNA is rapidly
chromatinized after nuclear entry and then decorated with inhibitory epigenetic marks
that are removed, by an unknown process, after integration occurs (Geis and Goff, 2019;
Wang et al., 2016) Here, we demonstrate that Tax expression also reduces the deposition
of inhibitory chromatin marks, and increases the deposition of activating marks, on
unintegrated proviral DNA (Fig. 6A). This in turn correlates with an increase in the
recruitment of the NF -kB/Rel family members RelA/p65 and RelB, both of which are
activated by Tax, to the HIV-1 LTR on unintegrated HIV -1 DNA (Fig. 6B). Because
activation of NF -kB is essential for the ablity of Tax to rescue the viability of IN - HIV -1
(Fig. 4A), and because treatment with the NF-kB inducer TNF Y also selectively rescues
gene expression from infecting IN - HIV -1 (Fig. 4A), we speculate that NF-kB recruitment
to the unintegrated viral DNA in duces the observed epigenetic changes. However, Tax
has also been proposed to play a role in chromatin remodeling in HTLV -1 infected cells
(Currer et al., 2012; Yamagishi et al., 2018)so the mechanism of action of Tax may be

complex.
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Our data, and previous work from the Goff laboratory, are consistent with the
hypothesis that proviral DNA integration allows escape from the epigenetic silencing
that occurs if integration is blocked (Wang et al., 2016) However, this hypothesis does
not preclude the possibility that integration also facilitates other aspects of retroviral
replication. For example, integrated proviruses have the potential to be passed on to
daughter cells after cell division and some retroviruses, such as HTLV-I, clearly use
vertical transmission as a mechanism to increase viral load. In contrast, HIV-1 generally
kills infected CD4+ T cells soon after infection while macrophages, the other major target
cell for HIV -1, are nondividing. In addition, in rapidly dividing cells, such as activated
T cells, unintegrated HIV -1 proviruses, which lack an origin of replication, are rapidly
lost (Fig. 4E). However, IN inhibitors also block HIV -1 gene expression in nhondividing
macrophages(Englund et al., 1995; Scopelliti et al., 2011,)so this cannot be the only

reason for proviral integration.

Over 10 million people worldwide are infected with HTLV -1 and HTLV -1 infection
is wid espread in certain populations across the world, including in Australian
aborigines (Gessain and Cassar, 2012HTLV -1, like HIV -1, infects T lymphocytes, but
unlike HIV -1, which rapidly kills infected T cells, the HTLV -1 Tax protein can activate
cellular survival and proliferative pathways that instead induce T cell proliferation

eventually leading, in a minority of infected patients, to an aggressive cancer called
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adult T-cell leukemia (Currer et al., 2012; Matsuoka andJeang, 2011)HTLV -1 infected
CD4+ T cells can be fairly common in infected individuals, and the data reported here
demonstrate that Tax expression can rescue the replication of IN- HIV -1 regardless of
whether integrase function is lost due to mutagenesis if the IN gene or drug treatment
(Figs. 3and 4). We therefore speculate that used integrase inhibitors may be less

effective in the treatment of dually HTLV -1 and HIV -1 infected individuals.

2.4 Materials and Methods

2.4.1 Key Resources Table

Reagentor Resource Source Identifier

Antibodies

Anti -H3K4me3 EMD Milipore cat#07473, RRID:
AB_1977252

Anti -H3K27me3 EMD Milipore cat#07%449, RRID:
AB_310624

Anti -H3Ac EMD Milipore cat#06599, RRID:
AB_ 2115283

Anti -H9me3 Active Motif cat#39161, RRID:
AB_2532132
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Anti -Histone H3 Abcam cat#ab1791, RRID:
AB_302613
Anti -1gG Cell Signaling cat#2729S, RRID:
AB_1031062
Anti -p65 (RelA) Santa Cruz cat#sc8008, RRID:
AB_628017
Anti -RelB Santa Cruz cat#sc48366, RRID:
AB_628212
Anti -Tax (Smith and 6505
Greene, 1990)
Anti -Vpx NIH AIDS cat#2710
Reagent
Anti -Vpr Proteintech cat#511431-AP, RRID:
AB_10695191
Anti -Tat (Hauber et al., 705
1987)
Anti -Gag NIH AIDS cat#6458, RRID:
Reagent AB_2810883
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Anti -PML Bethyl cat#A301-:167A-M, RRID:
AB_2779722

Anti -ATRX Sigma cat#HPA001906, RRID:
AB_1078249

Anti -Daxx Sigma cat#D7810, RRID:
AB_259239

Anti -NP220 Bethyl cat#A301-548A-M, RRID:
AB_1040051

Anti -GAPDH Proteintech cat#60004, RRID:
AB_2107436

Anti -Mouse HRP Sigma cat#A9044, RRID: AB258431

Anti -Rabbit HRP Sigma cat#A6154, RRID:

AB_258284

Anti -CD28/CD49d

BD Biosciences

cat#347690; RRID:

AB_647457

Bacterial and Viral Strains

HIV -1 isolate NL4-3

NIH AIDS

Reagent

cat#114
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NL-NLuc WT (Mefferd et al., N/A
2018)
#' kY NEB cat#C2988J
Chemicals, Peptides and
Recombinant Proteins
PEI Polysciences cat#239662
Puromycin Gemini Bio- cat#400128P
Products
Doxycycline Sigma cat#D3447
3- %Y Sigma cat#H891610UG
WesternBright ECL kit Advansta cat#K-12045D50
Lipofectamine RNAiMax Thermo cat#13778150
37% Formaldehyde Sigma cat#252549100ML
Critical Commercial Assays
GoTaq Green PCR Master Promega cat#M7123
Mix
Nano luciferase assay kit Promega cat#N1110
Power Sybr Green PCR Applied cat#4367659
Mastermix Biosystems
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Tagman Universal PCR Applied cat#4324018

Master Mix Biosystems

HIV -1 p24 Antigen Capture | ABL cat#5421

ELISA

Dynabeads CD4 Thermo cat#11145D

Dynabeads Protein G Thermo cat#10004D

Antibiotic -Antimycotic Gibco cat#15240062

Prime-a-Gene Labeling Promega cat# U1100

Syetem

2P-dCTP Perkin Elmer cat¥NEGO013H100UC

Experimental Models: Cell

Lines

293T ATCC cat#CRL-11268, RRID:
CVCL_1926

A549 ATCC cat#CCL-185, RRID:
CVCL_0023

HelLa ATCC cat#CCL-2, RRID:

CVCL_0030
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THP-1 ATCC cat#TIB-202, RRID:
CVCL_0006
Jurkat ATCC cat#TIB-152, RRID:
CVCL_0065
H9 ATCC cat#HTB-176, RRID:
CVCL_1240
SupT1l ATCC cat#CRL1942, RRID:
CVCL_1714
CEM ATCC cat#CCL-119, RRID:
CVCL_0207
CEM-SS NIH AIDS cat#776, RRID: CVCL_J318
Reagent
MT -2 NIH AIDS cat#237, RRID: CVCL_2631
Reagent
C8166 NIH AIDS cat#404, RRID: CVCL_1099
Reagent
293T-CD4 (Courtney et al., | N/A

2019)
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Oligonucleotides

All oligonucleotides are This study N/A

listed in Table S1

Recombinant DNA

pLentiCrispr v2 (Sanjana et al., cat#52961

2014) Addgene

"1 W6 AK Addgene cat#22036
pMD2.G Addgene cat#12259
pBabe-CD4 (Courtney et al., | N/A

2019)
pTrex (Poling et al., N/A
2017)

Software and Algorithms

GraphPad Prism 8 Graphpad https://www.graphpad.com
Software /scientific -software/prism/
Image J https://imagej.nih.gov/ij/ind
ex.html

2.4.2 Cell lines used in this study

The human cell lines used in this study are 293T, an embryonic kidney epithelial cell
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line of female origin; CEM and CEM-SS are peripheral blood T lymphoblast cell lines of
female origin; H9, SupT1, Jurkat, MT2, and C8166 are peripheral blood T lymphoblast
cell lines of maleorigin; THP-1is a monocytic cell line of male origin; HeLa is a cervical
epithelial cell line of female origin; A549 is a lung epithelial cell of male origin. All cells
were cultured at 37C with 5% CO2. 293T, HelLa, and A549 cells were culturedin
#UOEI EEOzUw, OEDI DI EwWS$SET Ol w, 1 EPUOwp#, $, AwUUx x Ol
serum (FBS) and Antibiotic-Antimycotic. CEM, CEM -SS, H9, SupT1, MT2, C8166, and
THP-1 cells were cultured in Roswell Park Memorial Institute (RPMI) medium
supplemented with 10% FBS and Antibiotic -Antimycotic. Primary CD4+ T cells were
cultured in RPMI medium supplemented with 10% FBS, Antibiotic -Antimycotic and
supplemented with IL2 72 h before infection.

CD4+ 293T, HelLa, and A549 cells were generated by transducing the cells witha
retroviral vector expressing CD4 (pBabe-CD4), then selecting the cells for puromycin
resistance. The cells were then single cell cloned, and the clonal lines screened for CD4
expression by infection with the NL -NLuc reporter virus, and assaying NLuc act ivity.

All Tet -inducible viral proteins were made in the modified lentiviral pT REXvector
(Poling et al., 2017) HTLV -1 Tax, HIV-2 Vpx, HIV -1 Tat and HIV -1 Vpr were PCR
amplified from existing expression plasmids, cloned into a modified pTREX vectorand

the sequence verified by Sanger sequencing. M1 and M22T'ax mutants were created by
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mutating the WT HTLV -1 Tax sequencgSmith and Greene, 1990}y overlap -extension

PCR to introduce the relevant H3S (M1) or G137A/L138S (M22) mutations. Lentiviruses

Ol OUPYPUEOwWYI EUOUOWEUwWPT OOWE U idépZRB. 4BMIE wk o4 T wl
pMD2. G, respectively, using PEI. The media were changed 24h post-transfection (hpt).

Supernatants containing lentiviral particles w ere collected at 72 hpt, filtered through a

YKk ot , wi DPOUIT U O wEOEMWMTO Epuoeritraidd(@rhidon) Frallavyng

EOOCEI OUUEUENOOWELAORWPIT Ul wb OE U EokdarntrétadP PUT wl o0+ u
EOEWETI OOUwWDPOEUEEUI Ewi O thweréleplaediwitll fresH RPMIwx OB O U O wU
Ol EBUOQWUUx xO1 O OUI EwbpPUT whosT v O+ wlOil wxUUOOAEDPOW
cells. Cells were then tested forTet-inducible expression of viral proteins by Western

blot.

2.4.3 HIV-1 Production

For infections where NLuc was measured in spreading HIV -1 infections, we used an
N Luc (pNL -NLuc) reporter virus in which the viral nefgene in NL4-3 had been
substituted with the NLuc indicator gene (Mefferd et al., 2018) Non-spreading
infections were similarly carried out using similar indicator viruses bearing a 943bp

deletion in envand either NLuc (NL-NLuc, $ O,o#GFP(NL-GFP $ O M glace of nef
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These viruses either had WT integrase, orthe D64V (IN -) mutation in the integrasegene
that blocks function. Plasmids expressing the replication competent NL -NLuc provirus,
or the non-spreading . $ O Yawiruses, were transfected into 293T using

polyethyleni mine (PEI). Non-spreading . $ Oproviruses were co-transfected into 293T
cells alongwith the pMD2.G plasmid encoding the VSV -G protein. After 24 h, the spent
media w ere replaced with fresh media. At 72 hpt, supernatant media was filtered
through a 0.45mm filter. WT or IN - HIV -1 containing supernatant media were
normalized by p24 levels, measured and normalized by ELISA, before being used to

infect target cells.

2.4.4 Purification of CD4+ T Cells from PBMCs

PBMCs were isolated from total blood by density g radient centrifugation
(lymphocyte separation medium; Cellgro number 25 -072CV). CD4+ T cells were then
isolated using the Dynabead CD4 positive isolation kit (Invitrogen; 1131D) following the
OEOUI EEUUUI Uz UwbOUUUUEUDOOUG im"phytOrerdagditintnl WEEUDY E
(PHA) and mouse monoclonal antibodies specific for human CD28 and CD49d (BD

Biosciences) for three days as previously described (Whisnant et al., 2013)

2.4.5 Luciferase Assay

Cells were washed three times in PBS lysed in Passive Lysis Buffer (Promega) and

assayed for NLuc activity using the Nano -Glo Luciferase Assay on a Lumat LB9507
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luminometer (Bertold Technologies) .

2.4.6 Analysis of HIV-1 Replication and Expression in Tet-inducible
Tax cells

10’ Tet-inducible HTLV -1 Tax CEM-SS cells were resuspended in 10nl of RPMI
media and infected with either WT or IN - NL-NLu c virus in the presence or absence of
0.5ug/ml dox. Beforeinfection, viral supernatants were pretreated with 5 U/mL DNase |
for 1 h at 37 °C to remove residual plasmid DNA. All IN- HIV -1 infections were
supplemented with 20 uM Raltegravir to prevent reve rtant mutations. 106live cells were
harvested at 1, 2, 3, 5, and dpi and aliquoted to assay NLuc, and for DNA and RNA
extraction.

For DNA analysis, cells were pelleted and washed three times in ice cold PBS and
the cells incubated with Dpnl (NEB) to rem ove any residual plasmid contamination.
DNA was then extracted using DNA Miniprep Plus columns (Zymo Research)
EEEOQUEDPOT wOOwWUT 1 wOEOUTI EEVOUUI UzUwbOUUUUEUDPOOUS

For RNA analysis, cells were lysed in TRIzol (Thermo Fisher Scientific) and RNA
harvested according to the manufacturer's instructions, and DNAsel treated overnight.
The RNA was then converted to cDNA using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems).

All quantitative PCR reactions were performed in triplicate in a StepOnePlus or

QuantStudio3 real-time PCR system according to the manufacturer's instructions.
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Relative quantification of HIV -tuw# -  wOl YI OUwPEUwx 1 Uinétbadl EwUUDOT |
b b UJActipas an internal control (Livak and Schmittgen, 2001a) For experiments

analyzing total HIV -1 DNA and RNA levels, HIV -1 DNA/cDNA was PCR amplified

with a custom total HIV -1 TagMan probe/primer set that amplifies the U5 -gag region of

HIV -hu 8-Actin DNA was PCR amplified using a premade TagMan probe/primer set,

P T D GActin @DNA in RNA analyses was quantified using a separate Tagman

were similarly quantified using TagMan primers/probes that amplify across the U5 -U3

junction (Butler et al., 2001)

For Alu -LTR real time nested gPCR experiments, DNA was amplified using a
modified version of the nested PCR approach described previously (Brussel et al., 2005)
Briefly, an initial non -saturating PCR using primers ALU1, ALU2, and L -HIV was
performed using DNA isolated from HIV -1 infected cells. After the PCRproducts were
purified using a PCR Kleen kit (Bio -Rad), anested gPCR was performed using primers

AA55M and L and the SYBR green master mix (Thermo Fisher Scientific).

2.4.7 siRNA Knockdowns and sgRNA Knockouts

CD4+ 293T cells were transfected with 25 pmolof pooled siRNA (Origene, 3 siRNA
per pool) with RNAiMax twice (on day 1 and 3), and infected on day 4 with WT or IN -

NL -NLuc virus. Infected cells were assayed for NLuc activity 2 days post infection.
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293T cells were transfected with pLentiCrispr v2 encoding the relevant sgRNA
sequences using PEI. The cells were selected for puromycin resistance 2 days post
transfection, then single cell cloned.

The area around the NP220 sgRNA cut sites in the clones was sequenced to detect
the expected deletion, and the expression of NP220 in the selected clones assayed by
Western blot. Cells were then infected with VSV -G pseudotyped WT or IN - NL -

NLuc, $ Or¥porter virus and assayed for NLuc activity 2 days post - infection.

Similarly, sgPML single cell clones were assayedfor PML expression by Western

blot. DNA from PML non -expressing cells was extracted, the PML regions of interest

around the cut site amplified, cloned and sequenced.

2.4.8 Western Blot Analyses

Cells were harvested and lysedin Laemmli buffer, sonicated and denatured at 95°C
for 15 min. Lysates were subjected to electrophoresis on 420% SDSpolyacrylamide gels
(Bio-Rad), transferred onto nitrocellulose membranes and then blocked in 5% milk in
PBS + 0.1% Tween. Membranes were incubated in primary and secodary antibodies
diluted in 5% milk in PBS + 0.1% Tween for 1 h each and then washed in PBS + 0.1%
Tween. The membranes were incubated with aluminol -based enhanced
chemiluminescent (ECL) substrate and signals were visualized using GeneSnap

(Syngene).
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2.4.9 Southern Blot Analysis

Southern blots were performed as described previously (Zennou et al., 2000)
Briefly, DNA was extracted from C EM-SS orTet-inducible HTLV -1 Tax CEM-SS cells
that were infected with DNasel -treated WT or IN - HIV -1 at 2dpi using a DNA Miniprep
Plus kit (Zymo Research). Purified DNA was then digested with Mscl, Xhol, and Dpnl
(NEB) overnight, recovered by standard ethanol DNA precipitation, then 10 pg of DNA
was run on a 1% TBE gel. The gel was then soaked in denaturation solution (1.5 M NaCl,
0.5 M NaOH) to separate the double stranded DNA strands, before being washed in
neutralization buffer (3 M NaCl, 0. 5 M Tris-HCI pH 7.0). The DNA was transferred
overnight onto a Gene Screen Plus nylon membrane (PerkinElmer) by capillary action,
the membrane washed in 2xSSC, then U\crosslinked in a Stratalinker 2400 at 3000
microjoules power (Stratagene). The membranewas then blocked in ExpressHyb
hybridization solution (Clontech) for 1 hour.
HIV -1-specific DNA was amplified by PCR from the pNL4 -3 plasmid using the primers:
k - AGAAGAAATGATGACAGCATG - 7 wE-DEOGAGTTCTAGCTCTG-t ZTiBew
radiolabeled probe was random prime d from this DNA amplicon using Prime -a-Gene
Labelling System (Promega) and32P-dCTP (Perkin Elmer). The probe was then
denatured and hybridized onto the blocked membrane overnight at 60 °C The membrane

was then washed with solution 1 (2xSSC, 0.05% SDS) andolution 2 (1xSSC, 0.1% SDS)

63



at 50°C for 1 hour each. Bands were visualized on film, and hybridization signals were

guantified using a Typhoon phosphorimager (Amersham).

2.4.10 ChIP-qPCR

10’ Tet-inducible HTLV -1 Tax CEM-SS cells were resuspended in 10nl of RPMI
media and infected with either WT or IN - HIV -1 virus. 48 h post-infection, cells were
rinsed twice with PBS and cross-linked with 1% formaldehyde for 20 min at 25°C,
guenched in 0.125 M glycine for 5 min, and lysed in ChIP lysis buffer (50 mM Tris-H ClI,
pH 8.0, 1% sodium dodecyl sulfate, 10 mM EDTA). Cell lysates were then sonicated with
a Fisher Sonic Dismembrator 60 (output 4.5, 20s pulse repeated 6 times on ice with 40 sec
between each sonicatior). The supernatant containing sonicated chromatin was pre-
cleared by the addition of magnetic Protein G Dynabeads (ThermoFisher) that had been
pretreated with denatured salmon sperm DNA (Invitrogen). The magnetic beads were
removed, and the sonicated chromatin was immunoprecipitated overnight at 4°C using
2.5 pg antibody in ChlIP dilution buffer (16.7 mM Tris -HCL pH 8.0, 1% Triton X-100,
0.01% SDS, 150 mM NacCl, 1.2 mM EDTA). 5% of the sonicated chromatin was stored as
input DNA without further treatment until  the reverse crosslinking step. The next day,
the incubated chromatin-antibody mixture was incubated with the pretreated
Dynabeads for 2 hours at 4°C, and then washed with ChIP low-salt buffer (20 mM Tris -

HCL pH 8.0, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, 2 mM EDTA), ChIP highksalt
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buffer (20 mM Tris-HCL pH 8.0, 1% Triton X-100, 0.1% SDS, 500 mM NacCl, 2 mM
EDTA), ChIP LiCl buffer (10 mM Tris -HCL pH 8.0, 1% NP-40, 250 mM LiCl, 1 mM
EDTA, 1% Na Deoxycholate) and TE buffer (10 mM Tris HCL pH 8.0, 1 mM EDTA).
Protein-DNA complexes were eluted from the beads with an Elution buffer (0.1 M
NaHCO s, 1% SDS), then decrosslinked by incubating at 65°C for 16 hours and 95°C for
15 mins, then proteins removed by adding proteinase K at 50°C for 3 hours. DNA was
then purified using a DNA Miniprep Plus kit (Zymo) , then digested with Dpnl (NEB) to
remove any plasmid contamination, before being used for gPCR analysis using primers
that amplify U5 -R on HIV-1 and the SYBR green master mix (Thermo Fisher Scientific).
"Uwb EUWE E OE U G@talbiktdheulBi leQds Erid ¥Xprassed as fold change
relative to cells not expressing a viral protein and infected with WT HIV -1 in the bar

graphs.

2.4.11 Quantification and Statistical Analysis

Descriptive statistics were performed with GraphPad Prism 8 (GraphPad Software,
US). Thesize of each study or number of replicates, along with the statistical tests
performed, can be found in figure legends. Numerical data are presented as the mean *

standard deviation .
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2.5 Supplementary Figures

A

Tax WT Tax M1 Tax M22
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- GAPDH
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- GAPDH _—
HIV-1
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- TAT

S s - GAPDH
Figure S1: Dox-inducible expression of Tax bu t not Vpx, Vpr or Tat rescues the
expression of HIV -1 gag from unintegrated HIV -1 episomes. A) Single cell clones of
CEM-SS cells transduced with aTet-inducible lentivector expressing HTLV -1 Tax or the
indicated Tax mutants in the presence or absence of (b pug/ml Dox. B) Similar to A but
cells were transduced with Tet-inducible lentivectors expressing HIV -2 Vpx, HIV -1 Vpr,
or HIV -1 Tat. C) WT CEM-SScells and tet-inducible , Tax expressing CEM-SS cells were
infected with WT or IN - HIV -1 in the presence or dsence ofDox and probed on a

Western blot for the indicated proteins.
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Fig. S2: Dox-induced expression of viral proteins in CEM -SS cells and their effects on
cell growth. Cell counts of CEM-SS or CEMSS cell lines with dox-inducible expression
of A) HTLV -1 Tax, B) M1 mutant Tax, C) M22 mutant Tax, D) HIV -2 Vpx, E) HIV -1 Vpr

and F) HIV -1 Tat +0.5ug/ml doxycycline.
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Figure S3: Southern blot restriction enzyme and probe binding schematic. DNA from

A Linear DNA
2.6kb Mscl  qokp Mscl Xhol
_ (LinearDNA) | (Total DNA) 1
[T ~ N —
B 1ok  rope o
Total DNA c :
Mscl ( ) Mscl (Total DNA)
/_\ MSV\MSCI

LTR

2.8 kb
(1LTR DNA)

Xhol

HIV -1 infected cells was digested with Mscl and Xhol (and Dpnl to remove residual
plasmid contamination) overnight . This cuts HIV -1 DNA at the indicated points, and
these DNA fragments were then separated by gel electropharesis. A P2 radio-labelled
DNA probe that spans an Mscl cut site was used to detect the DNA fragments (A-C,
approximate probe binding in purple). This probe detects a 1.9kb DNA fragment that is
released by all HIV-1 DNA forms (A-C), and also a 2.6kb fragment released by
unintegrated linear HIV -1 DNA (A) , a 2.8kb fragment released by 1LTR circle DNA (B),
and a 3.4kb fragment released by 2LTR circle DNA (C). Integrated HIV -1 DNA only

produces the 1.9kb fragment.
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1 »PAENTLPKAYPECKASTFLNW
1 T

446 M TATI
[ 121 GGGATGACAGCAACAATA

ontrol 3e1> ¢ A ATTGTGGA Al A AAAGA A A >40!
c Control 301> CGGTGTACCGGCAGATTGTGGATGCGCAGGCTGTGTGCACCCGCTGC GTCGGCCGACTTCTGGTGCTTTGAGTGCGAGCAGCTCCTCTGCGCCAAG>400
PML1_seql 301> CGGTGTACCGGCAGAT======csesmemcseceemenecom e e e e n e e e e s m e s s s s e s s eme s e s e e n e e GCGCCAAG>365

PML Clone 1 PML1_seq2 301> CGGTGTACCGGCAGA-----=-=-=-=-=-=-=-=--=--- GTGCACCCGCTGCAAAGAGTCGGCCGACTTCTGGTGCTTTGAGTGCGAGCAGCTCCTCTGCGCCAAG>381
PML1_seq3 361> CGGTGTACCGGCAGA--=======~ GCAGGCTGTGTGCACCCGCTGCAAAGAGTCGGCCGACTTCTGGTGCTTTGAGTGCGAGCAGCTCCTCTGCGCCAAG>390

Control 101>AGCCCAGCCCCAGCCCCAGCCCTACAGAGCGAGCCCCCGCTTCGGAGGAGGAGTTCCAGTTTCTGCGCTGCCAGCAATGCCAGGCGGAAGCCAAGTGCCC>200
PML Clone 2 PML2_seql 101>AGCCCAGCCCCAGCCCCAGCCCTACAGAG-==========~ TTCGGAGGAGGAGTTCCAGTTTCTGCGCTGCCAGCAATGCCAGGCGGAAGCCAAGTGCCC>189
PML2_seq2 101>AGCCCAGCCCCAGCCCCAGCCCTACAGAGC------- CGCTTCGGAGGAGGAGTTCCAGTTTCTGCGCTGCCAGCAATGCCAGGCGGAAGCCAAGTGCCC>193

Figure S4: NP220 and PML knock-out 293T cell clones were generated using
Crispr/Cas.A) The NP220 DNA binding domain on exon 22 (highlighted in purple) was
targeted for excision using two sgRNA s, highlighted in yellow and blue. The

yellow /blue boundary is the predicted Cas9 cleavage site.B) DNA sequences of clones of
293T cells transfected with thetwo sgRNAs showing excision of the NP220 DNA

binding domain and the introduction of premature stop codon s. C) PML knockouts

were generated by transfection of 293T cells with lentiCrisprv2 encoding either sgPML1
or sgPML2. Single cell clones were isolated after puromycin selection, the targeted

region of the PML gene was PCR amplified, cloned and sequenced. PML clone 1
(sgPML1) has 10, 19 and 7Dp deletions, while PML clone 2 (sgPML2) has 7 and 11 bp

deletions, all of which are predicted to introduce frame shift mutations.
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Chapter 3. Tax induces the recruitment of NF-kB to
unintegrated HIV-1 DNA to rescue viral gene expression
and replication?

3.1 Significance

Integrase-deficient expression vectors based on HIV-1 are becoming increasingly
popular as tools for gene therapy in vivo due to their inability to cause insertional
mutagenesis. However, many IN - lentiviral vectors are able to achieve only low levels of
gene expression andmethods to increase this low level have not been extensively
explored. Here we analyze how the HTLV -1 Tax protein is able to rescue the replication
of IN- HIV-1in T cells and describe IN- lentiviral vectors, lacking any inserted origin of

replication, that are able to express a heterologous gene effectively.

3.2 Introduction

Integration of the linear DNA proviral intermediate into host cell DNA by the
viral integrase (IN) enzyme is not only a key step in the life cycle of all retroviral species
examined sofar but also essential for efective retroviral gene expression (Sakai et al.,
1993; Schwartzberg et al., 1984)As a result, the HIV-1 IN protein has emerged as a
major target for antiviral drugs, such as ralte gravir and dolutegravir, that function as IN

strand transfer inhibitors and thereby effectively prevent integration (Hare et al., 2010b,

This chapter is adapted from a study published in the Journal of Virology (Ishak et al., 2@1).
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2011; Sayana and Khanlou, 2008)importantly, these drugs n ot only block HIV -1
replication and gene expression in dividing cells, such as T cells, but also in non-
dividing cells, such as macrophages, thereby demonstrating that loss of unintegrated
proviral DNA during cell division, though this clearly does occur, is at least not the only
inhibitory process that proviral integration has evolved to avoid (Englund et al., 1995;
Pollicita et al., 2014; Scopelliti et al., 2011; Wiskerchen and Muesing, 1995)n fact, it is
now clear that the inability of unin tegrated proviral DNA to support effective retroviral
gene expression and replication is due to the rapid addition of repressive epigenetic
marks to chromatinized episomal retroviral DNA, and a concomitant lack of addition of
activating epigenetic modifica tions (Geis and Goff, 2019; Irwan et al., 2020; Tsai and
Cullen, 2020; Wang et al., 2016; Zhu et al., 2018Yhis involves the rapid recruitment of
repressive epigenetic marks, such as H3K9me3, to chromatinized retroviral episomes
shortly after nuclear entry and also correlates with the inability of unintegrated
retroviral DNA to recruit the activating epigenetic marks, such as H3Ac, that are
abundant on actively transcribed, integrated proviruses.

While proviral integration is therefore normally an essential step in the HIV -1 life
cycle, we recently demonstrated that HIV -1 IN function is dispensable in T cells that
express an inducible form of the Human T cell leukemia virus 1 (HTLV -1) Tax protein

(Currer et al., 2012; Irwan & al., 2020) Specifically, induction of Tax expression in the
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CD4+ T cell line CEM-SS led to a high level of transcription from the HIV -1 long
terminal repeat (LTR) promoter present on unintegrated viral DNA that was sufficient
to support the robust re plication and spread of HIV -1 in culture. The Tax-mediated
activation of the HIV -1 LTR coincided with not only the recruitment of activating
epigenetic marks, such as H3Ac, to unintegrated HIV-1 DNA at levels that actually
exceeded the level of H3Ac deteced on integrated proviruses but also prevented the
acquisition of repressive epigenetic marks, such as H3K9me3.

Because integration of retroviral proviruses into the host cell genome has the
potential to cause insertional mutagenesis, which could potentia lly lead to oncogenic
transformation (Hacein-Bey-Abina et al., 2003; Seggewiss et al., 2006)here has been
considerable interest in the question of whether one could design lentiviral vectors
based on HIV-1 or other lentiviruses that remain able to express significant levels of a
heterologous gene of interest in the absence of IN function (Shaw and Cornetta, 2014;
Wanisch and YafiezMufioz, 2009). Initially, several groups reported that non -
integrating vectors based on HIV -1, feline immunodeficiency virus (FIV) or equine
infectious anemia virus (EIAV) produced negligible levels of an encoded indicator gene,
>106Gfold lower that seen with the matched IN+ control vector (Loewen et al., 2003;
Mitrophanous et al., 1999; Naldini et al., 1996; Park et &, 2000) However, more recently

reasonable levels of gene expression by IN vectors have been reported by several
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groups, though no clear understanding of why some designs appear more effective than
others has been presented/Apolonia et al., 2007; Philippe et al., 2006; Philpott and
Thrasher, 2007; YafezMufioz et al., 2006) While it has been reported that deletion of
lentivector, increased expression of the encoded green fluorescent protein (GFP) by ~3
fold, this level still remained ~7 fold lower than seen with the match ed IN+ vector (Bayer
et al., 2008)

In this manuscript, we have sought to further define why an HIV -1 mutant
lacking a functional IN protein is replication defective in normal T cells but able to
replicate in the presence of the HTLV-1 Tax protein. We now report that this effect is due
to the activation of NF -kB by Tax, resulting in the effective recruitment of the NF -kB
subunits Rel A and Rel B to the two NF-kB binding sites located in the HIV -1LTR U3
region on unintegrated proviral DNA. This in turn modifies the chromatin marks
recruited to these retroviral episomes, including 2LTR circular DNA, leading to a highly
significant increase in the activating H3Ac epigenetic mark, and a marked reducti on in
the repressive H3K9me3 epigenetic mark. Importantly, even after repressive chromatin
modifications have accumulated on unintegrated HIV -1 DNA at 24 hours post-infection
(hpi), induction of Tax expression fully reverses this epigenetic repression and rescues

viral gene expression. Finally, we report the efficient expression of an indicator gene
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product from several HIV -1-based IN- vectors even in the absence of Tax and find that,

in our hands, the SIN vector design is not more active.

3.3 Results

We have previously reported that expression of the HTLV -1 Tax protein in
human T cells, in particular in the CD4+ human T cell lines C8166 and CEM-SS, rescues
gene expression from unintegrated DNA episomes derived from an IN- HIV -1 mutant
and allows their robust replication despite their lack of integrase function (Irwan et al.,
2020) We further reported that this effect correlated with both the recruitment of the
NF-kB subunits Rel A and Rel B to the two NFkB sites located in the HIV-1 LTR
enhancer and with the addition of the activating epigenetic marks H3Ac and H3K4me3,
and the loss of the repressive epigenetic mark H3K9me3, from chromatin bound to
unintegrated HIV -1 episomes. However, our previous work only looked at the
epigenetic status of unintegrated viral DNA late after infection and therefore we could
not determine whether the observed rescue of HIV-1 gene expressionwas due to the
observed epigenetic changes leading b the effective recruitment of NF-kB to
unintegrated HIV -1 DNA, or vice versaWe reasoned that itmight be possible to resolve
this question by addressing the temporal order underlying the recruitment of the NF -kB
subunits, relative to the addition of epi genetic marks, to unintegrated HIV -1 DNA . For

this purpose, we infected Tax-inducible CEM -SS cells with IN+ or IN - forms of the
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previously described replication competent indicator virus NL -NLuc (Mefferd et al.,
2018)in the presence or absence ofdoxycycline (Dox) and then harvested the infected
cells at 16, 19, 21 or 24 hpiWe then perform ed chromatin immunoprecipitation linked

to gPCR (ChIP-gPCR) to quantify the level of Rel A, Rel B,H3Ac and H3K9me3 present

on proviral DNA.
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Figure 8: NF-kB subunits RelA and RelB are recruited to the HIV -1 LTR prior to

activatin g or repressive epigenetic histone modifications.
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ChIP-gPCR detection of (A) RelA/p65, (B) Rel B, as well as H3Ac and H3K9me3 on the

(C, D) HIV-1 LTR promoter, (E,F) the viral gag gene, and (G, H) the NLuc gene inserted

in place of nef. Assays were determined at the indicated times, given as hpi, in CEM-SS

cells expressing or not expressing HTLV-1 Tax. Levels were normalized to input DNA

and are expressed as percent of input. n=3 biological replicates, + SD. ** p<0.01,

***p<0.001, calculated by 2-Way ANOV A wi th Tukeyds multiple com

As shown in Fig. 8A and 8B, analysis of the recruitment of Rel A and Rel B to the
LTR on unintegrated HIV -1 DNA revealed a highly significant (p<0.0001)boost in the
recruitment of both proteins to the HIV -1 LTR in Tax expressing CEM-SS cells, relative
to uninduced CEM -SS cellsas early as16 hpi, the earliest time point examined, and this
effect was evenclearer at subsequent times. In contrast, as shown in Fig. 8C and 8D, we
did not detect any increase in the levels of H3Ac on HIV -1 DNA -bound chromatin, or
loss of H3K9me3 marks from viral chromatin, at 16 hpi though this effect did become
significant (p<0.001) at 19 hpi and was even maore pronounced at later times, asalso
previously reported. Analysis by ChlP-gPCR of H3Ac and H3K9me3 addition to other
sites on unintegrated HIV -1 DNA, specifically to the HIV -1 gaggene (Figs.8E and F) or
the Nano Luciferase (NLuc) indicator gene inserted in place of nef(Figs. 8G and H),
revealed the same pattern seen when tke HIV-1 LTR was analyzed. There is no
significant difference at 16 hpi in H3Ac and H3K9me3 modification levels between the
unintegrated IN - episomal DNA with or without Tax, but significantly greater H3Ac
histone modifications, and lower H3K9me3 modificati ons, on the IN- episomal viral

chromatin in Tax -expressing cells at 19 hpi.
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3.3.1 The Tax-induced recruitment of NF-kB to unintegrated HIV-1
DNA is essential for rescue of viral gene expression
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Figure 9: At least one HIV -1 LTR NF-kB binding site is required for the rescue of IN -
HIV -1 replication by Tax.

Clonal CEM-SS T cell lineswith Tet-i nduci bl e Tax were infected wi
NLuc with either neither, one, or both of the NF-kB sites mutated. (A) Live cell counts (B)

Virally encoded NLuc expression (C) total HIV-1 DNA measured by gPCR or (D) HIV-1

RNA expression measured by gRT-PCR were quantified at 1, 2, 3, 5 and 7 days post-

infection (dpi) post-infection. The WT culture was devoid of live cells at 7 dpi. DNA and

RNA levels were normalized to WT HIV-1 infected cells in the absence of Tax at 1 dpi,

which was set to 1. The epigenetic state of the viral LTR promoter was characterized by

guantifying (E) the bound NF-kB sub-units Rel A and Rel B and (F) the activating H3Ac

and repressive H3K9me3 histone modification at 2 dpi using ChIP-gPCR. n=3 biological

replicates, £SD. **p<0.001, calculated by 2-Way ANOVA wit h Tukeydés mul
comparison test.

The data presented in Fig. 8 reveal that Tax-induced Rel A and Rel B are
recruited to unintegrated HIV -1 proviruses before any Tax-induced changes in either

activating (H3Ac) and repressive (H3K9me3) chromatin marks can be detected.
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Howev er, these data do not address whetherthe Tax-induced activation and

recruitment of NF-kB to vir al DNA is necessary for the rescueof IN - HIV -1 replication.
To address this question, we generated derivatives of the previously described IN - form
of the indicator virus NL -NLuc (Irwan et al., 2020)in which either one LTR NF -kB site
ph, AwOUWE QPWI Wwepl . Awbl Ul uOUUEUDPOOEOOaAawWPOEEUDY
of NF-kB sites affected the rescue of this IN virus by Tax. In this experiment, we

infected CEM-SS cells bearing the Tetinducible tax gene with IN+ NL -NLuc, with IN -
NL-- + UEOQwOUwPBDUT wUT -kBuntdtaritswohiN -wWO-NLud. Wetthepbmeasured
the level of viable cells in each culture over time (Fig. 9A), the level of expression of the
virally encoded NLuc indicator (Fig. 9B), thelevel of viral DNA (Fig. 9C) and the level of
total viral RNA (Fig. 9D) at up to 7 days post-infection (dpi). As shown in Fig. 9A, and as
previously reported, we observed that infection of CEM -SS cells with the IN- NL -NLuc
derivative bearing an intact LTR did not reduce cellular viability, relative to the

uninfected culture, in the absence of but induced the death of almost the entire CEM-SS
culture by seven days post-infection (dpi) if Tax expression was induced by Dox

addition. Interestingly, while the 1 . wO U U E O U wRL-NbLUclvitususlse induced a

UOUOOT wEAUOXxEUI PEwlI T T T EVUQwWUTT w . wOUUEOUwWxT1 OOE
parental NL -NLuc virus in the absence of Tax (Fig. 9A). The lack of cytopathic effect

A e A N~ A ..

Ul 1 OwbpbUT wUT 1 wNLuacOrfglbiéd vithim®dimost eomplete lack of viral
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gene expression, as measured by NLuc activity (Fig.9! A8 w( OWEOOUUEUUOwWUT T wh
which retains a single NF-kB site, gave rise to a lower level of NLuc activity than the
parental IN - NL-NLuc virus, w hich retains both NF-kB sites, that was nevertheless
readily detectable (Fig. 9! A6 w2 DOPOEUOaOwUi | wl ., wOUUEOUwWI EPOI E
infection in Tax -expressing CEM-SS cells, as measured by our inability to measure any
increase in either viral DNA or viral RNA expression over time (Figs. 9" WE OE w# A3 ww3 T 1 v
OUUEOQUWPEUWET EDPOwWDPOUI UOI EPEUT wbOuwxT11 600U0axi wgl U
NL -NLuc vector in that it remained able to spread through the Tax -expressing CEM-SS
culture, albeit more slowly than NL-NLuc, as revealed by increasing levels of both HIV -
1 DNA and HIV -1 RNA expression (Figs.9C and D).
The data presented in Figs.9A-D demonstrate that the loss of both NF-kB sites
present in the HIV -1 LTR prevents the rescue of viral gene expression byTax seen when
both or even only one LTR NF-kB site isretained in the LTR of an IN - HIV -1 mutant, a
result that is consistent with the known ability of Tax to activate NF -kB in expressing
cells by inducing the phosphorylation and degradation of IkB (Currer et al., 2012) These
data could suggest that recruitment of NF -kB is required for the subsequent epigenetic
changes, that is increased H3Ac marks and reduced H3K9me3 marks, seen on

unintegrated HIV -1 proviruses after rescue by Tax induction (Fig. 8). Alternatively, it

could be argued that these epigenetic changes arestill induced by Tax but, in the
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absence of NFkB recruitment, are insufficient to rescue transcription of unintegrated

HIV -1 DNA. To resolve this question, we performed CHiP -gPCR on IN- NL -NLuc either

EIl EUDOT WEW6 3 w+31wxUOOOUI UMRXKB sitesi As expectadtiBtheuOE E OD O
absence of Tax, we observed almost no detectable recruitment of either the Rel A or Rel

B NF-kB subunit to the intact viral LTR on unintegrated viral DNA (Fig. 9E) and

similarly, in the absence of Tax, the chromatin added to unintegrated HIV -1 episomes

was modified by addition of high levels of the repressive H3K9me3 mark while the

activating H3Ac mark was essentially absent (Fig. 9F). In contrast, in the presence of Tax,

both Rel A and Rel B were effectively recruited to th e intact LTR promoter present on

unintegrated HIV -1 DNA (Fig. 9E) and we now saw efficient recruitment of the

activating H3Ac mark, and very little addition of the repressive H3K9me3 mark (Fig.

9%AOWEUwWI BRx1T EUI ESGw( OxOUUEOU OO a-wL Qlue was UOwbk T 1 Qw1
examined in the presence of Tax it phenocopied the pattern observed for IN- NL-NLuc

EIl EUPOT wOT T w63 w+31wbOwli 1 wEEUT OETl wOi w3ERGwW3IT EU
failed to recruit either the Rel A or Rel B NF-kB subunit, as expectal (Fig. 9E), it was

heavily modified by addition of the repressive H3K9me3 mark to chromatinized viral

DNA while remaining devoid of the activating H3Ac marks seen on the unintegrated

WT LTR in the presence of Tax (Fig.9F). Thus, these data argue that recuitment of the

NF-kB subunits Rel A and/or Rel B to the viral LTR present on unintegrated HIV -1 DNA
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is a prerequisite for the subsequent recruitment of the epigenetic marks that correlate

with active transcription of a DNA template.

84



3.3.2 Tax induction reverses the epigenetic repression of
unintegrated HIV-1 DNA.
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Figure 10: Induction of Tax expression after unintegrated HIV -1 DNA has been
epigenetically silenced reverses silencing and rescues viral gene expression.

(A) Tax-inducible CEM-SS cells were infected with WT or IN- HIV-1, treated with

nevirapine at 16hpi to prevent viral spread, then +/- Dox was added at 24hpi to induce

Tax expression. Cells were harvested to assay NLuc expression at the indicated time

points, n=3 biological replicates, + SD. Cells were also harvested for ChlIP-gPCR to

determine the levels of (B) H3Ac, and (C) H3K9me3 on the HIV-1 LTR promoter, the

viral gag gene, and the NLuc indicator gene inserted in place of nef in NL-NLuc. ChIP

levels were normalized to input DNA and are expressed as percent of input. n=3

biological replicates, £ SD. **p<0.001, calculated by 22Way ANOVA wi t h Tukey6s
multiple comparison test.

The data presented in Figures8 and 9 demonstrate that the activation of cellular
NF-kB by Tax expression induces NK-kB binding to the HIV -1 LTR and then prevents
the epigenetic repression of unintegrated viral DNA. We were curious to see if Tax
could also reverse the pre-existing epigenetic repression of viral unintegrated DNA
which, as shown in Fig. 8, is complete by 24 hpi. For this purpose, we therefore induced
Tax expression at 24 hpi and monitored viral gene expression, in this case by measuring
production of the encoded NLuc indicator protein (Fig. 10A), as well as the epigenetic
state of the unintegrated HIV -1 DNA, by ChIP -gPCR (Figs.10B and C). As shown in Fig.
10A, Tax induction at 24hpi is able to rescue viral gene expression from the otherwise
silenced unintegrated IN - HIV -1 virus by 48hpi and this increase in viral gene
expresson continues at 72hpi. Similarly, induction of Tax expression at 24 hpi fully
rescues recruitment of activating H3Ac marks, and effectively removes inhibitory
H3K9me3 marks by 48 hpi and maintains this active epigenetic state at 72 hpi (Figs.10B

and C). Therefore, the induction of Tax expression not only can prevent the epigenetic
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repression of unintegrated HIV -1 DNA but also can fully reverse this repression after

inhibitory chromatin marks had been allowed to assem ble on the viral DNA.

87



3.3.3 Analysis of the effect of Tax on gene expression from IN-
lentiviral vectors
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Figure 11: Unlike the HIV -1 LTR, heterologous internal Pol Il and Pol Ill promoters
are not silenced on unintegrated HIV -1 proviruses.

(A) Schematic of pNL-NLuc and its derivatives. (B) CEM-SS cells + Tax were infected

with IN+ or IN- HIV-1 variants expressing NLuc from the viral LTR, or with self-
inactivating (SIN) derivatives lacking the LTR U3 region from -18 to -418, including the
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HIV-1 promoter and enhancer. Instead these viruses express NLuc from an internal RSV
LTR promoter (that has no NF-kB binding sites), or an internal CMV promoter (that has
NF-kB binding sites). Nevirapine was added at 16 hpi to prevent virus spread, and cells
were harvested for NLuc assays at 48 hpi. NLuc activity was normalized to WT NL-NLuc
in the absence of Tax, which was set to 1. (C) As in panel B but using a non-SIN vector
design. (D) CEM-SS + Tax cells were infected with WT or IN- virus expressing KSHV
miR-K2 from the Pol lll-dependent H1 promoter. Nevirapine was added to the cells at 16
hpi, and the cells harvested for quantification of miR-K2 by gRT-PCR at 48 hpi.
Endogenous U6 RNA served as an internal control and data were normalized to WT
minus Tax, which was set to 1. n=3 biological replicates, £+ SD. (E) HIV-1 Gag
expression levels in CEM-SS cells +/-Tax infected with the indicated WT or IN- viruses.
Endogenous GAPDH was used as a loading control. *p<0.05, **p<0.01, *** p<0.001,
calculated using an unpaired Holm-Sidak multiple comparison t-test.

While there is considerable evidence indicating that integration of the retroviral
proviral intermediate into the host cell genome is an essential step in the retroviral life
cycle (Sakai et al., 1993; Schwartzberg et al., 1984and demonstrating that this is largely
due to the efficient epigenetic silencing of unintegrated retroviral DNA (Geis and Goff,
2019; Irwan et al., 2020; Tsai and Cullen, 2020; Wang et al., 2016; Zhu et al., 2018)ere
are also a number of reports documenting the effective expression of cDNAs encoding a
gene of interest from some, but not all, integrase deficient lentiviral vectors bearing
inserted heterologous enhancer/promoter combinations (Apolonia et al., 2007; Philippe
et al., 2006; Philpott and Thrasher, 2007; YafieMufioz et al., 2006) To our knowledge,
the issue d why some, but not all, lentiviral vectors are able to escape epigenetic
silencing has not been resolved, though it has been suggested that deletion of the

retroviral promoter/enhancer located in the LTR U3 region, in so -called self-inactivating

89



or SIN lentiviral vectors, can promote the function of inserted heterologous promoters
(Bayer et al., 2008)

To address this question, we generated a set of vectors from the WT and IN NL -
NLuc vectors in which we first deleted almost the entire U3 region, from -18 to-418, in
OT 1 wt z w+ 3 1 O wibdcthdsequehtes régni@d far reverse transcription and
integration intact, to generate SIN vectors (Lee et al., 2003) We then inserted either the
LTR enhancer/promoter from Rous Sarcoma Virus (RSV)(Cullen et al., 1985)or the
highly active cytomegal ovirus immediate early enhancer/promoter (CMV) (Boshart et
al.,1985p wk z wUOwWUT 1 w- + U E 108 .0 keBebvEctd® Warel tHerOpaakapédb 1 6 w
and used to infect Tax-inducible CEM -SS cells in the presence and absence of Dox. At 48
hpi, the cells were lysed and the level of virus-encoded NLuc determin ed. As may be
seen in Fig.11B, the level of NLuc expression induced upon infection with lentiviral
vectors containing internal heterologous promoters was comparable to that seen with
the parental NL -NLuc vector and, unlike NL -NLuc, was only modestly inhib ited, by < 3-
fold, when the integrase gene was mutationally inactivated. While expression of Tax did
not affect the level of NLuc expression from either the IN+ or IN - forms of NL -SIN-RSV-
NLuc, Tax did exert a significant positive effect on expression from the CMV promoter,
which contains NF -kB binding sites, in both the IN+ and IN - version of NL -SIN-CMV -

NLuc (Fig. 11B).
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As noted above, the SIN design has been reported to enhance the level of gene
expression from heterologous promoters inserted into IN - retroviral vectors (Bayer et al.,
2008) possibly due to the loss of the potential for transcriptional interference inherent in
this design (Cullen et al., 1984) To test whether this is indeed the case, we generated a
set of four IN+ or IN - vectors, bearing either the RSV or CMV enhancer/promoter
driving NLuc expression, that differed from the vectors analyzed in Fig. 11B only in that
the HIV -1 LTR was now left intact. As shown in Fig. 11C, these vectors in fact expressed
up to 10-fold higher levels of NLuc that the similar SIN vectors. This higher level of
NLuc expression was slightly more subject to inhibition upon loss of IN function than
seen with the SIN design and was also more responsive to the HTLV-1 Tax protein. This
latter effect was again particularly prominent with vectors bearing the CMV
enhancer/promoter which, unlike the RSV LTR, contains NF-kB binding sites (Assogba
et al., 2002) Nevertheless, overall it was clear that the tested lentiviral vectors, bearing
internal heterologous promoters, were all transcriptionally active regardless of IN
activity and that the SIN design did not increase expression from unintegrated lentiviral
vector DNA, and in fact seemed to modestly inhibit NLuc expression.

Finally, while the data presented in Fig. 11A and B reveal that a heterologous Pol
II-dependent promoter inserted into a lentiviral vector lacking integrase function is still

essentially fully active, they do not address whether other types of promoters, for
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example promoters that utilize Pol Ill, would also be functional on a non -integrated
proviral DNA template. This could be important if, for example, one wished to express a
microRNA (miRNA) fr om a non-integrating retroviral vector. To testthis, we therefore
inserted a previously described expression cassette containing the H1 Pol Ill promoter
linked to an RNA hairpin encodingthe miR -* | wOP1- wl B xUI UUI EwEa w* ExO
Herpesvirus (KSHV) (Gottwein et al., 2006). As may be seen in Fig.11C, this vector
expressed high levels of mature miR-K2, as measured by qRFPCR, regardless d
whether an IN+ or IN - vector design was used. Unexpectedy, the expression of miR-K2
appeared to be enhanced, especially in the IN+ vector, by induction of Tax expression.
The CMV immediate early promoter contains an exceptionally active enhancer
(Boshart et al., 1985)and, given that both the CMV and RSV promoters were active in
the context of the NL-NLuc vectors bearing intact LTRs, we wondered if the CMV or
125wxUOOO01I Ux1 O1T EOCET UwODPT T UwET wEE GliLuRdifoisUT UEUT w
when integrase was mutationally inactivated. If so, this should result in the expression
of the HIV -1 Gag protein. To test this, we infected CEM-SS cells with NL-NLuc, with
NL -RSV-NLuc and with NL -CMV -NLuc in the presence and absence of an intact
integrase gene and in the presence or absence of Dox, to induce Tax expressiom\s
expected, and as previously reported (Irwan et al., 2020), the IN- form of NL -NLuc failed

to express Gag unless Tax expression had been induced (Figl1E, compare lanes 3 and
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5). Similarly, for both NL -RSV-NLuc and NL-CMV -NLuc, we failed to detect Gag
expression from the IN- form of this vector unless Tax expression was induced (Fig. 11D,
lanes 7, 9, 11 and 13). We therefore conclude that, even though both the RSV LTR and
CMV promoter/enhancer remain essentially fully active when inserted into a lentiviral
vector lacking integrase function, they are nevertheless both unable to prevent the

epigenetic silencing of the immediately adjacent HIV -1 LTR promoter.

3.4 Discussion

Previously, we reported that expression of the HTLV -1 Tax protein in human
CD4+ T cells is able to rescue the transcription and robust replication of an integrase
deficient HIV -1 mutant, bearing the D64V IN mutation, in the absence of any detectable
provir al DNA integration (lrwan et al., 2020). This rescue correlated with both the
recruitment of activated NF -kB to the HIV -1 LTR on unintegrated DNA and with the
acquisition of high levels of the activating epigenetic mark H3Ac, and loss of the
repressive mark H3K9me3. While our previous research did not address whether the
rescue of HIV-1 gene expression by Tax was primarily due to NF-kB activation and
recruitment or, instead, due to changes in the epigenetic status of the HI\V1 LTR
promoter, we did observe that a Tax mutant called M22, previously shown to have
selectively lost the ability to activate NF -kB (Smith and Greene, 1990) also failed to

rescue IN- HIV -1 replication (Irwan et al., 2020). Moreover, we reported that direct

93



activation of Nf -kB function using TNF Y also rescues gene expression from

unintegrated HIV -1 proviral DNA, albeit far less effectively than seen upon Tax
expression.

Here, we extend this earlier work by demonstrating that recruitment of the NF -
kB subunits Rel A and Rel B to the HIV-1 LTR on unintegrated viral DNA precedes the
acquisition of activating H3Ac marks, and loss of repressive H3K9me3 marks, by the
same viral DNA. Moreover, we observed that mutational inactivation of both NF -kB
sites on the HIV-1 LTR not only blocks the recruitment of NF -kB subunits to
unintegrated viral DNA but also entirely blocks the epigenetic changes, noted above,
that mark DNA as being transcriptionally active. We have therefore demonstrated that
activation of NF -kB by Tax (Bohnlein et al., 1989) leading to its recruitment to
unintegrated HIV -1 DNA, is the key step that then results in the epigenetic changes that
correlate with the active transcription and r escue of IN- HIV -1 mutants. Moreover, we
now also report that Tax expression can not only prevent the epigenetic silencing of
unintegrated HIV -1 DNA but can also reverse the epigenetic silencing of that DNA by
inducing the removal of pre -existing inhibitor y epigenetic marks and promoting the
recruitment of activating marks (Fig. 10).

In addition to addressing the effect of Tax on IN - full length HIV -1, we also

looked at how loss of IN function, and activation of Tax expression, affects gene
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expression from a heterologous reporter cassette inserted into a SIN configuration of the
HIV -1 genome. As shown in Fig. 11B, we observed a high level of expression from
inserted RSV- and CMV -derived enhancer/promoter combinations driving expression of
the NLuc indicator gene and this high level of expression was, unexpectedly, only
minimally impacted by loss of IN function. This high level of NLuc expression, in both
the presence and absence of IN function, was also observed when an HI\Y1 based vector
retaining a fully in tact LTR promoter was analyzed, thus arguing that, at least in this
vector design, the HIV -1 LTR does not exert any inhibitory effect in cis. To confirm that
the intact HIV -1 LTR present in these vectors was indeed active, we were able to
demonstrate high levels of HIV -1 Gag protein expression from the IN+ version of the

NL -RSV-NLuc and NL -CMV -NLuc vectors as well as from the IN - version, but only in
the presence of Tax in the latter case (Figl1E). Therefore, while both the RSV LTR and
CMV immediate early promoter-enhancer are highly active in the context of
unintegrated HIV -1 DNA, they are both unable to activate the HIV -1 LTR promoter in
cis.

3.5 Materials and Methods

3.5.1 Cells and Cell Culture Conditions

The cell lines used in this study are HEK293T (293T), a human kidney epithelial

cell line of female origin, and CEM -SS, a human CD4+ T cell line of female origin. CEM

95



SS cells transduced with a lentiviral vector bearing a Tet-inducible promoter that

controls the expression of the HTLV-1 Tax protein, have been previously described

(Irwan et al., 2020). All cells were cultured at 37C with 5% CO2. 293T cells were cultured

in# UOET EEOzUw, OEDPI Pl EwWS$SET Ol w, 1 EPUQwp#, $, AwUUx x C
serum (FBS) and Antibiotic-Antimycotic. CEM -SS cells were cultured in Roswell Park

Memorial Institute (RPMI) medium supplemented with 10% FBS and Antibiotic -

Antimycotic.

3.5.2 HIV-1 Production

In experiments that measure the level of viral NLuc expression in cells infected
with replication competent HIV -1, we used a previously described replication
competent NLuc reporter virus (pNL -NLuc) where the viral nefgene in NL4-3 was
viruses were created by mutating either one or both of the NF-f | WEDOEDOT wUDPUT Uwb
HIV -1 LTR U3 region, respectively, by using overlap-extension PCR to change the NF

F! WEPOEDPOT wUPUI wi-eGEAQIUTCCH4ulz WOBUWE GOBOOOE Owk 7

GGGACTGGAT-+ z wU1l gUI OEIT 6
HIV -1 expressing miR-K2 (pNL -miR-K2) was created by PCR amplification of an
H1 promoter -driven miR -K2 expression cassette from pSUPERMIR-K2 (Gottwein et al.,

2006) followed by cloning into pNL4 -3 using Not | and Xho I. HIV -1 SIN viruses
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expressing NLuc from an RSV or CMV -derived promoter were created by first cloning
OT 1T wxUOOOUIT UUwb O U O WLt dene-inGNLuNLwe (Fiy U10AY khenw O 1 wlOT 1 w
Ul xOEEDOT wOT T wt z+31whbbU0T wlil 1 WE-BIN-CMVIRLGOED OT w2 ( -
plasmid described previously (Gottwein and Cullen , 2007) which bears a deletion
extending from -18 t0-418 in U3.
All viruses express either WT integrase (IN), or IN bearing a point mutation,
D64V, that blocks IN function (Leavitt et al., 1996) Plasmids expressing the NL-NLuc
provirus, or the relevant mutant constructs, were transfected into 293T cells using
polyethylenimine (PEI). At 24h post-transfection, the spent media were replaced with
fresh media. At 72 h post-transfection, supernatant media were harvested and passed
through a 0.45um filter to remove cell debris. HIV -1-containing supernatants were

normalized using a p24 ELISA before being used to infect target cells.

3.5.3 ChIP-gPCR

Tet-inducible HTLV -1 Tax CEM-SS cells were cultured in 10ml of RPMI media
(at 1@ cells/ml) and infected with WT or IN - HIV -1 virus in the presence or absence of
0.5ug/ml Dox to induce Tax production. Prio r to infection, viral supernatants were
incubated with 5U/ml of DNAse | at 37°C for 1 hour to remove residual plasmid

contamination.
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Cells were harvested at the indicated times post-infection, rinsed twice with 1x
PBS and crosdinked with 1% formaldehyde for 20 min at 25 °C, before being quenched
in 0.125 M glycine for 5 min. The rinsed cells were then lysed and subjected to chromatin
immunoprecipitation (ChIP) as previously described (Irwan et al., 2020)to pull down
the DNA associated with the indicated NF-f ! wWUUEUODPUUWOUWOOEDI Pl Ewl DU
then purified using DNA cleanup columns (Zymo Research), digested with Dpnl (NEB)
to remove any residual plasmid contamination, then used for gPCR analysis using
primers that amplify either U5 -R on the HIV-uwux UOOOUT Uwop%/ 6 wk 2
CTCTCTGGTTAGACCAGATC -+ 7 O Ww-GCTAGAGATTTTCCACACTG -+ 7 gédDRB:
k GCGAGAGCGTCGGTATTAAGCG -+ 7 O WHAATCAKTECTAGCTCCCTGCTTGC -
F DHOUWUT 1T wOE OOU EDICAGAETCTAGGEGTGTICQGTA é uigkQuwi-l / 6 wk 7
TTCGATCTGGCCCATTTGGTCG-+ z AwPOwWEwW28! 1wl Ul 1 OwOEUUI UwODBR
data is expressed as a percent of input DNA, which is calculated by dividing the ChIP
copy number for each qPCR target by the copy number from input DNA and
multiplying by 100.
3.5.4 Luciferase Assays

Cells were washed three times in PBS, lysed in Passive Lysis Buer (Promega)
and assayed for NLuc activity using the Nano -Glo Luciferase Assay on a Lumat LB9507

luminometer (Bertold Technologies).
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3.5.5 Quantifying Changes in HIV-1 Replication and Viral Gene
Expression

10’ Tet-inducible Tax CEM -SS cells were suspendedn 10ml of RPMI medium
and infected with NLuc reporter viruses in the presence or absence of 0.5ug/ml Dox to
induce Tax expression. Viral supernatants were normalized by p24 and pretreated with
5 U/mL DNase | for 1 h at 37 °C to remove residual plasmid DN A. All IN - HIV -1
infections were supplemented with raltegravir (20uM) to prevent any revertant
mutations. Live cells were quantified, and 1(®live cells harvested on days 1, 2, 3,5, and 7
and equally split into 3 aliquots to assay NLuc or to extract and a halyze viral DNA and
RNA.

For DNA analysis, cells were spun down and washed three times in ice cold PBS
and the cells incubated with Dpnl (NEB) to remove any residual plasmid contamination.
DNA was then extracted using Quick -DNA Miniprep Plus columns (Zymo Research).

For RNA analysis, cells were lysed in TRIzol (ThermoFisher) and RNA harvested
according to the manufacturer's instructions, and DNasel treated for 2h. The DNasel
was then heat inactivated, and the RNA converted to cDNA using a High Capacity
cDNA Reverse Transcription kit (Applied Biosystems).

gPCR assays to quantify total HIV-1 DNA or RNA were performed in triplicate
in a QuantStudio 6 Pro real-time PCR system according to the manufacturer's

instructions. HIV -1 DNA/cDNA was amplified with a cust om total HIV -1 TagMan
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probe/primer set that amplifies the U5 -gag region of HIV -1(Butler et al., 2001 uidtin
DNA was PCR amplified using a premade TagqMan probe/primer set (ThermoFisher, Cat
s Kt huhulWll A-BctinecDNPAGNI RIWA analyses was quantif ied using a separate Tagman
ATCATTGC+ z O w-AAGCATKITGCGGTGGAC -t 7 Owx URAMI 0 wk 7
CCACCTTCCAGCAGATGTGGATCAGCAAG -TAMRA-+ z A6 w1l OEUDYI wg@UEOUD
HIV-1 DNA/RNAlevels PEUwx1 Ul OUOT EwUOUDPOT wOT 1T w, . " 3wli U1 OE
HIV-tuw# - v 1- wAdtintdrhdl aonirol (Livak and Schmittgen, 2001a)
3.5.6 Quantification of miR-K2
Tet-inducible HTLV -1 Tax CEM-SS cells were infected with IN+ or IN- pNL -miR-
K2 in the presence or absence of 0.5ug/ml Dox. Nevirapine (Sigma) was added to the
cells at 16hpi, and the cells harvested for RNA analysis using Trizol (ThermoFisher).
RNA was diluted to 2ng/ul then reverse transcribed with either a specific miR-K2 primer
or a U6 RNA internal control primer (Applied Biosystems) using a MicroRNA Reverse
Transcription kit (Applied Biosystems). The converted cDNA was then quantified by
Tagman gPCR small RNA assays thattarget either miR-K2 or U6. All gPCR assays were
performed in a QuantStudio 6 Pro real-time PCR machine. Quantification was

performed by correcting the observed miR -K2 level to the U6 internal control. Corrected
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mMiR-K2 expression levels were then normalized to the level of miR-K2 detected in cells

infected with IN+ pNL -miR-K2 in the absence of Tax, which was set to 1.

3.5.7 Western blot for HIV-1 Gag

Cells were lysed in Laemmli buffer, sonicated and denatured at 95°C for 10 min.
Lysates were run on a 4 20% SDSpolyacrylamide gel (Bio -Rad), transferred to a
nitrocellulose membrane and then blocked in 5% milk in PBS + 0.1% Tween (PBST).
Membranes were incubated with a p24-specific monoclonal antibody (#24-3) (AIDS
Reagent, ARP: 6458), or a glyceraldehyde $hosphate dehydrogenase (GAPDH)
antibody (Proteintech, 60004-1), followed by a secondary anti-mouse HRP antibody
(Sigma, A9044) in 5% milk in PBST for 1 h each and then washed in PBST. The
membranes were incubated with a luminol -based enhanced chemiluminescent (ECL)

substrate (Advansta) and signals visualized using GeneSnap (Syngene).

3.5.8 Reactivation of repressed IN- HIV-1 by Tax expression

Tax-inducible CEM -SS T cells were infected with NL-NLuc reporter virus and
nevirapine (Sigma) was added 16hpi to prevent secondary viral spread. 0.5ug/ml
Doxycycline in DMSO, or DMSO was added at 24hpi to induce a +/- Tax condition. Cells
were harvested at 24, 48, and 72hpi for measurement of NLuc expression and ChIR

gPCR analysis.
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Chapter 4. SUMOylation by the SMC5/6 complex triggers
the epigenetic silencing of unintegrated HIV-1 DNA and
promotes post-integration viral latency?

4.1 Importance

Unintegrated HIV -1 DNA is rapidly epigenetically silenced in infected cells.
Using an unbiased genetic screen, we identified the host SMC5/6 complex as essential
for this process. SMC5/6 first binds chromatinized, unintegrated HIV -1 DNA and then
induces its SUMOylation. Inhibition of this SUMOylation step, either by point
mutagenesis of the SMC5/6 componentNSMCE2, a SUMO E3 ligase, or using the
SUMOylation inhibitor TAK -981, blocks epigenetic silencing and rescues not only
transcription from unintegrated HIV -1 DNA but also the replication of integrase -
deficient HIV -1. Loss of SMC5/6 complex expression, ormhibition of SUMOylation by
SMC5/6, also inhibits the establishment of latent HIV -1 infections in both CD4+ T cell
lines and primary human T cells. These data demonstrate that the epigenetic silencing of
integration competent HIV -1 proviruses by the SMC5/6 complex prior to integration can
give rise to latent HIV -1 infections and reveal that the SMC5/6 complex is directly

involved in promoting HIV -1 latency.

This chapter is adapted from a study published in Nature Microbiology (Ishak et al., 2022).
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4.2 Introduction

The integration of the linear proviral DNA intermediate into the host cell
genome isnot only a defining feature of the retroviral life cycle but also essential for
appreciable levels of proviral transcription (Sakai et al., 1993; Schwartzberg et al., 1984)
As a result, integrase (IN) inhibitors are potent inhibitors of retroviral gene expression
and replication and IN inhibitors, such as dolutegravir and bictegravir, are widely used
to treat human immunodeficiency virus 1 (HIV -1) infected patients (Smith et al., 2021)

In the absence of IN function, transcription of the unintegrated proviral DNA
intermediate is rapidly inhibited due to the accumulation of repressive epigenetic mar ks,
such as trimethylation of lysine 9 on histone H3 (H3K9me3), combined with the absence
of activating marks, such as H3 acetylation (H3Ac) (Geis and Goff, 2019; Wang et al.,
2016) While it is generally believed that this epigenetic silencing represents a form of
host defense against invasive foreign DNA, the underlying mechanisms, and the host
cell factors that mediate this effect, remain incompletely defined (Goff, 2021; Tsai and
Cullen, 2020). In the case of the animal retrovirus Murine Leukemia Virus (MLV), a
Cas9based genomic screen, performed in the human cell line HelLa, identified three
components of the human silencing hub (HUSH) complex, as well as the DNA -binding
protein NP220, as critical for unintegrated MLV DNA silencing (Zhu et al., 2018)

However, this study, as well as subsequent work (Dupont et al., 2021; Irwan et al., 2020)
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failed to detect any role for the HUSH complex or NP220 in silencing unintegrated HIV -
1. More recently, a limited Cas9-based screen of 1,217 human genes found to be
downregulated by the HIV -1 Vpr protein identified a component of the stru ctural
maintenance of chromosome (SMC) 5/6 complex, specifically SMC5/6 complex
localization factor 2 (SLF2), as critical for unintegrated HIV -1 DNA silencing and
subsequently showed that six other components of the SMC5/6 complex, including
SMCS5 and 6 aswell as the four SMC5/6 associated proteins nonstructural maintenance
of chromosomes element 1 through 4 (NSMCEZX4), but not the SMC5/6 associated factor
SLF1, were also critical for the epigenetic silencing of episomal HIV-1 DNA (Dupont et
al., 2021) Of note, the SMC5/6 complex was previously shown to be degraded by the
hepatitis B virus (HBV) non -structural protein HBX and, in the absence of HBX,
episomal HBV DNA is also epigenetically silenced (Decorsiére et al., 2016; Murphy et al.,
2016) Thus, it seemed possible that the SMC5/6 complex might not only participate in
chromosomal replication, recombination and repair but also act as a host defense factor
capable of silencing invasive viral DNA.

While the identification of the SMC5/6 complex represented an important step in
advancing our understanding of how episomal HIV -1 (but apparently not MLV) DNA is
silenced, the limited scope of the Cas3based screen that led to its identification raised

the possibility that other factors critical for this process might remain to be uncovered.

105



We therefore sought to comprehensively identify the cellular factors involved in

episomal HIV -1 DNA silencing using a genome-wide Cas9-based genetic screen in
human T cells. In fact, our screen identified several SMC5/6 complex components,
unexpectedly including SLF1, as critical for this process. Further analysis demonstrated
that the ability of the SMC5/6 component NSMCE2, a known E3 small ubiquitin -like
modifier (SUMO) protein ligase (Andrews et al., 2005 Zhao and Blobel, 2005), to
SUMOylate unintegrated, chromatinized HIV -1 proviruses was required to trigger its
epigenetic silencing. As a result, the SUMOylation inhibitor TAK -981(Langston et al.,
2021)was found to rescue unintegrated HIV -1 DNA transcription as effectively as loss of
SMC5/6 complex function. Moreover, we show that TAK -981 also partially prevents the
establishment of latent infections by integrated HIV -1 DNA in primary T cells, thus
suggesting that the stable epigenetic silencing of unintegrated HIV -1 DNA can occur
prior to its integration. These data define a novel mechanism leading to the
establishment of the clinically important pool of | atently HIV -1 infected cells observedin

Vivo.

4.3 Results

4.3.1 Loss of the SMC5/6 complex rescues the replication of integrase
deficient HIV-1

To identify cellular factors that inhibit the transcription of unintegrated HIV -1

proviral DNA, we performed a genome wide CRISPR/Cas9 knock out screer(Wang et
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al., 2014)in the human CD4+ T cell line CEM-SS. We derived a subclone of CEMSS that
constitutively expresses the Streptococcus pyogengas9 protein and we then transduced
these cells with a lentiviral li brary expressing ~80,000 single guide RNAs (sgRNAS)
targeting 19,114 human genes with 4 sgRNAs each(Doench et al., 2016) Seven days
later, we infected the CEM-SS cells with a previously described derivative of HIV -1, IN-
NL -GFPDEnNv (Irwan et al., 2020) In this reporter virus, 943bp of the envgene have been
deleted, the nefgene has been substituted with sequences encoding green fluorescent
protein (GFP), and integrase (IN) has been inactivated by introduction of the D64V
mutation (Leavitt et al., 1996) However, this virus retains intact copies of the other six
viral genes, includin g vpr and tat. At 48 hours post-infection (hpi), cells expressing GFP
were collected by fluorescence activated cell sorting (FACS). GFP+ cells were then lysed
and the sgRNAs recovered by PCR and cloned into the same lentiviral vector. After
three rounds of selection for GFP+ cells, the sgRNAs present were recovered by PCR,
subjected to deep sequencing and the level of recovery of individual sgRNAs then
compared to their level in the original starting SgRNA library. As shown in the volcano
plot in Fig. 12A, we identified 9 sgRNAs that were enriched >16 fold and had a p value
<0.0005. The nine recovered sgRNAs included three sgRNAs targeting cell surface
receptors (LY9, OR52N2 and SSTR2) and one motor protein (MYO1B). These were not

further analyzed. Of more interest, this analysis also recovered four of the eight known
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components of the SMC5/6 complex, viz. SMC5, SMC6, SLF1 and NSMCES, as well as
the DNA repair protein SWI5 (Fig. 1 2A).

To confirm the functional relevance of the latter five proteins, as well as the other
four known SMC5/6 complex components (NSMCEL, 2 and 4 as well as SLF2), we
partially knocked down each of these proteins by transduction of the Cas9-expressing
CEM-SS cells with lentiviral vectors expressing two different SgRNAs specif ic for the
eight SMC5/6 complex components as well as SWI5 (Fig. S1). Knock down of any of the
eight SMC5/6 complex components substantially enhanced GFP expression from the IN
NL -GFPDEnNv vector. In contrast, knock down of SWI5 had no detectable effect ard

SWI5 was therefore considered to be a false positive.

108



A . Nisox
SMCs CEM-S5 150K ASMCS 150K ASMCS
100K 7 100K 5 100K 1
.
L9
50K 50K+ 50K
sTR: CF0F+
* . *3LF1 " NswcEs 0 0 ] o
. N . v r v v
‘. o Orsonze, smos < 1000 108 100 10° 1030 1088 1 10t
by ® 8
'i' @ 150K 150K oL 150K
K
M
100K 100K 100K ]
50K 50K 50K
’ E] 37T 4TS ’ ) 3 AT S ’
-10°0 100 100 10 -10°0 100 100 10
GFP Fluorescence
4 o 4
log2 Fold Change E —e— Cas9WT F 400 —e— Cas9WT
—=—  ASMC5WT < —=—  ASMCS5 WT
c . CEMsSS & 60+ —%— ASLF2WT % —%—  ASLF2 WT
150K WT HIV-1 = K -=-¢--  Cas9IN- 8 300 -+-- Cas9IN-
e --a-- ASMCSIN- £ s-a== ASMCS IN-
3 40 # —-e-- ASLF2IN- 'y 200 “-e-- ASLF2IN-
100K 5 ® e <
= %2ty o]
2 204 ©
5 2 100
50K - = 4
0 4
o 01234567 8910111213141516 012345678 91011121314
h dpi dpi
G —&— Cas9WT H —e— Cas9WT
D B —=—  ASMC5 WT —&—  ASMC5WT
150K —¥— ASLF2WT —*— ASLF2WT
< --#-- Cas9IN- < 400 --¢-- Cas9IN-
ook ] [} --a--  ASMCS5IN- & ~=a=r  ASMCS5 IN-
3 ~-e-- ASLF2IN- J -#--  ASLF2IN-
I I
3 5 200 {
50K = =l o
e L S g
550 e ot azmgze ¥
0 : T 11
10%0 108 10t 10° 91011121314 01234567 8091011121314
dpi
| m— WTHIV-1  H3ACLTR K
5 === IN-HIV-1 w 8 H3Kome3: LTR
S e e
r Hh
4
s s ¢
g3 g
2 =4
a2 [
£
s} 5 2
1
0 Q
Cas9 ASMCS5 ASLF2
ctl Crl Ctrl

Figure 122 A Genome -wide CRISPR/Cas Knockout Screen Reveals a Role for the
SMC5/6 Complex in Silencing Unintegrated HIV -1 DNA.

(A) Volcano plot of the mean fold change of sgRNAs specific for each gene and their
FDR-corrected Robust Rank Algorithm (RRA) p-values. Genes with a fold-change > 16
and p-value <0.0005 are labeled. Members of the SMC5/6 complex are in green. (B)
Flow cytometry of WT CEM-SS cells, and the indicated clonal knockout cell lines, 2 dpi
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with an IN- NL-GFPUEnv reporter virus at an MOI of ~0.3. (C-D) Flow cytometry of (C)
WT, or (D) +SddiEat2doeviith IN+ NL-GFPgENV reporter virus at an
MOI of ~0.3. Panels C and D show a representative experiment from three biological
replicates. (E-H) Time course of the infection of the parental CEM-SS Cas9 cells, or the
&SMC5 and &SS EldhesGuMN+ or IN- NL-NLuc. (E) Live cells, (F) virally
encoded NLuc expression, (G) total HIV-1 DNA, and (H) total HIV-1 RNA expression
guantified at the indicated dpi. All IN+ HIV-1-infected cultures were dead due to viral
cytopathicity by 7dpi. DNA and RNA levels were quantified by gPCR and normalized to
IN+ HIV-1-infected CEM-SS Cas9 cells at 1dpi, which was set to 1. Data shown
represent the average of three biological replicates with SD indicated. (I-K) The
indicated cell lines were infected with IN+ and IN- NL-GFP and subjected to ChIP-qPCR
at 2 dpi to quantify the addition of the activating histone modifications () H3Ac and (J)
H3K4me3, and the repressive histone modification (K) H3K9me3. Average of three
biological replicates with SD indicated. *** p<0.001 calculated with 2-way ANOVA,
Sidakds multipe comparisons test.

To more fully validate the SMC5/6 comp lex asa key factor blocking gene
expression from unintegrated HIV -1 DNA, we generated clonal knock out cell lines, in
CEM-SS T cells, for SMC5, SMC6, NSMCE2, NSMCE4, SLF1 and SLF2. In each case,
except for NSMCE2, we were able to generate two independentknock out cell lines to
avoid possible clonal variation. Sequencing of the targeted region in each open reading
frame (Table S1) confirmed the presence of inactivating frame shift mutations in all
copies of each gene and we further confirmed that each genewas, in fact, knocked out
by Western blot analysis (Fig. S2).These clonal SMC5/6 knock out cell lines showed the
same growth kinetics as the parental CEM-SS cells (Fig. S3A)Infection of each clonal
knock out cell line using an IN - HIV1 vector, NL -NLuc DEnv, in which GFP had been
replaced with the nano luciferase (NLuc) indicator (Irwan et al., 2020), revealed a closely
similar level of partial rescue of NLuc expression fro m unintegrated HIV -1 DNA in

every clonal cell line (Fig. S3). Moreover, infection of these CEM-SSderived knock out
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clones with the IN - NL -GFPDEnNv indicator virus at an MOI of ~0.3 revealed a very
similar level of GFP+ cells (from 29% to 43% positive, Fig 12B) to that seen in WT CEM-
SS cells infected with an IN+ form of NL -GFPDEnNv (32% positive, Fig. 12C), though the
IN+ form of NL -GFPDEnNv induced a higher mean fluorescence intensity. Of note,
infection of . SMC5 CEM-SS cells with the IN+ form of NL -GFPDEnNv yielded a
substantially higher percentage of GFP+ cells when compared to WT CEMSS cells
(compare Fig. 12C with Fig. 12D). As HIV -1 proviral integration is known to be
inefficient, with less than 50% of proviruses actually becoming integrated (Vandegraaff
et al., 2001) we hypothesize that this increase is due to the transcription of unintegrated
HIV -1 DNA in these IN+ virus infected cells. As expected, infection of WT CEM -SS cells
with the IN - NL -GFP virus did not give rise to any detectable GFP+ cells (Fig. 2B).
Given that an IN- HIV -1 mutant was able to give rise to levels of viral gene
expression that, while less than WT virus, were nevertheless substantial (Fig. S® and
Fig. 12B), we wondered if cells lacking a functional SMC5/6 complex might be able to
support a spreading infection by an IN - HIV -1 mutant, D64V (Leavitt et al., 1996)
performed in the presence of the integrase inhibitor raltegravir (Pollicita et al., 2014)to
prevent any revertant m utations. As shown in Figs. 1E to 1H, IN- HIV -1 was indeed able
UOwUI xOPEEUI wESEwWUxUI EEWwPOwWUT T w, 2, " kwWEOE W, 2+ %l

than WT HIV -1. Nevertheless, by 14 days postinfection (dpi), the IN - virus had
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achieved substantial levels of viral DNA, RNA and protein expression in both the

2, "kKwWEOEwW, 2+ % WEOOOEOWEI OOwoOPOI Owisselsi T 11 UwU
(Fig. 12F through H). The ability of IN - HIV -1 to mount a spreading infection in cells
lacking a functional SMC5/6 complex was further demonstrated by the death of the
entire culture as a result of viral cytopathicity by 16 dpi (Fig. 1 2E). Importantly, as 14dpi,
DNA sequencing confirmed that the D64V IN mutation was fully retained. Moreover,
while 2LTR circles, charactelistic of unintegrated HIV -1 DNA, were detected in cultures
infected by both IN+ and IN - virus, integrated HIV -1, detected by Alu-qgPCR (Brussel et
al., 2005) was only present in the former (Figs. S3BC). Thus, while the replication of IN -
HIV -1 in cells lacking the SMC5/6 complex is certainly slower than seen with WT HIV -1
in the presence or absence of SMC5/6, it is remarkable that an INHIV -1 mutant can

replicate at all.

4.3.2 Recruitment of the SMC5/6 complex to the HIV-1 LTR induces
the epigenetic repression of unintegrated HIV-1 DNA

Previously, the epigenetic repression of transcription from unintegrated HIV -1
DNA was shown to correlate with the selective recruitment of the repressive histone
modification H3K9me3 and loss of the activating modifications H3Ac and H3K4me3
(Geis and Goff, 2019; Irwan et al., 202Q)We therefore asked if loss of the intact SMC5/6
complex would prevent epigenetic silencing. Comparison of WT CEM-SS cells with

A a0 N PR N o~ oA N ..

T POT T UwOT i w 2, "kwOUw, 2+% WEOODEOWODOEOWOUUWET O
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the positive histone marks H3Ac and H3K4me3 to unintegrated IN - HIV -1 proviral

DNA occurred at similar levels to what was observed with WT HIV -1 (Figs. 12l and 12J).
Similarly, addition of the inhibitory H3K9me3 histone mark to unintegrated HIV -1 DNA
was strongly reduced in cells lacking the SMC5/6 complex (Fig. 12K). In contrast, neither
the level of total histone H3 bound to the viral LTR (Fig. S4A), nor the level of addition
of the H3K27me3 modification (Fig. S4B), were appreciably affected by loss of SMC5 or
SLF2 expression.

The SMC5/6 complex plays an important role in cellular DNA repair and is
known to bind DNA (Aragén, 2018). We therefore next asked if SMC5/6 bound
unintegrated HIV -1 DNA and, if so, whether binding was random or specific. For this
purpose, we expressed either FLAGtagged NSMEC2 or FLAG-Cas9, as a negative
control, in CEM-SS T cells and then infected the cells with the IN- NL -GFPDEnNv reporter
virus. At 2 dpi, we lysed the infected cells and performed ChIP -seq Cut&Run assays
(Skene and Henikoff, 2017)using either a FLAG -specific antibody, or IgG as a control.
This experiment revealed substantial, specific binding of FLAG -NSMCE2 to
unintegrated HIV -1 DNA (Fig. S40. While we could detect NSMCE2 binding across the
entire length of the proviral DNA, binding appeared to be concentrated inthe viral LTR
region, which contains the HIV -1 enhancer and promoter. However, this preferential

effect did not achieve statistical significance.
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Though the HIV-1 Vpr protein has been reported to enhance gene expression
from unintegrated HIV-1 DNA (Dupont et al., 2021; Poon and Chen, 2003) and degrade
the SMC5/6 component SLF-2 (Dupont et al., 2021), we have previously reported that
Vpr overexpression does not enhance gene expression from IN- HIV-1 (Irwan et al.,
2020) and WT Vpr+ viruses are strongly inhibited by integrase inhibitors(Smith et al.,
2021). To test the effect of Vpr on unintegrated viral gene expression, we infected WT or
PS M CGEM-SS cells with the IN- NL-GFPDEnNv virus +/-Vpr and saw no discernable

difference (Fig. S5).

4.3.3 SUMOylation of chromatinized unintegrated HIV-1 DNA is
required for epigenetic silencing

The NSMCE2 component of the SMC5/6 complex is aSUMO ES3 ligase (Andrews
et al., 2005; Zhao and Blobel, 20054nd SMC5/6 is known to SUMOylate a wide r ange of
protein substrates, including itself (Aragon, 2018). Moreover, SUMOylation by the
SMC5/6 complex, which is stimulated by DNA binding (Varejao et al., 2018) has been
shown to play an important role in DNA repair and recombination mediated by SMC5/6
(Aragon, 2018). Finally, several chromatin components, including histone H4, are subject
to SUMOylation and histone SUMOylation has been reported to exert a repressive effect
on gene expression(Ryu and Hochstrasser, 2021; Shiio and Eisenman, 2003)NVe
therefore wondered if chromatin SUMOylation by SMC5/6 might play a role in the
epigenetic silencing of unintegrated HIV -1 DNA. For this purpose, we generated a

clonal CEM-SS cell linein which the NSMCE2 component of SMC5/6 was knocked out
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using CRISPR/Cas, as confirmed both by DNA sequencing (Table S1) and Western blot

(Fig. S2).
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Figure 13: SUMOylation of chromatinized unintegrated HIV -1 DNA by the E3 SUMO
Ligase NSMCE2 Triggers Epigenetic Silencing.

(A) Fl ow cytometry at 2 BT celtstrandtiicedawithaszeNS MCE
lentiviral vector expressing nothing, FLAG-NSMCEZ2, or the FLAG-NS MCE 2 &S UMO
mutant and then infected with IN- NL-GFPDEnv at an MOI of ~0.3. Shown is a

representative experiment from three biological replicates. (B) Quantification of virally
encoded NLuc expression in the indicated cells infected with IN+ or IN- NL-NLucDEnv.
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NLuc expression was normalized to the IN- HIV-1 infection of WT CEM-SS cells, which

was set to 1. (C) Representative Western blot of FLAG-tagged WT FLAG-NSMCE and

the NSMCE2&SUMO expression after trB)hlRBuction
gPCR quantification of the level of bound, ectopically expressed FLAG-tagged NSMCE2

or endogenous SMC5 to unintegrated IN-HIV-1 DNA i n WT or -S&@8NSMCE CEM
cells. SUMO2/3 deposition was also determined by ChIP-gPCR. (E) Quantification of the

level of SUMO2/3 depositonontheHIV-1 L TR at 2 dpi i n -S8TFelleand &SM
infected with IN- NL-GFPDEnNv. IgG served as the negative control. Data shown in

panels B, D and E represent the average of three biological replicates with SD indicated.

**p<0.01, *** p<0.001, 2way ANOVA, Sidakds test).

As expected, loss of NSMCE?2 expresan strongly boosted GFP expression from
the IN- NL -GFPDEnNv virus and this rescue was blocked upon ectopic expression of a
WT NSMCE2 cDNA (Fig. 13 A3 w' OP1 YI UOwl RxUT UUDPOO WOl wOT T w- 2,
which lacks SUMOylation activity due to introduction of the previously described
C185S/H187Q mutationinto the essential RING finger domain of NSMCE2 (Jacome et
al., 2015) failed to inhibit GFP expression from unintegrated HIV -1 DNA (Fig. 13A). A
similar result was observed with the IN - NL-NLuc DEnv reporter virus in that loss of
-2,"$1 wl RxUT UUPOOOWPOWUT T w, -2, "3$1 WEOOOI Owul UEU
unintegrated HIV -1 DNA and this rescue could then be blocked by ectopic expression of
63w-2,"$l WEUODwWOOUwWEaAwWI RxUI UUDPOOwWABRuTHisl w- 2, " $1 .
Ul UUOUWPEUWOOUWEUT wOOwPOUUEEDPODUA WOT wlOT 1T w-2,"$
Western blot (Fig. 13" A8 w, OUI OY1 UOWEOUT wUT 1 w6 3 WEOEwWUT T w, 24
were able to bind unintegrated HIV -1 DNA and loss of NSMCE2 expression did not

inhibit the recruitment of the SMC5 component of the SMC5/6 complex to viral DNA

(Fig. 13D).
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To more directly confirm t hat the SMC5/6 complex indeed SUMOylates
unintegrated, chromatinized HIV -1 DNA, we performed ChIP -PCR using an antibody
specific for SUMO2/3 inWT CEM-2 2 wET OOUOWEOEwWUT T w, 2, "kKkwEOOOEOOuU
with IN - NL-GFP. As may be observed, we readily deteced the SUMO maodification on
unintegrated chromatinized HIV -1 DNA in WT cells, but not in cells lacking either

NSMCE2 or SMC5, which showed background levels of antibody binding (Fig. 13D, E).
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4.3.4 SUMOylation is required for the initiation, but not maintenance,
of epigenetic silencing of unintegrated HIV-1 DNA
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Figure 14: Deposition of SUMO at the HIV -1 LTR is Required for the Initiation, but
Not Maintenance, of Epigenetic Silencing.

(A) Viral NLuc expression at 2dpiinWTa nd &S MC&S dels Mfected with IN-NL-
NLucgEnv and treated with the indicated concentrations of TAK-981 from day 0. (B)

Viral RNA levels for unspliced (Gag mRNA), singly spliced (A1D1), and multiply spliced

(A4D7) RNA in CEM-SS cells infected with IN+ or IN- HIV-1 +/- 150nM of TAK-981,

measured at 2 dpi. RNA levels were normalized to WT HIV-1 infections absent TAK-981,
which were setto 1. (C) Vi r al NLuc expression a8Scdldpi i n
infected with IN- NL-NLucgEnv, with 150nM TAK-981 added at the indicated time points.
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NLuc expression is given relative to WT CEM-SS cells not treated with TAK-981, which
was set to 1. (D-F) ChIP-gPCR to quantify the amounts of (D) SUMO2/3, (E) H3Ac and
(F) H3K9me3, deposited on the HIV-1 LTR at 3dpi. 150nM TAK-981 was added at the
indicated times post-infection. Data shown in panels A through F represent the average
of three biological replicates with SD indicated. p-values in (A-B) were calculated with a
2-tailed unpaired t-test, Holm-Sidak multiple comparisons correction. p-values (D-F)

were calculated froma2-way ANOVA, Tukeybés test. *** p<0.

If chromatin SUMOylation is a critical step in the epigenetic silencing of
unintegrated HIV -1 DNA, then a drug that inhibits SUMOQylation should res cue gene
expression by IN- HIV -1. Recently, a novel anticancer drug, TAK-981, was described
that functions as a highly specific inhibitor of SUMO -activating enzyme (SAE), the
protein that catalyzes the first step in the enzymatic pathway that leads to pro tein
SUMOylation (Langston et al., 2021) yet TAK-981 was reported to show low toxicity
both in vitro and in vivo. We therefore initially performed a TAK -981 dose response
experiment in WT CEM-2 2 wET OOUOwWE U wbp | cOtpafedinfétiomlth thau, 2, " k
IN - NL -NLuc DEnv reporter virus. Vario us levels of TAK-981, from 5 nM to 1000 nM,
were added at the time of infection and the cells were then lysed and NLuc levels
guantified at 2dpi. TAK -981 indeed strongly boosted NLuc expression from
unintegrated HIV -1 DNA, reaching a plateau at ~75nM, where the level of NLuc
expression from the IN- NL-NLuc DEnv vector in WT cells became equal to the level

DOEUEIT E wb O w(Fig. 14A)k Imgoitaéti), FAK -981 had no detectable effect on

00

gene expression from the unintegrated IN- NL-NLucD$ OY wUIT x OUUIcelmdOw. 2, " K

lacking a functional SMC5/6 complex at all doses tested, thus arguing that the positive
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effect of TAK-981 on gene expression from unintegrated HIV-1 DNA in WT CEM -SS
cells is entirely due to the inhibition of SMC5/6 complex function.

To more systematically address the effect of TAK-981 on HIV-1 gene expression,
we used gRT-PCR to quantify the level of unspliced, singly -spliced and fully spliced
HIV -1 transcripts in WT CEM-SS T cells infected with WT or IN- HIV -1 in the presence
or absence of 150 nM AK-981. As may be observed (Fig14B), TAK-981 had only a
modest positive effect on the expression of viral RNA species by WT HIV -1 yet strongly
boosted the expression of all three classes of viral RNA from IN- HIV -1.

We next asked if the time of addition of TAK-981 would exert a differential effect
on viral gene expression from unintegrated HIV -1 DNA. For this purpose, we infected
6 3wOUw. 2, “S8 cellsHith IN- NL-NLuc DEnv and then added TAK -981 at
different time points from 0 to 48 hpi (Fig. 14C). At 72 hpi the cells were lysed and NLuc
activity determined. As expected, addition of TAK -981 at 0 hpi rescued NLuc expression
fromthe IN-NL-NLucD$ OY wU1 x OUUT UwYPUUUwWUOOwWUT T wol YI OGwUI I
this remained true until 24 hpi. However, rescu e of NLuc expression by TAK-981
addition was much weaker by 36 hpi and was undetectable at 48 hpi. To address
whether addition of TAK -981 indeed inhibited SUMOylation of unintegrated
chromatinized HIV -1 DNA, we performed ChIP -PCR at 3dpi looking at the level of

SUMO present on the viral LTR in WT CEM -SS cells, in the presence and absence of 150
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nNM TAK -N WROWE QEwbOwUT 1T w2, " KwWEOOOI- ML OtuDEr.x DwE T U1 U
Of interest, TAK -981 addition resulted in the loss of the SUMO maodification from
unintegrated HIV -1 DNA whether the drug was added early or late after infection (Fig.
14D). Thus, even though TAK-981 is ineffective at rescuing gene expression from
unintegrated HIV -1 DNA if added at 36 hpi or later (Fig. 14C), it remains equally
effective at preventing the maintenance of the highly dynamic SUMO modification on
viral DNA (Fig. 14D). We conclude that SUMOylation by the SMC5/6 complex is
required to trigger epigenetic silencing of unintegrated HIV -1 proviral DNA but is not
required to maintai n the silenced state. This hypothesis was further validated by ChiP-
gPCR analysis of the epigenetic marks present on unintegrated viral DNA in the
presence and absence of TAK981 (Fig.14E and F). Thus, addition of 150nM TAK-981 at
16 hpi or 24 hpi fully r escued the addition of the activating H3Ac epigenetic mark to
unintegrated chromatinized HIV -1 DNA, and blocked addition of the repressive
H3K9me3 mark. In contrast, by 36 hpi, addition of TAK -981 is almost entirely ineffective
at reversing the epigenetic silencing of unintegrated HIV -1 DNA, as measured by
analysis of both H3Ac and H3K9me3 addition. Thus, while TAK -981 can prevent the
establishment of latent infections by HIV -1, if applied early after infection, it has no
effect on gene expression from preexisting latent HIV -1proviruses and therefore does

not function as a latency reversing agent (LRA). This is clearly shown in Fig. S6A, where
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addition of TAK -981 at 24hpi rescues viral gene expression after infection with IN- HIV -
1 while addition at 48hpi h as no effect. In contrast, the potent LRA phorbol myristate
acetate (PMA) (Jordan et al., 2003yescues gene expression from IN HIV -1 equally well

when added at both 24hpi and 48hpi.

4.3.5 Epigenetic silencing of unintegrated HIV-1 DNA can precede the
formation of integrated, latent HIV-1 proviruses

CEM-SS Cell Line

It was recently proposed that infection with integration -competent HIV -1 could
generate HIV-1 proviruses that had been epigenetically silenced prior to integration and
then remained silenced post-integration, thus generating a population of latently
infected T cells (Geis et al., 2022)If this hypothesis is correct, then inhibiting the
silencing of unintegrated HIV -1 DNA by SMC5/6 might also inhibit the formation of
latently infected T cells. To test this hypothesis, we initially asked if loss of SMC5/6
expression, or treatment with TAK -981 immediately after HIV -1 infection, would inhibit
the establishment of latent HIV -1 infections in the CD4+ T cell line CEM-SS. The assay
used (Jordan et al., 2003)nvolves the infection of wild type (WT) or | 2, " GEM-SS
cells with the IN+ NL -GFPDEnNv indicator virus, in the presence or absence of TAK-981,
at an MOI of ~0.1. At 3 dpi, the cells were subjected to FACS and GFP negative cells,
representing either uninfected or latently HIV -1 infected cells, isolated. As expected, the

resultant FACS profiles again showed a higher level of GFP+ cells in the WT CEMSS
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treated with TAK -981 at Odpi and inthe, 2 , " GEM-SS regardless of TAK981
treatment (Fig. S6C), presumably again resulting, at least in part, from the transcription
of the unintegrated HIV -1 DNA present in cells infected with the IN+ NL -GFPDEnv
indicator virus, The isolated GFP negative cells were cultured for an additional 6 days
and then treated with the DMSO diluent, as a control, or with TAK -981, PMA or with
tumor necrosis factor alpha (TNF-a). Both PMA and TNF-a are potent activators of NF-
kB activity and t herefore act as highly effective LRAs (Jordan et al., 2003; Osborn et al.,
1989) One day later, at 10dpi, the cells were again analyzed by flow cytometry with a
representative experiment shown in Fig. 15A and a compilation of three independent
biological replicates shown in Fig. 15B. Importantly, all unintegrated HIV -1 DNA is lost
from infected CEM -SS cells by 7dpi (Fig. $B), so any GFP expressiorseen at 10dpi must

originate from integrated proviruses .
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Figure 15: Loss of SUMOylation by the SMC5/6 complex inhibits the establishment of
HIV -1 latency in CD4+ T cells.
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WT or S MGS cels lvdle infected with IN+ NL-GFPqENv +/-TAK-981. At 3dpi,
GFP- cells were isolated by FACS (see Fig. S6A for the relevant FACS profiles) and the
cells then cultured for an additional 6 days, to allow all unintegrated HIV-1 DNA to be
lost (Fig. S6B), before being either treated with diluent (DMSO), with TAK-981 or with
the LRAs PMA or TNF-U. One day later, the cells were analyzed by FACS for GFP
expression. Representative FACS profiles are shown in panel A while a summation of
data derived from three biological replicates, with SD indicated, is shown in panel B. ***
p<0.001 calculated witha2-way ANOVA, Tukeyb6s multiple

As may be observed, in WT CEM-SS cells, PMA and TNFa both induce GFP
expression in ~5% of the sorted GFPnegative cells, while the level of GFP+ cells in the
DMSO control culture was ~0.3% (Figs.15A and B), a difference that was highly
significant (p<0.001). In contrast, PMA or TNF-a treatment at 9dpi failed to induce GFP
expression above background from integrated IN+ NL -GFPDEnNv indicat or viruses in
WT CEM-SS cells treated at Odpi with TAK-981, orinthe, 2 , " GEM-SS clone either in
the absence or presence of TAK981 treatment at 0dpi (Figs.15A and B), even though the
initial infection of these cells, as measured by GFP expression fromtranscriptionally
active viruses, was actually higher than seen in the WT CEM-SS culture (Fig. $C). These
data therefore argue that the establishment of latent HIV -1 infections in CEM-SS T cells
is inhibited by >90% in the absence of SMC5/6 function.

If epigenetic silencing of unintegrated HIV -1 DNA can lead to the establishment
of latent infections, then delaying integration might increase the number of latent
infections. To test this idea, we infected WT CEM-SS cells with theIN + form of the NL -
GFPDEnNv indicator virus in the presence or absence of the integrase inhibitor raltegravir.

The drug was washed out at 2dpi and GFP- cells isolated by FACS at 5dpi. The cells
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were then treated with diluent, PMA or TNF -a at 11dpi and analyzed by FACS at 12dpi.
Treatment with raltegravir from 0 to 2dpi indeed increased the percentage of cells that
expressed GFP after treatment with either PMA or TNF-a, even though the number of
GFP+, that is productive, infections detected at 5dpi was similar (Fig. S7). Thus
prolonging the period of time between proviral DNA synthesis and integration
significantly (p<0.001) increases the number of latent, integrated proviruses that can then
be activated by an LRA. These data demonstrate that HIV-1 latency can indeed be

established prior to proviral integration.

Primary CD4+ T cells

To test the hypothesis that SMC5/6 contributes to the establishment of viral
latency in an even morerelevant cellular system, primary human T cells, we first asked
whether TAK -981 was also able to escue gene expression from unintegrated HIV-1
DNA in infected CD4+T cells isolated from peripheral blood mononuclear cells
(PBMCs). As shown in Fig. 16A, we observed a highly significant, albeit partial, rescue

of NLuc expression from the IN - NL -NLuc DEnv reporter virus in these primary cells.
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Figure 16: Epigenetic silencing of unintegrated, yet integration competent, HIV -1
proviruses can lead to latent infections.

(A) CD4+ T cells isolated from donated blood were infected with IN+ or IN- NL-
NLucgEnv in the presence of 150nM TAK-981 in DMSO, or with only DMSO, at 0 hpi.
The cells were harvested at 48 hpi, lysed and NLuc levels determined. Average of three
biological replicates with SD indicated. ** p<0.01 calculated with a 2 tailed unpaired t-
test. (B) CD4+ T cells were infected with a replication defective, GFP/mCherry dual color
reporter virus at a low MOI of ~0.05 in the presence of DMSO or 150nM TAK-981 added
at infection, or with 150nM TAK-981 or 80nM PMA added at 6dpi. The number of GFP
and mCherry expressing cells was then determined at 7 dpi by flow cytometry. (C-E)
Data from 5 independent primary CD4+ T cell infections carried out as in (B) showing the
percentage of (C) GFP+mCherry+, (D) GFP-mCherry+, or (E) GFP-mCherry- cells at
7dpi in the presence and absence of TAK-981 added at Odpi. Individual experiments
using the same T cell samples, +/- TAK-981, are linked by lines. (F) Statistical analysis
using a 2 tailed ratio paired t-test of the data shown in panels C through E.
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Next, we asked if TAK -981 could indeed inhibit the establishment of latent HIV -1
infections in primary CD4+ T cells using an alternative, second assay for HIV-1 latency
that uses adual-color reporter virus (Chavez et al., 2015; Dahabieh et al., 2013)n these
HIV -1 viruses, GFP is expressed under the control of the viralLTR, which is silenced in
latently infected cells, while mCherry is expressed under the control of the exogenous
a dual-color HIV -1 reporter generates cells that ae both GFP+ and mCherry+,
representing productive infections, and cells that are GFP- but mCherry+, representing a
subset of latent infections. We therefore asked if addition of TAK -981 at 0 dpi, but not at
6 dpi, to cells infected with the IN+ dual -color reporter virus would affect the level of
GFP-mCherry+ cells at 7dpi, which is the earliest time point when all unintegrated HIV -
1 DNA would have been lost (Fig. S8A).

In fact, we observed a consistent reduction in the number of latently infected,
GFP-mCherry+ primary T cells when TAK-981 was added at 0 dpi (from 2.11% to 0.79%
in Fig. 16B), but we saw no significant effect on the level of GFP-mCherry+ cells when it
was added at 6 dpi, as predicted (Figs. 16B, see also Fig. 8C). We also saw the expected,
concomitant increase in the percentage of GFP+ mCherry+ T cells in the culture treated

with TAK -981 at 0 dpi (from 2.62% to 4.43%, in Figl6B), representing productive
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infections. Again, this increase was essentially lost when TAK-981 was added at 6 dpi
(Fig. 16B, see also Fig. 8C).

As shown in Figs. 5C through E, which present data compiled from five
independent biological replicates that used primary CD4+ T cellsobtained from five
different blood donors, we saw a consistent increase in the number of GFP+ mCherry+ T
cells (Fig. 16C), and a consistent decrease in the number of GFAnCherry+ cells (Fig.
16D) in every experiment analyzed. Overall, addition of TAK -981 at Odpi increased the
number of productively infected, GFP+ mCherry+ cells by 1.62+/0.024 fdd (p<0.0001)
and decreased the number of latently infected, GFP-mCherry+ cells by 0.55+/0.115 fold
(p=0.007) (Fig.16F). We noted that the increase in GFP+mCherry+ cells appeared to
derive not only from the GFP -mCherry+ population but also from the GFP -mCherry -
population, which decreased modestly but significantly in the culture treated with TAK -
981 at 0dpi (Figs.16E and F, overall ratio 0.98+/0.006, p=0.047). Therefore, TAKO81
treatment at Odpi appears to also inhibit the generation of cells in whic h both the LTR
and EF:Y wx UOOOUT UwEUI wi xBT 1 Ol UPEEOOawuUDOI OEI Eb w

Of interest, the addition of PMA at 6 dpi resulted in a pattern of GFP and
mCherry expression essentially identical to the pattern seen when TAK -981 was added
at 0 dpi (Fig. 16B), thus again implying that the latent infections blocked by inhibition of

SMC5/6-dependent SUMOylation of chromatinized HIV -1 proviruses prior to
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integration are approximately numerically equal, and likely identical, to the latent
proviruses activated by PMA treatment. Indeed, the addition of TAK -981 atthe time of
infection, or PMA at 6dpi , showed similar patterns of mCherry and GFP expression
across multiple biological replicates with no statistically significant difference between
them (Fig. S8B).

Overall, these data indicate that unintegrated, but integration -competent, HIV -1
proviruses, that have been epigenetically silenced early after infection by the SMC5/6
complex, can subsequently integrate and thus represent precursors to a substantial

subset of the integrated, latent proviruses observed in vivo.

4.4 Discussion

While current antiretroviral therapies (ART) are able to drive the HIV -1 viral
load present in AIDS patients to below the level of detection, these drugs fail to cure the
disease. Thereason for this is the continued presence of a small number of latently
infected T cells that contain integrated, fully intact HIV -1 proviruses that are
transcriptionally inert yet can be activated by external stimuli, such as a cognate antigen,
and thus rekindle viral replication (Siliciano and Greene, 2011) While there has been
considerable effort expended on trying to develop latency reversing agents (LRAS) that

can globally transcriptionally activate latent HIV -1 and, in the presence of ART, clear the
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body of infectious virus, this effort has so far failed to identify LRAs that are both
effective and non-toxic.

The latent reservoir has traditionally been attributed to activated T cells that are
infected by HIV -1 coincident with their reversion back to resting memory T cells
(Siliciano and Greene, 2011) However, HIV -1 latency can be estalished in both CD4 T
cell lines and activated T cellsin vitro(Dahabieh et al., 2013; Jordan et al., 2003)dicating
that this is certainly not the only possible mechanism. In fact, most of the latent reservoir
in patients undergoing ART is maintained th rough clonal expansion (Bui et al., 2017;
Hosmane et al., 2017; Lorenzi et al., 2016; Reeves et al., 201ih many latent cells
expressing proliferation markers HLA -DR (Horsburgh et al., 2020; Lee et al., 2019)
CD25(Tran et al., 2008) and CD69 (Cantero-Pérez et al., 2019)Thus, repression of HIV-1
gene expression in latency is not just the result of the quiescent state of resting memory
T cells. Latency has also been propsed to result from the integration of incoming HIV -1
proviruses into regions of heterochromatin, resulting in their epigenetic silencing (Jordan
et al., 2001) Yet analysis of individual latent HIV -1 integration sites in patients
undergoing long -term ART has shown that most of the intact, full -length HIV -1
proviruses are integrated into actively transcribed geneqArtesi et al., 2021; Cole et al.,

2022; Einkauf et al., 2019; Han et al., 2004; Huang et al., 2020)verall, the mechanism(s)
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underlying the establishment of HIV -1 latency hastherefore remained unclear and
cellular factors that promote viral latency largely undef ined.

Here, we show that the human SMC5/6 complex epigenetically silences
unintegrated HIV -1 DNA by inducing the SUMOylation of chromatinized, unintegrated
HIV -1 DNA. As a result, loss of SMC5/6 expression, or inhibition of chromatin
SUMOylation using the inhibitor TAK -981, rescues gene expression from unintegrated
HIV -1 DNA and even allows IN - HIV -1 to establish a spreading infection in cultured T
cells (Fig. 12). More importantly, we also show that loss of SMC5/6 expression, or
treatment with TAK -981, stongly inhibits the establishment of HIV -1 latency in both the
CEM-SS T cell line and in primary CD4+ T cells (Figs.15and 16). Our data therefore
demonstrate that a key mechanism underlying the initiation of HIV -1 latency is the
epigenetic silencing by SMC5/6 of unintegrated proviruses that then go on to integrate
into the host genome while retaining their pre -existing inhibitory epigenetic marks.
These data identify the human SMC5/6 complex as the first cellular factor directly
involved in promoting the establishment of HIV -1 latency.

While the key result reported here is the definition of a mechanism promoting
the epigenetic silencing of integratedHIV -1 DNA, the initial goal was instead to identify
the cellular factors that promote the epigenetic silencing on unintegratedHIV -1

proviruses. For this purpose, we performed an unbiased genetic screen of essentially the
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entire human proteome to identify factors required for the silencing of unintegrated
HIV -1 DNA and report that all eight components of the SM C5/6 complex, including
SLF1, play a key role in this process(Figs. 12B and S3) Indeed, in the absence of SMC5/6
complex function, we found that an IN - HIV -1 mutant is able to replicate as an episome
and mount a spreading, cytopathic infection in culture d T cells (Fig. 12E to H). As
expected, loss of SMC5/6 function also resulted in the loss of inhibitory epigenetic
marks, such as H3K9me3, and the deposition of activating epigenetic marks, including
H3Ac and H3K4me3, on unintegrated HIV -1 DNA (Fig. 12l to K)). While our screen
therefore confirmed a report identifying the SMC5/6 complex as involved in the
epigenetic silencing of unintegrated HIV -1 proviruses(Dupont et al., 2021), we failed to
recover two other factors, CHAF1A and 1B, that were recently identified as also
important for this process (Geis et al., 2022)

Because the NSMCE2 component of the SMC5/6 complex is known to function as
a SUMO E3 ligas€Andrews et al., 2005; Zhao and Blobel, 2005)and histone
SUMOylation has been associated with transcriptional repression(Ryu and
Hochstrasser, 2021; Shiio and Eisenman, 2003)ve next asked if SUMOylation of
chromatinized, unintegrated HIV -1 DNA was detectable and, if so, whether this was
mediated by SMC5/6. In fact, SUMOylation of unintegrated HIV -1 proviral DNA was

not only readily d etectable but also critical for its epigenetic silencing, as shown both by
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targeted mutagenesis of the RING finger domain of NSMCE2, which is essential for
SUMOylation activity (Fig. 13), and also by the fact that the SUMOylation inhibitor
TAK-981 effectively rescues transcription from unintegrated HIV -1 DNA (Fig. 14).
Importantly, while TAK -981 rescued gene expression from unintegrated HIV-1 DNA in
infected wild type T cells, it had no detectable effect in infected cells lacking a functional
SMC5/6 complex (Fig. 14), thus identifying SUMOylation by SMC5/6 as the only
relevant drug target in this context. Using TAK -981, we were further able to demonstrate
that SUMOylation by SMC5/6 was essential to initiate the epigenetic silencing of
unintegrated HIV -1 DNA , yet was dispensable for the maintenance of epigenetic
silencing (Fig. 14). Thus, the addition of TAK -981 to T cell cultures no longer rescues
transcription from unintegrated HIV -1 DNA if it is added after 36 hpi, even though it
still inhibits the retentio n of SUMO modifications on viral chromatin (Fig s. 14C, D).
Overall, these data are consistent with the hypothesis that the SMC5/6 complex
somehow recognizes episomal viral DNA, including not only HIV -1 but also HBV
DNA (Decorsiére et al.,2016; Murphy et al., 2016) then binds that DNA directly and
induces the SUMOylation of bound chromatin. This in turn recruits factors that
epigenetically silence the viral DNA, at which point both the SMC5/6 complex and the

SUMO modification become dis pensable.
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While the finding that SUMOylation of unintegrated HIV -1 DNA by the SMC5/6
complex is certainly novel, the most important findings reported here are data
supporting the hypothesis that the formation of integrated, latent HIV -1 provirusesin T
cells can result from the epigenetic silencing of integration -competent HIV -1 DNA, prior
to integration, by the SMC5/6 complex. As shown in Fig. 15, loss of SMC5/6 complex
function, either due to ablation of SMC5 expression or due to treatment with TAK -981,
inhibits the establishment of HIV -1 latency by IN+ HIV -1 by >90% in the CEMSS T cell
line. Similarly, treatment with  TAK -981also inhibits the establishment of latent HIV -1
infections in primary human CD4+ T cells when they are infected with IN+ HIV -1, albeit
by a more modest ~2fold (Fig. 16). Specifically, using the well characterized two color
indicator virus system for the detection of latently HIV -1-infected cells(Chavez et al.,
2015; Dahabieh et al., 2013)we show that addition of TAK -981 at Odpi, but not at 6dpi,
significantly reduces the percentage of latently infected T cells, deected by FACS as
GFP-mCherry+ cells, while substantially increasing the population of productively HIV -
1 infected cells, which are detected as GFPmCherry+ cells. This effect is not only highly
reproducible (Figs. 16C and D) but also highly statistically significant (Fig. 16F). Our
data thus imply that the establishment of many, and probably most, latent HIV -1
infections in T cells, which is the key factor preventing the complete cure of HIV -1

infected individuals by ART, results not from any intrinsic pro perties of the incoming
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retrovirus but rather is due to an unfortunate side effect of a cellular innate immune
response thatlikely evolved to silence invasive foreign DNA.

One issue that merits discussion is that both the assays used here to quantify the
level of latent HIV -1 infection in vitro detect unexpectedly high levels of HIV -1 latency.
The first of these two distinct assays involves the infection of CEM-SS T cells with an
indicator virus in which the Nef open reading frame has been substituted with GFP,
followed by isolation of GFP - cells at 3dpi. These GFP cells are then treated with an
LRA at 9dpi and GFP+ cells, which are defined as latently infected by their lack of GFP
expression prior to LRA treatment, quantified by FACS at 10dpi (Fig. 15). While this
analysis detected ~5% GFP+ cells at 10dpi after LRA treatment, defined as originally
latently HIV -1 infected cells, this is in fact only modestly higher than the ~1.9% latent
infections previously reported using this assay in the Jurkat T cell li ne(Jordan et al.,
2003) Similarly, using a two color indicator virus assay approach, we observed that
~30% of infected cells displayed the GFPmCherry+ pattern characteristic of latent
infection by HI V-1 (Fig. 16). In fact, a previous analysis of latency establishment, using a
very similar two -color indicator virus, also reported a high, ~50%, level of latent
infection (Dahabieh et al., 2013) While these earlier data suggest that currently available
assays to quantify the establishment of HIV-1 latencyin vitro are imperfect, it is

important to note that two different assays performed in two different T cell contexts
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both strongly support a role for the SMC5/6 complex in the establishment of latent HIV -

1 infections.
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4.5 Materials and Methods

4.5.1 Key Resources Table

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
Mouse anti-CD28/CD49d BD Biosciences 347690;
RRID:AB_647457
Rabbit anti-SMC5 Invitrogen PA5-115931;
RRID:AB_2900565
Rabbit anti-SMC6 Invitrogen PA5-80042;
RRID:AB_2747157
Rabbit anti-NSMCE2 Proteintech 136271-AP;
RRID:AB_10637854
Rabbit anti-NSMCE4 GeneTex GTX121270;
RRID:AB_11169701
Rabbit anti-SLF1 Abgent AP5407a;
RRID:AB 10816722
Rabbit anti-SLF2 Abcam ab122480;
RRID:AB 11129755
Rabbit anti-mouse 1gG Abcam ab46540;
RRID:AB_2614925
Rabbit anti-H3Ac EMD Millipore 06-599;
RRID:AB_ 2115283
Rabbit anti-H3K4me3 Cell Signaling 9751S;
RRID:AB_2616028
Rabbit anti-H3K9me3 Abcam ab8898;
RRID:AB_306848
Rabbit anti-H3K27me3 Cell Signaling 9733S;
RRID:AB_2616029
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Mouse anti-BActin

Proteintech

660091-g;
RRID:AB_2687938

Anti -Rabbit HRP Sigma cat#A6154;
RRID:AB_258284
Anti -Mouse HRP Sigma cat#A9044,
RRID:AB258431
Rabbit anti-SUMO2/3 Abcam ab3742;
RRID:AB_304041
Mouse anti-FLAG Sigma F3165;

RRID:AB_259529

Bacterial and virus strains

HIV -1 NL-NLuc (IN+/ -) (Mefferd et al., N/A
2018)
HIV -1 NL-NLuc Denv (IN+/-) | This paper N/A
HIV -1 NL-GFPDenv (IN+/-) This paper N/A
HIV -1 NL-DC Denv (IN+) This paper N/A
Endura Electrocompetent Lucigen 602421
Cells
#' kYw" O0O0x1 U1 O6(NEB C2988J
Biological samples
Healthy Human Blood Gulf Coast N/A
Regional Blood
Center
Chemicals, peptides, and recombinant proteins
#UOEI EEOz UwOOE Sigma D6429
Medium (DMEM)
Roswell Park Memorial Sigma R8758

Institute (RPMI) Medium
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Antibiotic Antimycotic Gibco 15240062
Fetal Bovine Serum Hyclone SH30396
PEI Polysciences 239662
Blasticidin Santa Cruz sc-495389
Puromycin Gemini Bio- 400-128P
Products
Histopaque Sigma-Aldrich 10771
Phytohemagglutinin Sigma-Aldrich 11082132001
Dpnl NEB RO176S
DNAsel NEB MO0303Sxma
Ndel NEB RO111S
Xmal NEB R0180S
Raltegravir Sigma-Aldrich PHR3126
Trizol Thermo 15596026
Formaldehyde Sigma-Aldrich 252549
Protein G Dynabeads Thermo 10004D
Salmon Sperm DNA Thermo 15632011
Spermidine Sigma S2501
Complete EDTA Free Sigma 5056489001
Protease Inhibitor
Concanavalin A Beads Bangs BP531
Laboratories
Digitonin EMD Millipore 300410
pPAG -MNase Epicypher 151016
Glycogen Sigma 10930193001
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RNAseA Thermo ENO0531
Proteinase K Thermo EO0492
Ampure XP Beckman Coulter | A63880
TAK-981 MedChemExpress | HY-111789
Phorbol myristate acetate Sigma P8139
(PMA)

Critical commercial assays

CD4 Positive Isolation kit Invitrogen 11331D
HIV -1 p24 Antigen Capture | ABL 5421
ELISA

Plasmid Maxiprep Kit Zymo D4202
ZymoClean PCR Purification | Zymo D4008

Kit

Q5 DNA Polymerase NEB MO0491S
Nanoluciferase Assay Kit Promega N1110
WesternBright ECL kit Advansta K-12045D50
DNA Miniprep Plus Zymo D4068
High Capacity cDNA Applied 4368813
Reverse Transcriptase Kit Biosystems

Tagman Universal PCR Applied 4324018
Master Mix Biosystems

NEBNext Ultra Il Library NEB E7645S
Prep Kit

Deposited data

Whole Genome Crispr Cas9 | This paper NCBI Sequence Read

Knockout Data

Archive (SRA). ID:
PRJNA813173
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Cut&Run ChIP Seq
Sequencing Data

This paper

NCBI Sequence Read
Archive (SRA). ID:
PRJINA813164

Experimental models: Cell lines

293T ATCC CRL-11268, RRID:
CVCL_1926

CEM-SS NIH AIDS cat#776, RRID:
Reagent CVvCL_J318

CEM-SS FlagCas9 This paper N/A

CEM-2 2w, 2, " k 6 huw This paper N/A

CEM-2 2w, 2, " k 6 huw This paper N/A

CEM-22 w, 2, "t 6| w This paper N/A

CEM-22 w, 2, "t 6| w This paper N/A

CEM-22 w, - 2, " $1 0| This paper N/A

CEM-2 2 w, - 2, " $ KO/ This paper N/A

CEM-2 2w, - 2, " $ K4/ This paper N/A

CEM-2 2 w, 2 + %hu6 | w| This paper N/A

CEM-2 2 w, 2 + %hu6 K w| This paper N/A

CEM-2 2 w. 2 + %l 6 huw This paper N/A

CEM-2 2 w. 2 + %l 6| w This paper N/A

CEM-SS FlagNSMCE2 This paper N/A

Oligonucleotides

Primer sgRNA cloning This paper N/A

forward:

TGGACTATCATATGCTTA

CCGTAACTTGA
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Primer sgRNA cloning
reverse:

GGCTCGAGGGGGCCCGG
GTGCAAAGATGGATA

This paper

N/A

NEBNext Multiplex Oligos
for lllumina

NEB

E7335L

HIV_U5 -R gPCR forward:

CTCTCTGGTTAGACCAGA
TC

(Irwan et al., 2020)

N/A

HIV_U5-R qPCR reverse:

GCTAGAGATTTTCCACAC
TG

(Irwan et al., 2020)

N/A

HIV_gag qPCR forward:

GCGAGAGCGTCGGTATT
AAGCG

(Tsai et al., 2021)

N/A

HIV_gag qPCR reverse:

AATCGTTCTAGCTCCCTG
CTTGC

(Tsai et al., 2021)

N/A

HIV_A1D1 gqPCR forward:

GATCTCTCGACGCAGGA
CTC

(Tsai et al., 2021)

N/A

HIV_A1D1 gPCR reverse:

TGGTCCTTTCCAAACTGG
AT

(Tsai et al., 2021)

N/A

HIV_A4D7 gPCR forward:

CAAGCTTCTCTATCAAAG
CAACC

(Tsai et al., 2021)

N/A
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HIV_A4D7 gPCR reverse:

AATCGAATGGATCTGTCT
CTGTC

(Tsai et al., 2021)

N/A

HIV_2LTR gPCR forward:

AACTAGGGAACCCACTG
CTTAAG

(Butler et al., 2001)

N/A

HIV_2LTR gPCR probe:

FAM -
ACACTACTTGAAGCACTC
AAGGCAAGCTTT -
TAMRA

(Butler et al., 2001)

N/A

HIV_2LTR gPCR reverse:

TCCACAGATCAAGGATA
TCTTGTC

(Butler et al., 2001)

N/A

Unspliced B-Actin Primer Set

Thermo

431182

Spliced Actin gPCR reverse:

CAATGAAGATCAAGATC
ATTGC

(Irwan et al., 2020)

N/A

Spliced Actin qPCR probe:

FAM -
CCACCTTCCAGCAGATGT
GGATCAGCAAG -TAMRA

(Irwan et al., 2020)

N/A

Spliced Actin gPCR reverse:
AAGCATTTGCGGTGGAC

(Irwan et al., 2020)

N/A

Recombinant DNA

pLentiCrispr v2 Blast Unpublished RRID:Addgene_83480
"1 W6 AK Unpublished RRID:Addgene_22036
pMD2.G Unpublished RRID:Addgene_12259
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Brunello Human CRISPR
Knockout library

(Doench et al.,
2016)

RRID:Addgene_73178

pLentiGuide puro

(Sanjana et al.,

RRID:Addgene_52963

2014)
pLCE (Patil et al., 2018) | RRID:Addgene_123318
FLAG-NSMCE2 cDNA ORF | Genscript OHu31586
Clone
pLCE-FLAG-NSMCE2 This paper N/A
pLCE FLAG- This paper N/A
NSMCE2DSUMO,

Software and algorithms

MAGECK -VISPR

(Li et al., 2015)

https://sourceforge.net/
p/mageck/wiki/Home/

Cut&RunTools

(Zhu et al., 2019)

https://bitbucket.org/gz
hudfci/cutruntools/src/
master/

Trimmomatic

(Bolger et al., 2014)

http://www.usadellab.
org/cms/in dex.php?pa
ge=trimmomatic

Bowtie2 (Langmead and http://bowtie -
Salzberg, 2012) bio.sourceforge.net/bo
wtie2/index.shtml
Picard Broad Institute https://broadinstitute.g

ithub.io/picard/

Integrative Genomic Viewer

Broad Institute

https://software.broadi
nstitute.org/software/ig
v/

SAMtools (Li et al., 2009) http://www.htslib.org/
Prism Graphpad https://www.graphpad
.com/
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4.5.2 Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed

to and will be fulfilled by the lead contact, Bryan R. Cullen ( bryan.cullen@duke.edu).

Materials Availability

Unique reagents generatedin this study will be made available upon reasonable

request to the lead contact.

Data and Code Availability

Sequencing data generated from the Whole Genome Crispr Knockout Screen, as
well as from the ChIP-Seq can be found on theNCBI Sequence Read Archive (see Key
Resources table).

This paper does not report original code. Any additional information required to

reanalyze the data reported in this paper is available from the lead contact upon request.

4.5.3 Experimental Model and Subject Details
Immortalized Cell Lines

Human 293T cells (female) were from laboratory stock initially purchased from

Uil w Ol UPEEOQw3axi w"UO0UUI w" 6001 EUDOOwp 3" " AwWwED
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Modified Eagle Medium (DMEM, Sigma) supplemented with 10% fetal bovine serum
(FBS, Hyclone) and Antibiotic -Antimycotic (Gibco).

Human CEM -SS cells (female) were from AIDS Reagent and were cultured in
Roswell Park Memorial Institute (RPMI) medium supplemented with 10% FBS and
Antibiotic -Antimycotic.

CEM-SS cells stably expressing Ca3 protein were made using a modified
pLentiCrispr v2 -Blast plasmid that was a gift from Mohan Babu (Addgene plasmid
#83480). The Uepromoter, sgRNA scaffold, and EF-1a promoter were excised from
pLentiCrispr v2 -Blast by cutting the plasmid using the restri ction enzymes Kpnl and
Agel, and replaced with an SFFV promoter. Lentiviruses were made from this construct
Pl OOwEUwhY o441 WEOEwWKk o4 1T woOi wU4dndpMBE@ET DOT wx OEUOD
respectively, using PEI. The media were changed 24 h posttransfection (hpt).
Supernatants containing lentiviral particles were collected at 72 hpt, filtered through a
0.45@m filter, and run through a 100,000 MWCO concentrator (Amicon). Fol lowing

EOOE]I OUVUEUENMOOwELAORWPI Ul wPbOEUEEUI EwbbPUT wl o+ u

EQEWE] OOUwWPOEUEEUI Ewl OUwKWeTl dw UwUI PUwxODPOUOwWU

Ol EPUOwWUUxx0O1 Ol O0I EwpDPUT wl Youl vO+wdOi WEOEUUDPEDE
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transduced cells. Cells were then single cell cloned by aliquoting limiting dilutions of the
cells into 96-well plates such that each well has a 210% chance of having a ell in it.

These cells were then isolated and grown out.

Primary CD4+ T Cells

Human blood from healthy donors was purchased from the Gulf Coast Regional
Blood Center. All donors have tested negative for HIV -1 and HIV-2. Samples werede-
identified prior to purchasing.

PBMCs were isolated from whole blood by density gradient centrifugation over
Histopaque (Sigma), and CD4+ cells were then isolated usinga CD4 Positive Isolation
kit (Invitrogen). Isolated CD4+ cells were then activated by incubation with antibodies
against CD28 /CD49d (BD Biosciences) and 5ug/ml phytohemagglutinin (PHA) in RPMI
supplemented with 10% FBS and IL-2 as previously described(Whisnant et al., 2013)
Cells were maintained at 105-1(¢ cells/ml in the presence of IL-2, CD28/CD49d

antibodies, and PHA for 1 week before infection with HIV -1.

4.5.4 HIV-1 Production

A HIV -1 nano luciferase reporter virus (NL -NLuc) w as generated from the
parental NL4 -3 virus by substituting the viral nefgene in NL4-3 with the NLuc indicator
gene(Mefferd et al., 2018) NL-NLuc Denv was made from the parental NL -NLuc virus,

but with a 943bp deletion in the env gene that makes it replication incompetent.
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Similarly, the GFP reporter virus (NL -GFPDenv) was generated from the parental NL4-3
virus with GFP in place of nef and a 943bp deletion in the envgene. The NL-DC reporter
virus expresses eGFRunder the control of the HIV -1 LTR and mCherry from an internal
EF1Y wx U O @il Whslgenerated by cloning an EF1Y:mCherry cassette into the Xhol
UPUIT wOOEE Ul NLu@GFRDEN. Fhege¥rusesbefher have WT integrase (IN+), or
contain the D64V (IN-) mutation that blocks IN function. All reporter viruses used have
an intact vpr gene.

Plasmids expressing the replication competent NL-NLuc provirus were
transfected into 293T using polyethyl enimine (PEI). Non-spreading NL -NLuc Denv and
NL -GFPDenv proviruses were co-transfected into 293T cells with the pMD2.G plasmid
encoding the VSV-G protein. After 24 h, the spent media were replaced with fresh
media. At 72 hpt, supernatant media was filtere d through a 0.45 um filter. WT or IN -
HIV -1 containing supernatant media were normalized by p24 levels, measured by
ELISA, before being used to infect target cells.The MOI: p24-normalized volume ratio
was assessed by infecting 10 CEM-SS cells with IN+ NL -GFPDEnv, or a CEM-SS
inducible Tax cell line (expressing a HTLV -1 Tax protein that is known to activate gene
expression from unintegrated HIV -1(Irwan et al., 2020)) with IN - NL -GFPDEnv. These
cells were infected with varying dilutions of the virus then analyzed by flow cytometry

at 2dpi. The number of GFP+ cells at each dilution was then converted to MOI using the
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formula MOI = -In (1-pgp+) Which was then correlated to the p24 level in the viral stock.
Thus, the amount of IN - virus used (per million cells) for each MOI could be

determined.

4 5.5 CRISPR Knockout Screen

The Brunello human CRISPR knockout library (Addgene #73178) (Doench etal.,
2016)was used to transform electrocompetent cells (Endura). 500ng of the library
(resuspended in water) was used to transform a total of 4x25ul of cells in a 1mm cuvette
(10nF, 600N, 1.8kV) to yield >1( colonies when plated to ensure each sgRNA n the
library was covered ~1000x on average. These colonies were harvested, and the pooled
library plasmids extracted using Maxiprep columns (Zymo).

Lentiviral libraries were created by transfecting 293T cells with library DNA and
the packaging plasmids pCMVR8.74 and pMD2.G using PEI. The media was changed
24hpt, and the supernatant containing the lentivirus library was harvested and filtered
through a 0.44um filter at 72hpt. The lentivirus was titrated and used to transduce CEM -
SS Cas9 cells that were thersubject to puromycin (Gemini) kill curves at 2dpt to
determine the amount of lentivirus that correlates to 0.3 MOI. This was then used to
transduce 13 CEM-SS Cas9 cells at 0.3 MOI, which were then selected in 1ug/ml

puromycin at 2dpt for a week.
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These pmled knockout cells were then infected with an IN - HIV -1 NL-GFP
reporter virus that has an inactivating D64V amino acid substitution in the integrase
gene for 2 days. These infected cells were then run through BSE3 contained FACS Aria
Il (BD Biosciences)to harvest the GFP+ cell population from which genomic DNA was
extracted. Purified gDNA was incubated with Dpnl to remove any residual plasmid
contamination.
37T T w0l 1- wi UOOwWUT PUw#- wWPEUWEOxODPI PI-EwEa w/ "
TGGACTATCATATGCTTACCGT AACTTGA -t zZ wl-/ 6 wk z
GGCTCGAGGGGGCCCGGGTGCAAAGATGGATA + z AWEOEwWUT 1 OWEOOOI EwWEE
parental pLenti -Guide Puro plasmid via the Ndel and Xmal restriction sites. Subsequent
rounds of transformation, lentivirus production, transduction, and infection was ¢ arried
out as described for a total of 3 rounds. In the final round, the DNA was amplified using
the indexed lllumina sequencing primers, purified in a PCR purification spin column
(Zymo) then sequenced on the NovaSeq 6000.
Sequencing data was analyzed byMAGECK -VISPR (Li et al., 2015)by first
generating sgRNA read counts by invoking mageck count , and then by analyzing
sgRNA enrichment and getting gene ranks using the Robust Rank Aggregation (RRA)

algorithm on normalized read counts by running mageck test  with -- remove - zero
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both -- remove - zero - threshold 0 parameters as previously suggested(Wang et

al., 2019)

4.5.5 CRISPR Single Gene Knockouts

Single gene knockout cells weregenerated by transducing CEM-SS Cas9 cells
with lentiviruses made from a pLentiGuide -Puro plasmid (Addgene #52963) (Sanjana et
al., 2014)expressing the sgRNA of interest. Transduced cells were selected at 2dpt with
Llug/ml puromycin for 1 week. Infection experiments on polyclonal knockout cells were
carried out by infecting cells at this stage.

Clonal cells were isolated by aliquoting the puromyc in-resistant cells at limiting
dilutions into a 96 -well plate that were subsequently isolated and expanded. Knockout
cells were then identified and validated by clonal sequencing of the genetic lesions and

by Western blot.

4.5.6 Western Blot Analyses

Cells were harvested and lysed in Laemmli buffer, sonicated and denatured at
95°C for 15 min. Lysates were subjected to electrophoresis on #20% SDS
polyacrylamide gels (Bio-Rad), transferred onto nitrocellulose membranes and then
blocked in 5% milk in PBS + 0.1% Tween. Membranes were incubated in primary and
secondary antibodies diluted in 5% milk in PBS + 0.1% Tween for 2h each and then

washed in PBS + 0.1% Tween. The membranes were incubated with a luminolbased
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enhanced chemiluminescent (ECL) substrate and signals were visualized using

GeneSnap (Syngene).

4.5.7 Flow Cytometry

Cells were harvested, washed in PBS, and fixed in 1% paraformaldehyde in PBS
for 10 minutes, before being resuspended in 2% BSA in PBS and run through a cell
strainer. Cells were run through a Fortessa X20 (BD Biosciences), and the data analyzed

using FlowJo v10.6.2.

4.5.8 Luciferase Assay

Cells were harvested, washed three times in PBS, lysed in Passive Lysis Buffer
(Promega) and assayed for NLuc activity using the Nano-Glo Luciferase Assay on a

Lumat LB9507 luminometer (Bertold Technologies).

4.5.9 Quantification of HIV-1 Replication and Spread

107 cells from the parental Cas9 cell line, or the DSMC5 and DSLF2 cell lines were
infected with either WT o r IN- NL-NLuc virus in a total of 20 ml RPMI. Viral stocks
were pretreated with 5U/ml DNase | to remove residual plasmid DNA, and all IN -
infections were carried out in the presence of 20 uM raltegravir to prevent revertant
mutations. Cells were counted at days 1, 2, 3, 5, 7, 1012, 14, and 16 days post infection

(dpi) where possible, and media was periodically refreshed to maintain cell counts
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below 109 cells/ml. 10¢ live cells were harvested at each time point (where possible) and
equally split to assay NLuc, and for DNA and RN A extraction.

For DNA analysis, cells were pelleted and washed three times in ice cold PBS.
DNA was then extracted using DNA Miniprep Plus columns (Zymo) according to the
OEOUI EEUUUI Uz UwbOUUUUEUDPOOUOWUT 1 OWPOEUEEUI Ewbb
plasmid contamination.

For RNA analysis, cells were lysed in TRIzol (Thermo Fisher Scientific) to harvest
the RNA, and DNAsel treated to remove residual DNA contamination. The RNA was
then converted to cDNA using the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems).

Quantification of total HIV -1 DNA and RNA was carried out on a QuantStudio 6
Pro (Thermo) using a custom total HIV -1 TagMan probe that amplifies the U5-gag
region on HIV -1.

For Alu -LTR real time nested gPCR, DNA was amplified usi ng a nested PCR
approach (Brussel et al., 2005) Briefly, an initial non -saturating PCR using primers

+ 4 T QBECAGCTACTGGGGAGGCTGAGG -+ D& + 4-1 wpk 7
GCCTCCCAAAGTGCTGGGATTACA -t zadL-" ( 5 wmpk z

ATGCCACGTAAGCGAAACTTAAGCCTCAATAAAGCTTGC -t zwAs performed

using DNA isolated from HIV -1 infected cells. After the PCR products were purified
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using a PCR Kleen kit (Bioc1l EE AOwO!l U0l Ew@/ " 1whEUwxI1 Ul 6UOI EwlU
GCTAGAGATTTTCCACACTGACTAA -t zE/A E w+AT@QICACGTAAGCGAAAC -t 7 K
and the SYER green master mix (Thermo Fisher Scientific).

The amounts of unintegrated 2LTR HIV -1 circular DNA quantified by gqPCR
using TagMan primers/ probes that amplify across the U5-U3 junction only present in
2LTR circlesp %/ -AAGTAGGGAACCCACTGCTTAAG -+ z Ot/ o
TCCACAGATCAAGGATATCTTGTC - 7z Owx URAK} o wk z
ACACTACTTGAAGCACTCAAGGCAAGCTTT -TAMRA -t zBAtler et al., 2001)

11 OEUDPY] wgUEOUDI PEEUD OO wAtD &lanuitddrnblw,. " 3 wO1 U1
control was then carried out using either a genomicg- EUDOQwmp# - A GAsthU wUx OPEI
Pl- AwxUOEI 6wili OEUDPYI w@UE O U ylivekaidEehdidger) UD OT wUT 1

2001b)b B U {Actip as an internal control was then carried out.

4.5.10 ChIP-qPCR

The indicated cells were cultured at 10° cells/ml in RPMI and infected with IN -
NL -GFP. Viral stocks were preincubated with 5U/ml DNasel to remove plasmid
contamination prior to infection.

Cells were harvested at the indicated times post-infection, rinsed twice with PBS

and crosslinked with 1% formaldehyde for 15 min at 25 °C, before being quenched in
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0.125 M glycine for 5 min. The rinsed cells were then lysed in ChIP lysis buffer (50 mM
Tris-HCI, pH 8.0, 1% sodium dodecyl sulfate, 10 mM EDTA), and sonicated on ice with a
Fisher Sonic Dismembrator 60 (output 4.5, 20s pulserepeated 6 times on ice with 40 sec
between each sonication). The supernatant containing sonicated chromatin was pre
cleared by the addition of magnetic Protein G Dynabeads (ThermoFisher) that had been
pretreated with denatured salmon sperm DNA (Invitrogen ). The magnetic beads were
removed, and the sonicated chromatin was incubated overnight at 4°C using 2.5 ug of
the indicated antibody in ChIP dilution buffer (16.7 mM Tris -HCL pH 8.0, 1% Triton X-
100, 0.01% SDS, 150 mM NaCl, 1.2 mM EDTA). 5% of the sonicadl chromatin was
stored as input DNA without further treatment until the reverse crosslinking step.

Protein G Dynabeads were then added to the chromatin-antibody mixture,
incubated for 2 hours at 4°C, and then washed 3 times with ChIP LiCl buffer (10 mM
Tris-HCL pH 8.0, 1% NP-40, 250 mM LiCIl, 1 mM EDTA, 1% Na Deoxycholate) and twice
with TE buffer (10 mM Tris HCL pH 8.0, 1 mM EDTA). Protein -DNA complexes were
eluted from the beads with an Elution buffer (0.1 M NaHCO3, 1% SDS), then de-
crosslinked by incubating at 65°C for 16 hours and 95°C for 15 mins, then digested by
adding 50ng proteinase K and incubating at 50°C for 3 hours. DNA was extracted using
a DNA Miniprep Plus kit (Zymo), digested with Dpnl (NEB) to remove any plasmid

contamination, then used for gPCR analysis using primers that amplify U5 -R on the
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HIV-tuwx UO OO U] ATOTPYEGITAGACCAGATC + 7z Owl / 0 wk 2
GCTAGAGATTTTCCACACTG -t z A8 w

ChIP data is expressed as a percent of input DNA

4.5.11 Cut&Run ChlIP-Seq

Cut&Run experiments were performed as described (Meers et al., 2019; Skene et
al., 2018)with madifications. 5x10 5 of the indicated cells were washed twice in Wash
Buffer (20mM HEPES pH7.5, 150mM NaCl, 0.5mM spermidine, EDTA-free protease
inhibitor (Roche)), resuspended in 100ul wash buffer and incubated with 10ul
Concanavalin A beads (Bangs Laboratories) for 10 minutes. The mixture was placed on a
magnet and the supernatant removed and replaced with antibody buffer (the indicated
antibody diluted 1:100 in Wash buffer with 0.005% digitonin and 2mM EDTA), and
incubated overnight at 4°C.

Unbound antibody was then washed away on a magnetic rack with Digi -Wash
buffer (20mM HEPES pH7.5, 150mM NacCl, 0.5mM spermidine, 0.005% digitonin, EDTA-
free protease inhibitor). Beads were then incubated with pAG -MNase (EpiCypher) for
lhour at 4°C, and washed twice then resuspended with Digi -wash buffer. Tubes were
placed on ametal block half-immersed in melting ice, and the tethered MNase activated

by adding CaCl:to 2mM final concentration for 2hours. The reaction was stopped by the
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addition of Stop buffer (340mM NaCl, 20mM EDTA, 4mM EGTA, 50ug/ml RNAse A,
50ug/ml glycogen).

The protein-DNA complexes were released into the supernatant by incubating
the tubes at 37°C for 30min and were then digested by proteinase K at 50°C for 2 hours.
DNA was extracted by phenol -chloroform followed by an ethanol precipitation.

lllumina sequ encing libraries were prepared from the isolated DNA using a
modified protocol for the NEBNext Ultra Il Library Prep kit (NEB) where the A -tailing
temperature was decreased to 50°C to avoid melting of the short DNA fragments, and
the reaction time increased to 60 mins to compensate(Liu et al., 2018) After adaptor
ligation and cleanup, barcoded sequencing libraries were created by 13 cycles of PCR
amplification using NEBNext Index primers (NEB), and subsequently cleaned up twice
with 1.2x AMPure XP beads to remove PCR primer dimers. The libraries were
normalized, pooled, and sequenced on a NovaSeg6 6000 (Illumina) at 2x50bp.

Paired-end sequencing reads were analyzed with Cut&RunTools (Zhu et al.,
2019)by first trimming the reads with Trimmomatic (Bolger et al., 204) to any remove
Ul UDPEUEOQWEEE x U0U wtehd® df théreadsusiriy paia®etdrs’ 1 wt 2
ILLUMINACLIP (adaptor sequence file): 2:15:4:4:true LEADING:20
SLIDINGWINDOW:4:15 MINLEN:25 . The trimmed reads were aligned to the hg19

human genome assembly using bowtie2 (Langmead and Salzberg, 2012)with alignment
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settings-- end-to -end -- dovetall -- phred33 , and with -- un- con - gz specified
to output reads that do not align to the human genome. These unaligned reads were
then used to align to the NL -GFP HIV-1 sequence using the same alignment settings.
The HIV -1 aligned reads were sorted, duplicates marked using Picard, and the
duplicates discarded using SAMtools (Li et al., 2009) The remaining reads were

visualized with IGV.

4.5.12 Rescue of DNSMCE2 Knockout Cells

A lentiviral vector expressing a FLAG tagged NSMCE2 protein that is resistant to
cutting by the sgRNA expressed in the CEM-SSDNSMCE2 KO cells was created by
mutating the NSMCE2 sequence from an expression plasmid (OHu31586, GenScript) by
overlap extension PCR to introduce synonymous T-C and a G-T mutations into the
sgRNA target sequence (GTATCAACTCTGGTATGGAC to
GCATIAACTCTGGTATGGAC). This mutant FLAG -NSMCE2 PCR product was then
cloned into the pLCE lentiviral vector using Nhel and Xhol restriction sites.

Similarly, the NSMCE2 DSUMO mutant was created by mutating the sequence
by overlap extension PCR to introduce C185S and H187Q amino acid substitutions to the
RING domain necessary for E3 SUMO ligase function (Jacome et al., 2015)

Lentiviruses were created from pLCE (control), pLCE FLAG -NSMCE2, and

pLCE FLAG-NSMCE2 DSUMO, which were then used to transduce CEM-SS or CEMSS

159



DNSMCE?2 cells. These cells were infected with IN+/ IN- NL-NLuc or IN - NL-GFP at 0.3
MOI and the cells were harvested at 2dpi for the respective NLuc assays (NL-NLuc), or
for flow cytometry and ChlIP -gPCR (NL-GFP). Expression of these NSMCE2 constructs

were validated by Western blot.

4.5.13 E3 SUMO Ligase Inhibition Kinetics

TAK -981 (MedChemExpress) is a global inhibitor of SUMOQylation (Langston et
al., 2021)and was reconstituted in DMSO to a 5mM stock. TAK -981 was added to CEM
SS Cas9 andSMCS cells infected with NL -NLuc at 0, 5, 15, 30, 75, 150, 500, arttbOOnM
concentrations, and the cells were harvested for an NLuc assay after 2dpi.

To assay the effects of TAK981 on viral RNA expression in infected cells, CEM-
SS cells were infected with IN+/ IN- NL -NLuc in the presence or absence of 150nM TAk
981. RNA was extracted at 2dpi with TRIzol (Thermo Fisher Scientific) and DNAsel
treated for 2 hours. cDNA was then made using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems). The levels of unspliced HIV -1 RNA gag, or the
spliced viral RNA from donor 1 acceptor 1 (A1D1), and splice donor 7 acceptor 4 (A4D7)
were quantified ba w@/ " 1 wUOUDOT wOT T wxUPOTI UUwi OUwWT ET wep%/ o w
GCGAGAGCGTCGGTATTAAGCG - 7z O w-AATEGIKQTAGCTCCCTGCTTGC+ z AOw

hu# huw p@ATETCRGGACGCAGGACTC -+ 7 O -FGGTACTTTCCAAACTGGAT -
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b 7 KO wE Qpdan BAWKGOTTCTCTATCAAAGCAACC -+ z Ot/ 6 w
AATCGAATGGATCTGTCTCTGTC -3z Asai et al., 2021)
To understand the kinetics of inhibiting SUMOylation on viral gene expression
and epigenetic marks in infected cells, 150nM TAK-981 was added to CEM'SS Cas9 and
DSMCS5 cells at the time of infection, or at 16, 19, 21, 24, 36, and 48hpi. Cells were
infected with NL -NLuc Denv and were harvested at 72hpi for either NLuc assays or
ChIP-gPCR using anti-SUMO2/3, H3Ac, or H3K9me3 antibodies, and quantifying the
HIV -1 promoter using primers that amplify the U5 -1 wU1 T D OO wmp%/ 6 wk z
CTCTCTGGTTAGACCAGATC -+ 7 O W-GCTAGKGATTTTCCACACTG -+ z A6 w" T (/ wEEU

is expressed as a percent of input DNA.

4.5.14 HIV-1 Latency Quantification

CEM-SS Latency Assay

WT or, SMC5 CEM:-SS cells were infected with the IN+ NL -GFPDENv virus at an
MOI of ~0.1 in the presence or absence of 150 nM TAK981. Nevirapine was added to the
cells at 2dpi to inhibit any late infection events, and at 3dpi the cells were washed and
resuspended in 2% bovine serum albumin (BSA) in PBS for sorting on aBSL-3 contained
FACS Aria Il (BD Biosciences) toisolate GFP- cells. These cells were allowed to recover

in growth media for 6 days (9dpi) before they were treated with DMSO, 150 nM TAK -
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981, 80 nMphorbol myristate acetate (PMA), or 1 ng/ml TNF-a. Cells were harvested the
next day (10dpi) to analyze GFP expression by flow cytometry.
CEM-SS Delayed Integration Latency Assay

WT or, SMC5 CEM:-SS cells were infected with the IN+ NL -GFPDEnNv virus in
the presence or absence of 500nM raltegravir. At 2dpi, all cells were washed three times
with PBS, replated in RPMI with nevirapine and cultured for an additional 3 days. At
5dpi, GFP- cells were sorted, allowed to recover in growth media for 6 days then treated
with DMSO, PMA, or TNF -a (11dpi), and analyzed for flow cytometry the next day
(12dpi).

Both CEM-SS contol and . SMC5 eells were infected with a normalized p24
amount that was previously titered to give 10% GFP+ cells in CEM-SS cells +Ral (~0.45
moi) and -Ral (0.1 moi) at 5dpi.

Primary Activated CD4+ T cell Latency Assay

Activated primary T cells isolated f rom PBMCs were infected at low MOI ~0.05
with an IN+ NL -DC reporter virus that expresses eGFP off the HIV-1 LTR and mCherry
from an internal EF1-Y wx UOOOUIT U w( OI 1 EUPOOUwWDLI Ul wWEEUUDI E w(
absence of 150nM TAK-981 added at infection, or with 80nM PMA known to reverse
epigenetic silencing of HIV -1 in latent cells (Pardons et al., 2019)r 150nM TAK-981

added 24h before harvest. Cells were harvested for flow cytometry at 7dpi in 2% BSA in
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PBS to measure eGFP and mCherry fluorescencelThe CD4+ T cell population was
separated from dead cells and cellular debris by gating on forward and side scatter
analyses. The high enrichment by the CD4 Positive Isolation kit (Invitrogen) also
allowed us to identify the enriched CD4+ T cell population and gating was done to
exclude the few possible CD4+ monocytes that might be present.Flow cytometry data
was then analyzed using FlowJo v10.6.2.

DNA was also extracted from these cells at 2, 3, 5, and 7dpi, incubated with Dpnl
to remove residual HIV -1 plasmid contaminants, then the amounts of unintegrated

2LTR HIV -1 circular DNA quantified by gPCR as describedin a previous section.

4.5.15 Quantification and Statistical Analysis

Sample size, and significance pvalues are indicated in the text or figure legends.
Error bars in the experiments represent standard deviation of the mean (s.d) from
independent experime nts. Statistical analyses were performed using GraphPad Prism or
reported by the indicated computational tools used in the analysis of the CRISPR
knockout screen or Cut&Run data. Information about statistical methods is specified in

the figure legends.
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4.6 Supplementary Figures
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Extended Figure S1. CEM-SS Cas9 cells infected with IN - HIV -1 show increased viral
gene expression when any component of the SMC5/6 complex is knocked down.

(A-B) Polyclonal populations of CEM -SS Cas9 cells transduced with 2 different SgRNAs
specific for the indicated genes and then infected with (A) IN - NL -GFPDEnv, and (B) IN -
NL -NLuc DEnv reporter virus. NLuc expression in B was normalized to CEM -SS Cas9
cells transduced with a scrambled sgRNA, which was set to 1.0. Data shown in panel B

represent the average of three biological replicates with SD indicated.

164



A CEM-SS ASMC5.1 ASMC5.1 B CEM-SS ASMC6.2 ASMCS6.2

Cas9 c4 cl17 Cas9 c10 c1
150kDa-- 150kDa--
o - SMC5 o SMC6
100kDa-- 100kDa--
40kDa-- - I 3-Actin 40kDa— S ———— B-Actin
CEM-SS ANSMCE2.3 CEM-SS ANSMCE4.4 ANSMCE4.4
C Cas9 c9 D Cas9 c2 c12
35kDa--
70kDa--
- - NSMCE
2
25kDa--
50kDa-1 v
40kDa"k ” ~ B-Actin
40kDa-- — — — B-Actin
E CEM-SS ASLF1.2  ASLF1.4 F CEM-SS ASLF2.1 ASLF2.2
Cas9 c14 c4 Cas9 cl c4
150kDa-- . 150kDa--
" SLF1
- SLF2

40KDa-- SO — W B-Actin

100kDa--

B-Actin

— D —
40kDa--

Extended Figure S2. Western Blot analysis confirms the absence of the indicated
SMC5/6 complex components in clonal CEM -SS knock out cell lines. Each of the
indicated clonal knock out cell lines was lysed then subjected to Western blot analysis
using commercial antibodies specific for the indicated SMC5/6 complex component.

Actin was used as a loading control.
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Extended Figure S3. Individual clonal knockout cell lines for the indicated SMC5/6

complex components exhibit similar increases in gene expression from IN - HIV -1 and

similar growth rates.

(A) 7-day growth curves for uninfected CEM -2 2 w" EUNwWEI OOUOwéW2u 071 1 wl 2, "
CEM-SS clones, counting total live cells in culture. B, C) The indicated cell lines were

infected with IN+/ IN - HIV -1 and the levels of B) unintegrated 2LTR DNA, and ( C)

integrated HIV -1 DNA were quantified by gPCR and Alu -gPCR respectively. DNA
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levels were normalized to IN+ HIV -1-infected CEM-SS Cas9 cells at 1dpi, which was set
to 1. Data shown represent the average of three biological replicates with SD indicated.
(D)The indicated clonal knockout CEM -SS cell lines were infected with IN+ or IN - NL -
NLuc DEnv and viral NLuc expression then assayed at 2 dpi. NLuc levels are given
relative to WT CEM -SS Cas9 cells infected with IN NL -NL ucDEnv (Control), which was
set at 1.0. Average of three biological replicates with SD indicated.* p<0.05, **p<001,

**+n<0.001 OnePEaw - .5 OQw»bUT T UzUw+2#wU0l UUAS
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Extended Figure S4. Histone H3 and NSMCE2 binding to HIV -1 DNA

(A) The level of HIV -1 LTR-bound total histone H3 after infection is unaffected by loss of
SMC5 or SLF2 expression(B) ChIP-Seq Cut and Run data from FLAG-NSMCE2, or
FLAG-Cas9 (Control), expressing CEMSS cells. Cells were infected with the IN- NL -

& %/ . $ O Y-lurepprter, lysed and immunoprecipitated using anti -FLAG (top and
middle tracks), or IgG (bottom track) at 2 dpi. Two independent biological replicates are

shown (R1 and R2).
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Extended Figure S5. HIV -1 Vpr does not increase viral gene expression from

unintegrated HIV
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versions of the IN- NL -GFPDEnNv indicator virus, as measured by ELISA, and GFP
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expression analyzed by flow cytometry at 3dpi. ( A) Fuorescence profiles from a
representative experiment. (B) Quantification of 3 independent biological replicates with

SD indicated.
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Extended Figure S6. Loss of the SMC5/6 complex boosts HIV -1 gene expression

(A) WT or DSMC5 CEM-SS cells were infected IN NL -NLuc DEnv and DMSO, or 150nM

TAK-981 or 80nM PMA in DMSO, were then added at 24hpi or 48hpi, as indicated. Viral

NLuc expression was assayed at 72hpiand NLuc levels are given relative to WT CEM -

SS cells treated with DMSO, which was set to 1.0. Average of three biological replicates

with SD indicated. (B) The level of unintegrated HIV -1 2LTR DNA was quantified by
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gPCR in CEM-SS cells infected with WT HIV -1 until 7dpi, when it declined to

background levels. Average of 3 biological replicates with SD indicated. Data were
normalized to the signal at 2dpi, which was set to 1.0. (C) WT or | SMC5 CEM-SS cells
were infected with VSV -G pseudotyped IN+ NL -GFPDEnNv in the presence or absence of
TAK-981 at an MOI of ~0.1. Cells were sorted by FACS at 3dpi and GFPcells (gated in

red) harvested for the experiments reported in Fig 15A.
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Supplementary Figure S7. Extending the pre -integration stage of infection with
raltegravir increases the percentage of latently infected cells.

WTor 2, " k w-S$ cells were infected with IN+ NL-GFPDEnNVv in the presence and
absence of the integrase inhibitor raltegravir. These cells were infected ata multiplicity
of infection such that the GFP+ cells in both the +ral and-ral were roughly identical
when sorted at 5dpi, as indicated in panel A. At 2dpi, the cells were washedto remove
raltegravir and replated to allow integration to occur. GFP - cells were isolated by FACS
at 5dpi and cultured for another 6 days (11dpi) where they were treated with diluent
(DMSO), TAK-981, PMA, or TNF-a. The cells were hen analyzed by flow cytometry at
12dpi for GFP expression.(A) Representative GFP expression profiles from a single
experiment. (B) Compilation of 3 independent experiments, with SD indicated.

**n<0.0012-PEaw -.5 Ow3UOIl azUwUI UU
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Extended Figure S8. The SMC5/6 complex reduces HIV -1 latency

(A) In HIV -1 infected primary CD4+ T cells, unintegrated HIV -1 DNA peaks at 2dpi and
declines to background levels by 7dpi, as measured by gPCR analysis of 2LTR circular
viral DNA. These data represent the averag of five biological replicates from separate

blood donors with SD indicated. Data were normalized to the signal detected at 2dpi,

which was set at 1.0.(B-C) Statistical analysis of the indicated GFP/mCherry

subpopulations in cells infected with the dual color HIV -1 virus treated with (B) 80 nM
PMA at 6dpi vs 150 nM TAK -981 at 0dpi, or(C) 150 nM TAK-981 at 6dpi vs DMSO at

Odpi. Infected cells were harvested at 7dpi, and analyzed by FACS. Statistics calculated

with a 2-tailed ratio paired t -test.
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Chapter 5. Conclusions and General Discussion

5.1 A Model for Lentiviral Silencing

It has been long been known thatintegration is an essential step in the retroviral
life cycle, and that unintegrated retroviral DNA exhibit such drastically reduced viral
gene transcription and viral protein production that unintegrated DNA is considered
replicative dead end for the viru s. This silencing of viral genes is mediated by epigenetic
mechanisms that are not unique to retroviruses. Indeed, all foreign DNA in the nucleus
t whether introduced by transfection, or by viral infection | is subject to epigenetic
silencing, though curious ly there seems to be multiple independent mechanisms that
control this epigenetic response. Even within retroviruses, where the pattern and timing
of the addition of the repressive epigenetic modifications is almost identical, the
mechanisms through which retroviral DNA is silenced appears to be different. In MLV,
unintegrated (and pre -integrated) DNA is silenced by NP220 and the HUSH complex;
however, despite evidence indicating that the HUSH complex plays a role in the
epigenetic silencing of not only uni ntegrated MLV proviruses but also endogenous
retrotransposons (Chougui et al., 2018; RobbezMasson et al., 2018; Yurkovetskiy et al.,
2018) those proteins have no effect on the silencingof HIV -1 DNA that is silenced by a
mechanism that had yet to be discovered at the start of this project. Hence the major aim

of this thesis was to determine the mechanisms through which incoming HIV -1 DNA is
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