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Summary

Following the retroviral-cell membrane fusion, the viral core is released in the cytosol. This
triggers mobilization of capsid interactors that either shield the core, mediate its transport, or
prematurely disassemble it. The Human Immunodeficiency Virus 1 (HIV-1) and its simian
relatives Simian Immunodeficiency viruses (SIV) have specific interactions with factors of
infected cells. In case of HIV-1, these include host proteins such as cyclophilin A or B (CYPA
or CYPB), Tripartite motif-containing proteins (TRIMSa, TRIM34, TrimCYP) and Cleavage
and Polyadenylation Specificity Factor 6 (CPSF6). The HIV capsid is also a binding site for
many pharmacological factors such as PF74 and Lenacapavir, known to halt HIV replication
cycle. Under this thesis are findings from three projects I worked on, to explore host or
pharmacological interactions with viruses from the four groups of HIV-1, HIV-2, SIVgor and
SIVcepz, in a way to decipher more on SIV molecular evolution towards HIVs as well as
infection biology differences between HIVs.

In the first project, I focused on understanding molecular evolution of SIVcpz towards HIV-1.
I investigated sensitivity of SIVcpzPtt (the origin of HIV-1 M and HIV-1 N) and SIVcpzPts
(which did not spread to humans) to capsid inhibitors PF74, PF57 and GS-CA1 in human and
non-human cells. I also explored their CYPA usage and sensitivity to truncated, cytoplasmic
form of CPSF6, the CPSF6 358, which shares a binding site with PF74; all this in comparison
with HIV-1 M. Findings show that SIVcpzPts can use CYPA to escape inhibition by capsid
inhibitors and resisted inhibition by the antiviral CPSF6 358. The two SIVcpz differed in how
they use CYPA as revealed by findings of CYPA blocking with CsA or CYPA depletion with
CRISPR/Cas9 system. In this chapter I also present a review on post-entry restriction of

SIVcpz.



In my second project, I explored why group N, group O, group P HIV-1 and HIV-2 did not set
pandemics as opposed to HIV-1 M. I found that one of the possible several answers to this
question is the sensitivity of non-M group HIVs capsids to human TRIMS5a and a different use
of CYPA. While HIV-1 M capsid binds CYPA as a protection against TRIMSa, HIV-1 N,
HIV-1 O, HIV-1 P and HIV-2 can be inhibited by TRIMS5a. even when their cores bind CYPA.
I also identified capsid residue 88 in the capsid CYPA binding loop, as an important regulator
of CYPA activity for such differential sensitivity to TRIMSa..

In my last project, I present an anti-HIV role of CYPB, a CYPA closely related cyclophilin,
which I found to use many residues in the capsid CYPA binding loop, to interact with viral
Gag. I also used fusion proteins of CYPB and TRIMS proteins (TrimCYPB) to make strong
anti-HIV proteins which inhibited viruses from the four groups of HIV-1, as opposed to
TrimCYP which is known to selectively inhibit these viruses. Finally, I used a range of assays
to show that CYPB inhibits the early phase of HIV-1 infection.

My findings on SIVcpzPts open a door towards understanding why only SIVcpzPtt but not
SIVcpzPts, managed to adapt to human cellular environment, to evolve as HIV-1, but more is
needed to fully answer such question. To fully understand why non-M HIVs did not spread in
form of pandemics, more work on possible contribution of host factors but also viral
determinants, will be needed. Further investigations on the role of CYPB are needed to see if
binding of this isomerase to HIV capsid also impairs or help other host or pharmacological

players.



Summary in German (Zusammenfassung)

Nach der Fusion von Retrovirus und Zellmembran wird der Virus Kapsid im Zytosol
freigesetzt. Dies 10st die Mobilisierung von Kapsid-Interaktoren aus, die das Kapsid entweder
abschirmen, seinen Transport vermitteln oder ihn vorzeitig abbauen. Das Humane
Immundefizienzvirus 1 (HIV-1) und seine Verwandten, die Simianen Immundefizienzviren
(SIV), haben spezifische Interaktionen mit Faktoren infizierter Zellen. Im Falle von HIV-1
handelt es sich dabei um Wirtsproteine wie Cyclophilin A oder B (CYPA oder CYPB),
Tripartite motif-containing Proteins (TRIMSa, TRIM34, TrimCYP) und Cleavage and
Polyadenylation Specificity Factor 6 (CPSF6). Das HIV-Kapsid ist auch eine Bindungsstelle
fiir viele pharmakologische Faktoren wie PF74 und Lenacapavir, von denen bekannt ist, dass
sie den HIV-Replikationszyklus stoppen. In dieser Arbeit werden die Ergebnisse von drei
Projekten vorgestellt, an denen ich gearbeitet habe, um Wirts- oder pharmakologische
Interaktionen mit Viren aus den vier Gruppen HIV-1, HIV-2, SIVgor und SIVcpz zu
erforschen, um mehr iiber die molekulare Evolution von SIV in Richtung HIV sowie iiber die
infektionsbiologischen Unterschiede zwischen den HIVs zu erfahren.

Im ersten Projekt konzentrierte ich mich auf das Verstindnis der molekularen Evolution von
SIVcepz gegeniiber HIV-1. Ich untersuchte die Empfindlichkeit von SIVcpzPtt (dem Ursprung
von HIV-1 M und HIV-1 N) und SIVcpzPts (das sich nicht auf den Menschen ausbreitete)
gegeniiber den Kapsid-Inhibitoren PF74, PF57 und GS-CA1l in menschlichen und nicht-
menschlichen Zellen. AuBlerdem habe ich ihre CYPA-Nutzung und ihre Empfindlichkeit
gegeniiber der verkiirzten, zytoplasmatischen Form von CPSF6, CPSF6 358, untersucht, die
sich eine Bindungsstelle mit PF74 teilt; all dies im Vergleich zu HIV-1 M. Die Ergebnisse
zeigen, dass SIVcpzPts CYPA nutzen, um der Hemmung durch Kapsid-Inhibitoren zu

entgehen, und dass sie der Hemmung durch das antivirale CPSF6 358 widerstehen. Die beiden



SIVcpz unterschieden sich in der Art und Weise, wie sie CYPA nutzen, wie die Ergebnisse der
CYPA-Blockierung mit CsA oder der CYPA-Depletion mit dem CRISPR/Cas9-System
zeigen. In diesem Kapitel gebe ich auch einen Uberblick iiber die Restriktion von SIVcpz nach
dem Eintritt in die Zellen.

In meinem zweiten Projekt untersuchte ich, warum HIV-1 der Gruppen N, O, P und HIV-2 im
Gegensatz zu HIV-1 M keine Pandemien auslosen. Ich fand heraus, dass eine der mdglichen
Antworten auf diese Frage die Empfindlichkeit der Kapside von Nicht-M-HIVs gegeniiber dem
Menschen TRIMS5a und eine andere Verwendung von CYPA ist. Wahrend HIV-1 M CYPA
als Schutz gegen TRIM5a verwendet, konnen HIV-1 N, HIV-1 O, HIV-1 P und HIV-2 durch
TRIMS5a auch in Gegenwart von CYPA gehemmt werden. Ich habe auch den Capsid-Rest 88
in der CYPA-Bindungsschleife des Kapsids als einen wichtigen Faktor fiir diese
unterschiedliche Empfindlichkeit gegeniiber TRIMS5a identifiziert.

In meinem letzten Projekt préisentierte ich eine neue Anti-HIV-Rolle von CYPB, einem CYPA-
nahen Cyclophilin, von dem ich herausfand, dass es viele Reste in der CYPA-Bindungsschleife
des Kapsids nutzt, um mit dem viralen Gag zu interagieren. AufBlerdem habe ich
Fusionsproteine aus CYPB und TRIMS5-Proteinen (TrimCYPB) verwendet, um starke Anti-
HIV-Proteine herzustellen, die Viren aus den vier HIV-1-Gruppen hemmen, im Gegensatz zu
TrimCYP, dass bekanntermallen selektiv diese Viren hemmt. SchliefSlich habe ich mit einer
Reihe von Tests gezeigt, dass CYPB die frithe Phase der HIV-1-Infektion hemmt.

Meine Erkenntnisse iiber SIVcpzPts offnen eine Tiir zum Verstindnis, warum es nur
SIVcepzPtt, nicht aber SIVcpzPts gelang, sich an die menschliche Zellumgebung anzupassen
und sich als HIV-1 zu entwickeln, aber es sind noch weitere Untersuchungen erforderlich, um
diese Frage vollstindig zu beantworten. Um vollstindig zu verstehen, warum sich nicht-M-
HIVs nicht in Form von Pandemien ausgebreitet haben, sind weitere Arbeiten zum mdglichen

Beitrag von Wirtsfaktoren, aber auch von viralen Determinanten erforderlich. Weitere



Untersuchungen zur Rolle von CYPB sind erforderlich, um festzustellen, ob die Bindung dieser
Cis-Trans-Isomerase an das HIV-Kapsid auch andere Wirtsfaktoren oder pharmakologische

Faktoren beeintrachtigt oder unterstiitzt.
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1. Introduction

Human being but also other living organisms live in a perpetual conflict with their surroundings
including macroscopic, microscopic, and chemical injurious agents!. Among them are
different classes of viruses including but not limited to retroviruses and it is clear today that,
vertebrate genomes, particularly apes have been hosting retroviruses since several years ago®.
This constant contact has not only resulted into host evolution, which led to specific host
susceptibility or resistance phenotypes®®, but has also shaped retroviral strategies to adapt to
current and future hosts®!!, for intra- and inter-species colonization. In their fight to withstand
viral infection, primates, including humans, use their innate and adaptive immune systems,
comprising of organs, tissues, cells, and molecules in a highly complex but somehow controlled
way that results in what is today known as immune response!'?. The retrovirus Human
Immunodeficiency Virus (HIV) is the cause for the acquired immunodeficiency syndrome
(AIDS) pandemic!3. HIV is a product of the spread of Simian Immunodeficiency Viruses (SIV)

and adaptations to human and human cellular factors!#!5.

1.1 Simians: a brief overview

Primate lentiviruses are hosted by many African simians and this colonization has been
detected mainly through sequencing and antibody-antigen tests!®!7. Simians are classified as
either apes or monkeys and their several species and subspecies are differently distributed over
many geographical areas of the globe!®. Apes can be classified as great or small/lesser apes.
Great apes, also known as hominids, include one species of humans (Homo sapiens); two
species of panins or chimps which include the female-dominated bonobo species or Pan
paniscus and the male-dominated common chimpanzee species, the Pan Troglodytes. Under
hominids, Gorillas and Orangutans species are also classified'®!8-2!, There is a single species

of Pan paniscus, four subspecies under Pan troglodytes chimpanzee (Pan troglodytes



troglodytes, Pan troglodytes schweinfurthii, Pan troglodytes verus and Pan troglodytes
ellioti*?. Gorillas have two extant species, each with two subspecies (the western Gorilla or
Gorilla Gorilla with Gorilla gorilla gorilla and Gorilla gorilla diehli subspecies and the
eastern Gorilla or Gorilla beringei with Gorilla beringei beringei and Gorilla beringei graueri
as subspecies), there are three existing subspecies under Orangutans'®2%-23, Pan troglodytes and

western Gorillas are hosts to SIVcpz and SIVgor, respectively?.

Lesser apes or Hylobatidae also commonly known as gibbons include four genera namely
Symphalangus, Nomascus, Hoolock, Hylobates and have around 20 different species®>2°,

Monkeys on the other hand, are classified as New or Old World monkeys. The New World
monkeys spread over five families but with the broad-nosed monkeys, also known as
platyrrhines, being the only extant family, they mainly occupy the America territory to which

they are immigrants?’-28

. Old World monkeys, the Cercopithecidae, are classified into more
than 100 species and mainly localizes in Africa but their presence extends to Asia?’-*. SIV
naturally-infected monkeys include many species of Old World monkeys such as the African
green monkey or Cercopithecus which has different species and has the STVagm3%3!. Some
Old World monkeys in captivity (e.g. in USA) are also known to harbour SIVs, it was recently

shown that rhesus macaque monkeys in captivity in the USA got their SIV through accidental

cross-species spill over of SIV of sooty mangabeys (SIVsmm)?>%-32-33,

1.2 HIV and SIV are retroviruses

The family Retroviridae comprises several viruses grouped across seven genera and these
include  alpharetroviruses,  betaretroviruses, = gammaretroviruses, deltaretroviruses,
epsilonretroviruses, spumaviruses and lentiviruses***>. HIV and SIV are lentiviruses and

possess, like other retroviruses, a two-copy positive single-stranded RNA genome, and their



replication requires reverse transcription of their genomic RNA into a double-stranded cDNA
by one of the viral key enzymes, the reverse transcriptase®>-°. The retroviral genome has key
genes for the group specific antigen or Gag, polymerase or Pol, and envelope or Env proteins;
edged by long terminal repeats (LTR) at both genomic ends?’. Variable number of additional
genes are found in lentiviruses and some other genera, e.g., in the prototype primate lentivirus
HIV-1, the genome contains sequences encoding viral accessory proteins such as the viral
infectivity factor (Vif), the viral protein R (Vpr), the viral protein U (Vpu), the trans-activator
of transcription (Tat), the regulator of expression of virion proteins (Rev) and the negative
regulator factor (Nef)*®*. HIV-2 and different SIVs contain a vpx gene for viral protein X

(Vpx), related to HIV-1 and some other SIV Vpr®.

1.3 HIV-1 and HIV-2: Differences in origins

There are two types of HIV found in humans, namely HIV-1 and HIV-2, with different groups
inside each type*. Work done to understand the origin of HIVs has shown that the different
groups of HIVs are independent evolutionary offsprings of simian immunodeficiency viruses
(SIV) from apes and monkeys (chimpanzees, Gorillas or Sooty mangabeys), following a few
successful cross-spreads to humans, believed to have happened early in the 20" or end of 19™
centuries*!*2, Through transmission of many monkey SIVs and their recombination events
inside Pan troglodytes schweinfurthii species of chimpanzees, the SIVcpzPts resulted and this,
on its turn, jumped and adapted to Chimpanzees of the subspecies Pan troglodytes troglodytes,
as SIVcpzPtt*44, Two of the four groups of HIV-1 (HIV-1 group M or Major and HIV-1 group
N or also known as New, Non-M, Non O) originated from this SIVcpzPtt, following adaptation
to human cellular factors such as tetherin (BST-2) and APOBEC3 proteins®. Several clades or
subtypes exist under HIV-1 group M?*. On the other hand, sequence analysis has shown that

HIV-1 group O (Outlier) and HIV-1 group P viruses have their origin in gorillas, from SIVgor,
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a virus which also, has its origin from SIVcpzPtt**. At several times, SIV from sooty
mangabeys (SIVsmm) transmitted to humans, adapted in the form of different viruses, which
are today known as HIV-2%". Genetic recombination inside human host has been documented
among both HIV-1 and HIV-2 viruses and they are the origin of circulating recombinant forms
of HIVs (CRFs)*. Though recently molecularly characterized, HIV-1 M and HIV-1 O viruses
are believed to have been circulating among humans as early as end of 19'" to early 20 century
(1890-1940), as compared to HIV-1 N and HIV-1 P which likely established among humans
later*>. Similarly, to HIV-1 O, other non-M group HIV-1 viruses predominate in Cameroon,
Gabon and Equatorial Guinea*-!2, and despite that they all cause AIDS, they differ in their
phylogenies, virological and epidemiological patterns>®>3-4, Several more Old-World simians
are natural hosts to many SIVs, where these viruses actively replicate in a non-pathogenic
manner. Except the described SIVs from sooty mangabeys, gorillas, and chimpanzees, all other
SIVs did not successfully spread to humans, despite possible contacts. Thus, such natural hosts

and SIVs are good tools to understand why HIV leads to AIDS in humans>>.

1.4 HIV and SIV: Genome structure and function

1.4.1 The group specific antigen, Gag gene and the Gag polyprotein

The viral group specific antigen Gag gene codes for the Gag polyprotein from which the matrix
protein (p17), capsid protein (p24), nucleocapsid (p7), protein 6 (p6) and two spacer peptides
SP1 and SP2 are produced, upon a proteolytic cleavage by the viral protease®-”.

Matrix p17 is in the N-terminus part of Gag and contains a myristic acid group, important for
Gag polyprotein targeting to the plasma membrane of infected cell®®>°. P17 also mediates viral

envelope incorporation during viral assembly and budding>®, and constitutes a protective shell

around the viral capsid®
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Viral protein p24 is the building block for viral capsid. In addition to enclosing and protecting
the viral genome and associated key enzymes, viral capsid is a key site for virus-
cellular/pharmacological factors interactions®. The binding of such factors to capsid is crucial
for a successful viral cytoplasmic transit and nuclear import but also cellular defense$!-62,
Capsid mutations have been shown to be important for adaptation to novel host species®.
Nucleocapsid p7 works as viral RNA chaperon protein and participates to viral genomic RNA
encapsidation for new virion formation®. SP2 domain has been described as a player for Gag
maturation®., The p6 protein mediates Vpr incorporation into nascent virions and facilitates

viral budding and release, through recruitment of the Endosomal Sorting Complex Required

for Transport or ESCRT®,

1.4.2 The viral pol gene is the source of many enzymes

From the pol gene, are viral protease (PR), reverse transcriptase (RT) and integrase (IN)
enzymes synthesized®’. Protease enzyme regulates viral protein production by several
proteolytic cleavages, and it belongs to aspartate class of proteases®®. Retroviral reverse
transcriptase is essential for converting viral genomic RNA into double stranded DNA, an
important step for viral integration into host DNA®. HIV-1 reverse transcriptase has two
subunits, also called domains, the enzymatic 560 amino acids or p66 and the structural 440
amino acids or p51, produced by protease reaction on Gag-Pol polyprotein®. Both RT
enzymatic parts, the polymerase and RNase H are found in the p66 subunit, the polymerase
part is responsible for the viral cDNA synthesis while the RNase H part is involved in
degradation of the template RNA during cDNA synthesis’. Integrase enzyme is mainly

important for viral cDNA integration into host cell DNA’!-72,
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1.4.3 HIV/SIV accessory proteins

Vif (virion infectivity factor) is the viral antidote to the DNA hypermutating cellular
deaminases APOBEC373. Vif functions as a substrate receptor for APOBEC3s by using a
cellular E3 ligase of Cullin 5, Elongin BC and RING-box protein 2 (RBX2) for APOBEC3
degradation by the proteasomal system’*’4. Furthermore, Vif has been shown to have many
other functions aiming at blocking cellular anti-viral replication strategies’*”>. Vpr or viral
protein R is a 15 kilodalton viral accessory protein mainly used for nuclear entry and it is
important for infection of non-dividing cells and for cell cycle arrest. Vpr has been shown to
be a host DNA damaging factor at the same time preventing DNA repair by host machinery’s.
Vpu or viral protein U targets the cellular CD4 glycoprotein and the antiviral tetherin (BST-2)
for degradation by proteasomal system’’. It reduces intracellular accumulation of viral cDNA
but also causes cell apoptosis through a pathway that culminates into NF-kappa B down-
regulation’®”, The viral protein X also known as X ORF protein, Vpx, is an HIV-2 and some
SIVs accessory protein. Vpx is a counteractor of host SAM domain and HD domain-containing
protein 1 (SAMHD1), which inhibits viral replication by blocking reverse transcription,
through hydrolysis and then depletion of dANTPs®’. To mediate SAMHDI1 degradation in
infected cells, Vpx interacts with cellular VPRPB/DCAF-1, which recruits and allows
association with cellular CUL4A-DDB1 E3 ligase complex®!. This complex targets SAMHD1
to proteolysis by proteasomes, allowing infection in resting myeloid cells®*2. Both Vpx and
Vpr are packaged by their respective virions, as they are required early during infection®*84,
The trans-activating regulatory element (Tat) regulates viral genome transcription, through its
binding to viral trans-activating response element or TAR, located inside LTR*®. This complex
regulation involves many cellular proteins such as RNA polymerase II, CDK9 and cyclin T1
but also chromosome remodeling®-%7, Tat absence results in defective, truncated fragments of

viral genomic RNA, which are not fit for next round of infection®’.
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Rev is the regulator of expression of viral proteins, a transactivating protein which mediates
nuclear export of lentiviral genomic and mRNAs, from which most of lentiviral viral proteins
are translated®®°. Rev export of RNA involves its binding to RNA Rev responsive elements
(RRE) and requires the presence of cellular proteins Ran-GTP, chromosomal region
maintenance 1 also called exportin 1 (XPO1/CRM1) and likely other proteins®*®!. Rev nuclear
localization and nuclear export signals allows it to continuously shuttle between cytosol and
nucleus for a successful viral protein synthesis®?. Defective or absent Rev results in viral pre-
mRNAs accumulation in the host cell nucleus, which affects viral protein synthesis and
assembly phase®*%4.

HIV negative regulatory factor of infectivity (Nef) protein plays a major role in the viral
replication and pathogenesis®®. Nef from HIVs and SIVs downregulates key cellular factors
including CD4, BST-2, molecules of major histocompatibility complex MHC-I and MHC-II,
serine incorporator proteins 3 and 5 (SERINC3 and SERINCS), CCR5 and CXCR4
coreceptors, CD28 and many other proteins; important for counteraction of viral entry and
release®®”’. Nef cytopathic effects are known to impair the quality of immune response by
negatively affecting viral antigen processing and presentation, and cytotoxic function of T

lymphocytes on infected cells®°.

1.4.4 The viral envelope protein

Lentiviral envelope Env is a 160 kilodalton glycoprotein (gp160) which is proteolytically cut
into two key sub-units, the gp120, located at N-terminus and the gp41 at the C-terminal'®. The
gp120 mediates viral docking to CD4 cell membrane receptor and coreceptors CCRS or
CXCR4, and gp41 is important for fusion step!'®!. Since Env is the viral outer component, it is
also susceptible to host defense strategies, particularly neutralizing antibodies and

antiretroviral drugs which target Env are currently part of viral suppression strategies for HIV
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infected people. Env undergoes mutations to escape host defense, but it also has conserved

domaing!00-102,

1.4.5 Lentiviral long terminal repeats

HIVs and SIVs have two identical long terminal repeats (LTR), one at the 5’ and one at the
3’genomic end. LTR has binding sites for host and viral determinants important for viral
genome transcription. It also mediates viral cDNA integration into host cell DNA%”. On the
DNA level, the LTR has the U3-R-U5 composition. On the genomic RNA level, the 5’
sequence is composed of region R, U5 (untranslated), PBS (primer binding site) and L (leader),
the genome 3’ end has a polypurine tract (PPT), U3 and an R region'*»!%*, Both R (repeat)
regions are important for precise and full genomic RNA reverse transcription. The PBS
sequence primes reverse transcription through binding of cellular tRNA (lys3), which also
binds U5 sequences called PAS or primer activation signal'®>. The L region contains the
packaging site sequences important for genomic RNA packaging during assembly phase of
replication!%, Proviral transcription is driven by the cellular RNA Pol II from the 5° U3 element
and the RNA transcript starts with the R sequence. Tat protein binds in 5’ region called Tar, to
recruit the P-TEFb (CDK9/cyclin T1) and this results in the phosphorylation of RNA Pol II, to
ensure optimal transcription!?’. The 3* end PPT sequence mediates the synthesis of plus DNA

strand during reverse transcription!%,
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Fig. 1. Genome organization for HIV-1, SIVcpz and HIV-2. HIV and SIV genomes contain common and accessory retroviral genes in an
overlapping arrangement. The genome contains two similar long terminal repeats, each at each end, Created with biorender.com.

1.5 HIV: Statistics and routes of transmission

According to WHO reports on HIV/AIDS, in 2021, nearly 38.4 million humans were living
with HIV infection and 650 000 HIV-related deaths as well as 1.5 million new infections were
recorded in the same year'®. HIV has caused approximately 40 million deaths since its

discovery in early eighties!!%!!!

. HIV can be transmitted through unprotected sexual contact
with an infected partner, mother to fetus/infant across placenta or during breastfeeding but also
through blood and blood products in medical transfusions or by HIV positive blood-
contaminated sharp objects'!>!!3, Most HIV infections are by HIV-1 group M, followed by
HIV-2 viruses and HIV-1 group O, and only a few cases of HIV-1 group N and P infections
have been reported!'4!16. Low numbers of non-M group HIVs may also be underestimated due
gaps in testing, with more tests focusing on HIV-1 M. However, non-M group HIV infections
progression is slow. One of the factors to explain the small number of cases from non-M group
HIV-1 and HIV-2 is likely their limited adaptability to host factors!!”.

The genomes of HIV-1 and HIV-2 have a similarity of less than 50% based on env gene

sequences®® but differences in other parts of the genome have also been highlighted!!8. HIV-2

differs from HIV-1 in pathogenesis!!®, HIV-2 is associated with low viral RNA copy number,
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slow CD4 positive cell depletion, a long asymptomatic phase, low mortality, and a reduced

transmissibility>*120,

1.6 HIV Replication cycle

1.6.1 Viral fusion with cell membrane

HIV infects human cells expressing the CD4 receptor. Cells expressing CD4 are key
components of immune system and include many subsets of T lymphocytes like CD4"* helper
T lymphocytes but also macrophages and dendritic cells'?!. The early phase of HIV replication
starts with virus-cell membrane interaction for entry and the late phase starts after viral cDNA
integration into host cell genome!?? until release of new virions (Fig. 2). Virus binding to cell
membrane, reverse transcription, pre-integration complex (PIC) formation, nuclear import and
uncoating, are early phase steps of replication. Viral entry into the target cells is mediated by
both cellular and viral factors, CD4 receptor, CXCR4 or CCRS5 coreceptors from the cell and

123,124

envelope glycoprotein 120 (gp120) and glycoprotein 41 (gp41) from the virus

1.6.2 Capsid disassembly or uncoating
The term uncoating describes the disassembly of the viral core to free the viral genome for
integration and it is one of the poorly understood steps of HIV replication. Recent findings

125,126

suggest that uncoating occurs inside the nucleus , as opposed to old conclusions that this

127 or in the cytosol, immediately after entry and

key step takes place at the nuclear envelope
even before reverse transcription!?#-130, It is now emerging that HIV uncoats in the nucleus,
where even reverse transcription of viral RNA to cDNA may complete!3! for integration. The
transit of capsid through the small and highly selective nuclear pores is facilitated by host

factors, mainly the cleavage and polyadenylation specificity factor 6 (CPSF6)!*? as well as

nuclear envelope pore proteins particularly nucleoporins (NUP153 and NUP358 also called
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RanBP) and transportin 3 (TNPO3). In fact, CPSF6 binding defective capsid mutants N74D
and A77V differ in their interaction with nuclear pore complex and integration behavior,
compared to wild type HIV-113L. Viral matrix protein pl17, capsid p24, Vpr and integrase are
also required in the nuclear import step!%’.

The viral core has several key functions such as shielding the genetic material from cellular
sensors and DNA degrading proteins, providing a reaction container for reverse transcription
of the viral RNA, and transport of the viral genome into the nucleus!*3. Several cytosolic factors
have been found to interact with HIV/SIV capsids and their specific binding sites have been
mapped!3+133, Furthermore, crucial capsid interactions with components of nuclear membrane

pores for subsequent steps of HIV/SIV were identified!26.

1.6.3 HIV/SIV cDNA integration and production of new virions
Once viral cDNA or provirus is released in the nucleus, it integrates into the host DNA to

ensure transcription!®¢

. Viral cDNA is joined to host DNA in two major steps, the processing
of its 3’ end and the transfer of the 3’ processed viral cDNA to cellular DNA, also known as
strand transfer. These two steps are mainly viral integrase dependent; though also require
proteins from the host cell'3” such as lens epithelium-derived growth factor (LEDGF)!3#
Following integration, HIV/SIV proviral DNA undergoes transcription and translation to

139, Viral envelope glycoproteins gp120 and

produce both viral genomic RNA and viral proteins
gp41 are produced by a host furin protease cleavage on the glycosylated Env polyprotein
gp160, which is also a result of a translation on a spliced Vpu/Env mRNA on the surface of
rough endoplasmic reticulum!’. Env proteins are then secreted by the Golgi apparatus to the
plasma membrane, where a few molecules (less than 10 spikes) are used by each budding

virion'4%14!1 Gag and Gag-Pol polyproteins targeting to the plasma membrane of infected cells

(Fig. 2), their assembly around viral genetic material, viral budding and maturation results into
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a mature and infectious virion!#?

. Viral components assembly and virion release are well-
coordinated processes, which also involve cellular proteins such as proteins of the Endosomal
Sorting Complex Required for Transport (ESCRT)!#2-145 Assembly step takes place at specific

plasma membrane regions, rich in key lipids!4®

, cholesterol and sphingolipids. This step is also
associated with interaction but also packaging of all viral (both structural and enzymatic) and
cellular components (e.g tRNAM?), important for next round of infection'*’. Virion maturation
after virus budding involves structural changes of viral Gag polyprotein, which is cleaved by
viral protease, and this leads to the availability of proteins like capsid p24 that assembles in
pentamers and hexamers to produce the mature cone-shaped viral core with two similar viral
positive single stranded RNA and associated enzymes inside!*®. The HIV conical capsid is
composed of between 1500 and 2000 molecules of the capsid protein 24 (p24) forming
hexamers and a few pentamers, produced from proteolytic action of the viral protease on Gag
polyprotein of ~55 Kda!*!1#°, Capsid p24 is composed of two parts, an N-terminal domain
(NTD), spanning over around first 146 residues and a C-terminal domain (CTD), the two
domains are joined by a short linker!>°, HIV capsid has been studied and several alpha helices
have been highlighted over the entire p24 molecule. In addition, the N-terminal has a proline

rich region!>:152,
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Fig 2. HIV replication cycle. HIV replication starts with viral interaction with cell membrane receptors and co-receptors. This is followed by
release of viral capsid in the cell cytosol where it is suggested to follow one of the three uncoating pathways. Following reverse transcription,
viral cDNA integrates cellular chromosomal DNA and this provirus is the origin for mRNA for both proteins and genome. The assembly of
viral components at the plasma membrane is followed by viral budding, release, and maturation, before a new cycle is initiated. Created with
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1.7 Dependency and restriction factors of HIV/SIV
1.7.1 Cyclophilins

Cellular proteins cyclophilin A (CYPA) and cyclophilin B (CYPB) are prolyl-peptidyl
isomerases which have been shown to be involved in HIV replication!33-1%6,

CYPA has been shown to bind with HIV-1 Gag protein and be packaged into nascent virions'>’.
HIV Gag residues important for CYPA interactions have been mapped at position 89 (glycine
or G89) and 90 (Proline or P90) on the capsid p24, termed CYPA binding loop'*®. CYPA-Gag
binding can be abolished using the cyclophilin binding drug cyclosporin A (CsA) which binds
and inhibits CYPA, by CYPA knockout or by mutating CYPA binding loop key residues!'>®,
Human cyclophilin A, is required for HIV infection in many cell lines and human primary

cells'®. On the other hand, my unpublished work suggests an anti-HIV signature of CYPB,

despite an existing report, which highlighted its HIV-infection-enhancing side!>> through
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increase of cDNA import to the nucleus, in an overexpression approach. CYPA is also
important for viral sensitivity/resistance to antiviral drugs'®. My recent findings show that

CYPA can protect SIVcpzPts against capsid inhibitors such as PF74 and PF57'1,

1.7.2 Tripartite Motif-containing proteins

Tripartite motif-containing proteins (TRIM) are characterized by their structure in three
domains: The N-terminal RING, the single or double B-box and the coiled-coil domains. Some
TRIM proteins have in addition, a C-terminal domain termed B30.2 or SPRY domain!®%!63,
While the RING, B-box and the Coiled-coil domains mediate ubiquitylation and protein
multimerization during TRIM protein function, the B30.2 domain specifically recognizes,
binds and affects retroviral capsid structure'®*. More than 70 TRIM proteins have been
identified from the human genome, some of them with a restrictive attribute against HIV, in
addition to their roles in regulation of cell cycle, embryogenesis and cell signaling!%. The alpha
isoform of TRIMS protein (TRIM5a) has a B30.2 domain and has been of particular interest
to scientists due to its selective anti-retroviral activity among primates. For instance, human
TRIMS5a (huTRIMS5a) does not block HIV-1 M infection, due to protection offered by CYPA,
as recently deciphered!®%1¢7. On the other hand, HIV-1 and HIV-2 are very sensitive to African
green and rhesus monkeys’ TRIMSa (agmTRIMSa and thTRIMS5a). Additionally, huTRIMSa
does not inhibit SIVcpz and SIVsmm, the believed nearest evolutionary ancestors of HIV-1
and HIV-2*. Apart from binding retroviral capsids and causing their premature disassembly
or uncoating, TRIMS5a block infection through autophagy a process in which the cell contains
and degrades unwanted intracellular content!¢®, In the context of HIV restriction, TRIM5a not
only acts as a receptor of autophagy cargo, but also initiates the autophagy process for example,

by mediating the formation of ULK1 and BECNI protein complex. TRIMS5a engages with

autophagy regulator 8 (Atg8)!%%!17°. With its E3-ubiquitin ligase activity, TRIM5a. promotes
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HIV sensing by innate immunity and this involves many other cellular factors such as UBC13,

TAKI1, AP-1 and TRIMS5a works as a pattern recognition receptor! 1172,

In some primates, the B30.2 domain in TRIMS protein has been replaced by CYPA through a
retrotransposition process, which generated TRIMCyp fusion proteins'’>. The Aotus night
monkey, a New World monkey and the Old World monkey rhesus macaque express
omTRIMCyp and rthTRIMCyp, respectively. RhTRIMCyp blocks HIV-2 and many non-M
HIV-1s, but not HIV-1 M. OmTRIMCyp is active against HIV-1 viruses but inactive against
HIV-2%3. Such differences in susceptibility to TRIMCyp by HIVs, is attributed to capsid
sequence differences, particularly in the CYPA loop but variations at residue 66 and 69 in
CYPA domain of TRIMCyp also determine which virus is inhibited by or resists TRIMCyp>*.
For instance, lentiviral capsid residue at position 88 (A88) is known to mediate engagement
with host CYPA domain of rhTRIMCyp, with Alanine (A88) conferring resistance to
rthTrimCyp, as in case of HIV-1 M, while valine (V88) or methionine (M88) expose non-M
viruses to thTRIMCyp inhibition®’. Inside the TRIM family, many other members such as
TRIM34 and TRIMI11 (another B30.2-containing member) exhibit anti-viral properties,

particularly against HIV!74,

1.7.3 APOBEC3 enzymes

Inside an invaded cell, retroviruses are also on spot of sophisticated and deadly DNA
editing/mutating enzymes, the Apolipoprotein B mRNA Editing Catalytic polypeptides 3 or
APOBEC3!7, These deaminases have a basic structure with the zinc domain “H-x-E-x23-28-
P-C-x2-4-C”'76, These proteins carry out cytosine to uridine deamination of single stranded
DNA, causing non-favoring mutations!””. APOBEC3s interact with HIV/SIV Gag and

incorporate in the viral core during assembly and mutate viral cDNA following next round of
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cell entry!”8, Such DNA editing activities result in a replication defective provirus and hence
halts viral infection and are believed to have played a key anti-retroviral cross-species spread
role!”. The viral Vif protein is the viral counteractor that destroys A3 in the viral producer
cells thereby allowing the generation of A3-free virions®. The Vif-A3 interaction is in most

cases species-specific!®0.

1.7.4 The Bone marrow stromal antigen-2 (BST-2)

The bone marrow stromal antigen-2, BST-2 or Tetherin is one of the factors restricting the late
phase of viral replication- '¥!. It opposes viral release form infected cell membranes, and
thereby stopping further viral spread!®?. Tetherin is counteracted by either viral Nef, Vpu or

Envelope proteins, depending on the virus!$%183,

1.7.5 SERine INCorporator proteins, the SERINCs

Serine incorporators are protein, which are thought to mediate incorporation of SERINE in
lipid bilayers, particularly in the cell membrane phospholipids!®*. Two members of SERINC
protein family are involved in lentiviral restriction, SERINC3 and SERINC5!%. In the absence
of a counteracting viral Nef or Envelope, SERINCs impair new virion infectivity, following
their inclusion into the viral membrane, by reducing an ill-defined step in fusion of the viral

with the -cell membrane in the beginning of cell invasion!8¢.

1.8 Antiretroviral drugs: Capsid inhibitors, integrase inhibitors, RT inhibitors
While considerable effort has been invested to develop a curative treatment or vaccine, control
of HIV infection still relies on antiviral drugs that aim at suppressing viral replication !87-188,

This approach has tremendously reduced HIV related mortality and increased life

expectancy'®. Around 43 anti-HIV molecules, also called antiretroviral drugs (ARVs) have
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been given a green light for clinical use. These drugs target several key steps of the HIV

replication chain!®

and many more are under development, particularly to target Gag
polyprotein and its products, as key players of viral replication, assembly, and release!”!.
Among the current ARVs in use are inhibitors of viral integrase, reverse transcriptase
inhibitors, inhibitors of viral protease, and viral entry inhibitors, used in combined
Antiretroviral Treatment (cART)!"2. Despite their efficacy, HIV and particularly non-M groups
HIVs oppose resistance to routinely used anti-retroviral drugs and more work will be needed
to understand such viral resistance towards drugs'®®. Several small capsid binding molecules
have been identified and synthesized and their use has boosted our understanding of capsid-
host factor complex interactions, their possible clinical use is under investigation'**!%, The
small molecules like PF-3450074 (PF74), PF-3759857 (PF57), the Gilead Lenacapavir or GS-
6027 target capsid through binding to the interface between N- and C-terminal domains (NTD
and CTD) of two capsid monomers, a binding site shared with the CPSF6, and near binding
sites for NUP153 and NUP358'%>!%6, Capsid inhibitors docking affects capsid structure
depending on the dose and type, low doses of PF74 stabilize the capsid while higher doses
result in early capsid disintegration, both outcomes negatively affect subsequent steps of viral

197

replication'”’. Another class of capsid binding molecules include the viral maturation inhibitors

like BI-32571%8,

1.8 Aims of the project

This doctoral project’s main goal was to study HIV and SIV capsid interactions with host but
also pharmacological inhibitors, to decipher more on the SIV evolutionary journey which
culminated into HIVs. In addition, the project also tried to investigate why some HIVs (the
non-M group HIVs, also known as non-pandemic HIVs) did get only a limited spread among

us.
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The aim of chapter I was to assess SIVcpzPts infection biology in human cell lines but also
primary leucocytes, to understand why this virus did not directly cross-spread to humans. I also
explored SIVcpzPts and SIVcpzPtt susceptibility to capsid inhibitors PF74, PF57 and GS-CAL,
which share binding sites with or bind near binding sites for some host factors such as CPS6,
NUP153 and NUP358. Since capsid binding host factors have been shown to affect each other
during HIV-1 infection, I also assessed their role, particularly CYPA, in the activity of capsid
inhibitors against SIVcpz. CPSF6 is known to bind and licence HIV capsid for a nuclear entry.
Its short form, the CPS6 358 is, on the other hand antiretroviral and cytoplasmic, due to lack
of the arginine-serine rich motif, required for CPSF6 nuclear translocation!*2%!, To answer
the question on whether this truncated CPSF6 can also bind and inhibit SIVcpz, I assessed
SIVcepzPts and SIVcpzPtt sensitivity to CPSF6_358. My findings show that SIVcpzPts can use
CYPA to escape inhibition by pharmacological capsid destabilisers. In addition, this virus, as
opposed to SIVcpzPtt and HIV, is not inhibited by the experimental cytoplasmic CPSF6-358.
I also a reviewed available literature with the aim to highlight knowledge on post-entry
restriction patterns against SIVcpz.

Despite my key findings which show differences between the human non-adapted SIVcpzPts
and the human adapted SIVcpzPtt, in terms of cytoplasmic events during infection, more work
will be needed to understand why SIVcpzPts was not able to colonize human cellular
environment, more post-entry events may provide more light on such differences.

Chapter II had a main goal to answer the question on why are some HIVs (HIV-1 N, HIV-1
O, HIV-1 P and HIV-2) rare and less pathogenic, in comparison to the pandemic HIV-1 M. To
answer this question, I explored early infection biology phase events of such viruses in the
context of how they engage their capsids with human TRIMS5a and CYPA. Capsid CYPA
binding loop is diverse between these viruses. To understand possible contribution of such

diversity to differences in infection biology, I assessed the role of capsid CYPA binding loop
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for the activity of TRIMS5a. I show that HIV-1 N, HIV-1 O, HIV-1 P, HIV-2 and SIVgor but
not HIV-1 M are inhibited by human TRIMS5a. More investigation will be needed to see if there
are other host factors such as those involved in nuclear import and export of HIV and SIV viral
components, which can explain why non-M HIVs did not manage to extensively spread among
humans.

Under chapter III, the goal was to use different approaches such as gene knockout, protein
overexpression and fusion proteins (TRIMCYPB), to detail the role of CYPB during HIV
infection in a cell type manner. The project also aimed at answering questions on which capsid
residues mediate CYPB-viral Gag interactions for CYPB antiviral activity, as described in my
findings. The question on when does CYPB exhibit its antiviral activity during HIV infection
was answered using a viral uncoating assay and 2-circle LTR measurement. Such approaches
showed that CYPB anti-HIV effect starts early during infection. it will be interesting to
investigate on whether CYPB binding to capsid also interferes with other host and
pharmacological capsid inhibitors of HIV and SIV such TRIM5a, PF74, as does CYPA. CYPA
has been highlighted as a factor influencing the nuclear import of HIV, in the presence of

CPSF6!'7. Does CYPB do the same?
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ABSTRACT Pandemic human immunodeficiency virus type 1 (HIV-1) is the result of
the zoonotic transmission of simian immunodeficiency virus (SIV) from the chimpan-
zee subspecies Pan troglodytes troglodytes (SIVcpzPtt). The related subspecies Pan
troglodytes schweinfurthii is the host of a similar virus, SIVcpzPts, which did not
spread to humans. We tested these viruses with small-molecule capsid inhibitors
(PF57, PF74, and GS-CAT) that interact with a binding groove in the capsid that is
also used by CPSF6. While HIV-1 was sensitive to capsid inhibitors in cell lines, hu-
man macrophages, and peripheral blood mononuclear cells (PBMCs), SIVcpzPtt was
resistant in rhesus FRhL-2 cells and human PBMCs but was sensitive to PF74 in hu-
man HOS and Hela cells. SIVcpzPts was insensitive to PF74 in FRhL-2 cells, HelLa
cells, PBMCs, and macrophages but was inhibited by PF74 in HOS cells. A truncated
version of CPSF6 (CPSF6-358) inhibited SIVcpzPtt and HIV-1, while in contrast,
SIVcpzPts was resistant to CPSF6-358. Homology modeling of HIV-1, SIVcpzPtt, and
SIVcpzPts capsids and binding energy estimates suggest that these three viruses
bind similarly to the host proteins cyclophilin A (CYPA) and CPSF6 as well as the
capsid inhibitor PF74. Cyclosporine treatment, mutation of the CYPA-binding loop in
the capsid, or CYPA knockout eliminated the resistance of SIVcpzPts to PF74 in Hela
cells. These experiments revealed that the antiviral capacity of PF74 is controlled by
CYPA in a virus- and cell type-specific manner. Our data indicate that SIVcpz viruses
can use infection pathways that escape the antiviral activity of PF74. We further sug-
gest that the antiviral activity of PF74 capsid inhibitors depends on cellular cofac-
tors.

IMPORTANCE HIV-1 originated from SIVcpzPtt but not from the related virus SIVcpz-
Pts, and thus, it is important to describe molecular infection by SIVcpzPts in human
cells to understand the zoonosis of SIVs. Pharmacological HIV-1 capsid inhibitors
(e.g., PF74) bind a capsid groove that is also a binding site for the cellular protein
CPSF6. SIVcpzPts was resistant to PF74 in Hela cells but sensitive in HOS cells, thus
indicating cell line-specific resistance. Both SIVcpz viruses showed resistance to PF74
in human PBMCs. Modulating the presence of cyclophilin A or its binding to capsid
in Hela cells overcame SIVcpzPts resistance to PF74. These results indicate that early
cytoplasmic infection events of SIVcpzPts may differ between cell types and affect,
in an unknown manner, the antiviral activity of capsid inhibitors. Thus, capsid inhibi-
tors depend on the activity or interaction of currently uncharacterized cellular fac-
tors.
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fter receptor interaction, human immunodeficiency virus type 1 (HIV-1) infects cells

by membrane fusion followed by reverse transcription of its viral genomic RNA
into double-stranded DNA, which integrates into the host's chromosomal DNA in the
nucleus. The capsid (CA) protein builds a cone-shaped core that delivers viral RNAs and
enzymes into the cell. This core undergoes structural changes in a poorly described
process called uncoating that takes place either in the cytoplasm, at the nuclear pore,
or in the nucleus (1-7), where the CA protein interacts with diverse cellular proteins. To
inhibit early capsid-dependent steps in viral infection, small compounds that target the
CA protein have been developed (8, 9). Prominent examples of cellular human capsid
interactors include cyclophilin A (CYPA) (PPIA [peptidylprolyl isomerase Al), TRIM5«
(splice variant «a tripartite motif-containing protein 5), MX2 (MX dynamin-like GTPase 2),
karyopherin TNPO3 (transportin 3), CPSF6 (cleavage and polyadenylation specificity
factor 6), and the nuclear pore proteins NUP358 (nucleoporin 358) (also called RANBP2
[RAN binding protein 2]) and NUP153 (nucleoporin 153) (10-17). NUP153, NUP358,
CPSF6, and TNPO3 promote HIV-1 nuclear entry and positively influence integration (1,
17-19). Distantly related simian immunodeficiency viruses (SIVs) from African green
monkeys (SIVagm) or rhesus macaques (SIVmac) also bind to NUP153 (19). Thus, it is
likely that all primate lentiviruses use similar nuclear entry pathways, but NUP153 may
not be required for all SIVs (20). HIV-1 is sensitive to human TRIM5«a and MX2 as well
as to an experimentally expressed truncated version of CPSF6 (CPSF6-358) (13, 14, 17,
21-23). TNPO3 protects HIV-1 from CPSF6-mediated capsid stabilization in the host cell
cytoplasm and prevents CPSF6 from accumulating in the cytoplasm. The mislocaliza-
tion of CPSF6 to the cytoplasm, as in the case of truncated CPSF6-358, results in the
inhibition of HIV-1 (24). Oligomeric CPSF6-358 binds and disrupts the core of HIV-1 (25).
Mutations in the CA protein can generate HIV-1 variants that are resistant to these
restriction factors (17, 23, 24, 26-28).

One of the best-characterized CA inhibitors is PF74 (also called PF-3450074), which
binds to CA at the N-terminal domain-C-terminal domain interface between two
monomers of the CA hexamer in a pocket that overlaps the CPSF6 interface and is close
to the NUP153 binding site (8, 19, 29-31). Treatment of cells with PF74 blocks HIV-1 via
cooperative mechanisms of binding to the capsid and perturbs uncoating and reverse
transcription at higher concentrations (5 to 10 wM); lower concentrations (up to 2 uM)
block HIV-1 after reverse transcription and before nuclear entry but also inhibit in the
nucleus (8, 29, 32-35). Capsid inhibitors with a similar binding location are in devel-
opment for clinical use (36-38).

Pandemic HIV-1 is the result of the zoonotic transmission of simian immunodefi-
ciency virus from the chimpanzee subspecies Pan troglodytes troglodytes (SIVcpzPtt).
The related chimpanzee subspecies Pan troglodytes schweinfurthii is the host of a similar
virus, SIVcpzPts, which did not successfully spread to humans (39-41). Like HIV-1,
SIVcpzPtt is sensitive to human TRIM5a and MX2 but evolved in humans to counteract
restriction by human BST2 (tetherin) and APOBEC3H (39, 42-45). In this study, we
compared the sensitivities of HIV-1 and SIVcpz viruses to early cytoplasmic interactors
such as CYPA, CPSF6-358, and capsid inhibitors.

RESULTS

Human cell lines are differentially permissive to SIVcpz viruses. We hypothe-
sized that human-adapted HIV-1 and chimpanzee-adapted SIVcpz viruses differ in their
capacities to interact with cytoplasmic cellular factors. We decided to study the
capsid-interacting proteins CYPA and CPSF6-358 and capsid inhibitors binding in the
CPSF6 groove of capsid. To identify suitable cell systems for our experiments, we tested
commonly used cell lines with SIVcpzPtt, SIVcpzPts, and HIV-1 vesicular stomatitis virus
G (VSV-G)-pseudotyped luciferase reporter viruses. We infected two human cell lines
(HeLa and HOS), three simian cell lines (CV-1 from African green monkeys, FRhL-2 from
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FIG 1 Infection of human and nonhuman cells by HIV-1, SIVcpzPtt, or SIVcpzPts. (A and D) HIV-1 reporter viruses were used to infect CRFK, FRhL-2,
OMK, CV-1, Hela, and HOS cells using increasing amounts of the virus-containing cell supernatant. Firefly luciferase was measured 2 days later.
(B, C, E, and F) SIVcpzPtt (B and E) and SIVcpzPts (C and F) reporter viruses were used to infect CRFK, FRhL-2, OMK, CV-1, HeLa, and HOS cells with
increasing amounts of the virus-containing cell supernatant. At 2 days postinfection, the activity of nanoluciferase was measured. Values are
means with standard deviations (SD). Each experiment was performed at least three times and in triplicates. (G) Expression of HIV-1 host factors
in HOS and Hela cells. Shown are immunoblots of cell lysates of HOS and HeLa cells. Tubulin, NUP358, NUP153, CPSF6, TRIM5«, and CYPA were
detected with their specific antibodies. «, anti.

rhesus macaques, and OMK from owl monkeys), and one feline cell line (CRFK) and
measured luciferase activity at 2 days postinfection. Feline cells do not express a
restricting TRIM5a protein (46), while CV-1 and FRhL-2 cells express TRIM5« proteins
and OMK cells express TRIM5Cyp, which inhibit HIV-1 (47). Titration-infection experi-
ments confirmed that both human cell lines were equally permissive to HIV-1, while
CRFK cells were 10-fold more susceptible than HelLa or HOS cells, and that HIV-1 was
restricted in simian cells (48-50) (Fig. 1A). The difference in infectivity between per-
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missive CRFK and restrictive OMK cells was up to 10,000-fold. HIV-1 was slightly more
restricted in OMK than in CV-1 cells, but both SIVcpzPtt and SIVcpzPts were equally
inhibited in these simian cells (Fig. 1B and C). In further contrast to HIV-1, human HOS
cells were more permissive than or equally as permissive as CRFK cells to SIVcpzPtt and
SIVcpzPts. For HIV-1 infections, HOS and Hela cells displayed comparable permissive-
ness; however, Hela cells were 33- and 20-fold less infectible by SIVcpzPtt and
SIVcpzPts, respectively, than HOS cells. Infection by HIV-1, SIVcpzPtt, and SIVcpzPts was
lower in FRhL-2 cells than in Hela cells, and the differences were the greatest with HIV-1
(Fig. 1D to F). We analyzed the presence of important host proteins in HOS and Hela
cells by immunoblotting and found that the two cell lines express similar amounts of
TRIM5@, CYPA, CPSF6, NUP153, and NUP358 (Fig. 1G). Thus, the expression levels of
these proteins cannot explain the different sensitivities of HOS and Hela cells to the
two SIVcpz viruses.

SIVcpz viruses show cell type-specific sensitivity to cyclosporine. Cyclophilin A
is a cellular protein that has several postulated functions in HIV-1 infection (18, 32,
51-61). CYPA interacts with the capsid of HIV-1 (62) and is incorporated into nascent
viral particles (10, 11). In the HIV-1 capsid, CYPA targets a proline-rich loop (also called
the CYPA binding loop) with the key interacting residues G89 and P90 (63). Cyclospo-
rine (CsA) is a natural product from a fungus that binds to CYPA and other cyclophilins,
and CsA treatment of cells disrupts CYPA incorporation into budding HIV-1 virions (62,
64). HIV-1 mutation of the CYPA binding loop, depletion of CYPA in cells, or inhibition
by the use of CsA was instrumental in identifying cell types in which HIV-1 depends on
CYPA, such as HOS and primary CD4* T cells, and cell types in which HIV-1 replicates
independently of CYPA, such as Hela cells (56, 61, 65-71). We aligned the capsid
residues of HIV-1 and SIVcpz viruses that are involved in the interaction with CYPA,
CPSF6, and capsid inhibitors (Fig. 2A and B; see also Fig. ST and S2 in the supplemental
material). Despite similarities in capsid G89 and P90, which are residues known to be
important for the interaction between HIV-1 capsid and CYPA, the alignment highlights
differences in the CYPA binding loop on the capsids of HIV-1 and SIVcpz viruses (Fig. 2A
and B). Most residues are highly or absolutely conserved within HIV-1 or SIVcpz
sequences, respectively, which predominantly also applies to residues interacting with
a ligand (marked by stars in Fig. 2A and B). Only residues 91 to 93 that interact with
CYPA (blue stars in Fig. 2A and B) show higher sequence variability, also containing
nonconservative substitutions within one lineage as well as between lineages. Binding
mode models of human CYPA binding to HIV-1, SIVcpzPts, and SIVcpzPtt CA proteins
confirmed that the interacting residues differ in 3 positions between HIV-1 CA and
SIVcpzPts CA: ILE91 versus GLN91, ALA92 versus GLN92, and PRO93 versus ALA93. The
interacting residues differ in 1 position between HIV-1 CA and SIVcpzPtt CA (ALA92
versus PRO92) (Fig. 3A and B).

To identify whether viral particles of SIVcpz and HIV-1 package CYPA in similar
manners, immunoblots of virions were analyzed. In virions of SIVcpzPtt and SIVcpzPts,
the levels of CYPA were similar to those in HIV-1 particles, and treatment of virus-
producing cells with CsA blocked CYPA packaging by all three viruses (Fig. 4A).
Glutathione S-transferase (GST) pulldown experiments were performed to test the
binding of CYPA to SIVcpz GAG. HEK293T cells were cotransfected with plasmids for
SIVcpz or HIV-1 and CYPA-GST in the presence or absence of CsA. Following transfec-
tion, cells and viruses were lysed, and the lysates were used for pulldown experiments
using GST-Sepharose beads. Immunoblotting of the precipitated complexes demon-
strated that CYPA-GST interacted with GAG proteins of HIV-1, SIVcpzPtt, and SIVcpzPts
(Fig. 4B). Importantly, GST alone did not precipitate GAG, and the administration of
10 uM CsA prevented the binding of CYPA to GAG equally for all three viruses; in
contrast, viruses carrying the G89V mutation in the presumed CYPA binding loop of the
capsid (Fig. 2A) did not bind CYPA (Fig. 4C).

Since the activity of CYPA in HIV-1 target cells, and not virus-producing cells,
regulates HIV-1 replication (56, 68), we treated human HOS and Hela and rhesus
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FIG 2 Alignment of CA protein sequences of HIV-1, SIVcpzPts, and SIVcpzPtt and residues engaged in interactions with PF74, CYPA, or CPSF6. (A) HIV-1 CA
sequence with the position weight matrix represented as a Weblogo. The HIV-1 CA sequence was taken from the pMDLg/pRRE plasmid. The Weblogo was
generated from randomly selected HIV-1 M sequences of different subgroups using MAFFT (108) and Jalview (109) (see also Fig. S1 in the supplemental
material). Residues interacting with a ligand are marked with a star. (B) SIVcpz CA sequences (GenBank accession numbers JN835461 and AF447763) with the
position weight matrix represented as a Weblogo. The randomly picked SIVcpz CA sequences were retrieved from the Los Alamos HIV and SIV sequence
database. The Weblogo was generated from HIV sequences using MAFFT (108) and Jalview (109) (see also Fig. S2 in the supplemental material). Residues
interacting with a ligand are marked with a star. For HIV-1 versus SIVcpzPts, the identity was 78.63% and the similarity was 87.18%. For HIV-1 versus SIVcpzPtt,
the identity was 89.61% and the similarity was 94.81%. For SIVcpzPts versus SIVcpzPtt, the identity was 78.63% and the similarity was 87.18%. (C to F) Quality
assessment of homology models on a per-residue level by TopScore (73). Blue, TopScore of 0.1 (high structural quality); red, TopScore of 0.8 (low structural
quality). (C) Homology model of the SIVcpzPts CA monomer based on the structures of HIV-1 CA crystallized with CPSF6 used as the templates. (D) Homology
model of the SIVcpzPts CA monomer based on the structures of HIV-1 CA crystallized with PF74 used as the templates. (E) Homology model of the SIVcpzPtt
CA monomer based on the structures of HIV-1 CA crystallized with CPSF6 used as the templates. (F) Homology model of the SIVcpzPtt CA monomer based on
the structures of HIV-1 CA crystallized with PF74 used as the templates.

macaque FRhL-2 cells with increasing amounts of CsA before infection. Cyclosporine
treatment made HOS cells up to 6-fold more resistant to HIV-1 but increased the
infection in HeLa and FRhL-2 cells (Fig. 5A). Infections with both SIVcpz viruses
demonstrated that CsA treatment of either cell line had no inhibitory consequences
and, in fact, stimulated infection (Fig. 5B and C). However, in HOS cells, CsA did not
enhance SIVcpzPtt infection (Fig. 5B). To determine whether these observations were
related to the CYPA protein, we tried to generate HOS and HelLa CYPA knockout (KO)
cells (Fig. 6A and B). In HOS cells, the population of cells showed only a weak loss of
CYPA protein in immunoblots, and thus, we established and used clonal cell lines that
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SIVcpzPts

SiVepzPit

FIG 3 Structural models of binding of human CYPA to HIV-1, SIVcpzPts, and SIVcpzPtt CA proteins. For SIVcpzPts and SIVcpzPtt, CYPA
coordinates were taken after superimposing the proteins onto HIV-1 CA bound to CYPA (PDB accession number 5FJB). Monomers are
colored differently; the region in the black box in panel A is shown as a blowup in panel B, and side chains of interacting residues
are shown as sticks. The interacting residues differ in 3 positions between HIV-1 CA and SIVcpzPts CA: ILE91 versus GLN91, ALA92
versus GLN92, and PRO93 versus ALA93. The interacting residues differ in 1 position between HIV-1 CA and SIVcpzPtt CA (ALA92 versus
PRO92).

had a large deficiency in CYPA (Fig. 6A). HOS.CYPA KO clones 1, 3, and 5 showed
reduced susceptibility to HIV-1 and SIVcpzPtt but not to SIVcpzPts (Fig. 6C to E).
Treatment of HOS.CYPA KO cells with 5 uM CsA during infection did not significantly
further increase the restriction of HIV-1 but, surprisingly, reverted the inhibition of
SIVcpzPtt (Fig. 6D) and enhanced infections by SIVcpzPts in wild-type (WT) HOS cells
and HOS.CYPA KO cells (Fig. 6E). In Hela cells, we found a significant knockdown (KD)
of CYPA in this population of cells, and these HelLa.CYPA KD cells were used for
infections (Fig. 6B). CYPA-deficient Hela cells showed a mild increase in permissiveness
to HIV-1 (less than 2-fold) (Fig. 6F) and were 5- to 6-fold more permissive to SIVcpzPtt
and SIVcpzPts (Fig. 6G and H). To test the effect of CsA on infection by these viruses in
CYPA-deficient Hela cells, cells were pretreated with 5 uM CsA and infected. Experi-
ments in WT Hela cells in the presence of CsA revealed data similar to those shown in
Fig. 5, and infections by SIVcpzPtt and SIVcpzPts were more enhanced than infection by
HIV-1 (Fig. 6F to H). Interestingly, HIV-1 infection was not increased by CsA treatment
in HeLa.CYPA KD cells, and its infectivity was reduced by 30% (Fig. 6F). On the other
hand, in HeLa.CYPA KD cells, SIVcpzPtt and SIVcpzPts infected 5- and 2-fold more in the
presence of CsA, respectively (Fig. 6G and H). Remarkably, the combination of CYPA
deficiency and CsA treatment enhanced the permissiveness of Hela cells to SIVcpzPtt
and SIVcpzPts by 30- and 11-fold, respectively. Taken together, these data indicate that
CYPA is involved in SIVcpzPtt and SIVcpzPts infection, and for SIVcpzPts, blocking or
removing CYPA enhances infection in human HOS and Hela cells, while SIVcpzPtt
enhancement is seen only in Hela cells. Our data also suggest that CsA treatment
influences CYPA-independent pathways of SIVcpz infection.

SIVcpzPts is insensitive to CPSF6-358. To test the effect of CPSF6-358, we gen-
erated HOS cells that expressed CPSF6-358 (HOS.CPSF6-358) (Fig. 7A). In HOS.CPSF6-
358 cells, infection by HIV-1 was reduced compared to that in HOS cells with the empty
vector, while HIV-1 with CA mutants in the CPSF6 binding site (N74D or A77V) (Fig. 2A)
(72) escaped this restriction (Fig. 7B to D). CPSF6-358 also inhibited HIV-1 in HOS.CYPA
KO cells (Fig. 7B). SIVcpzPtt showed a pattern of restriction in these cell lines similar to
that of WT HIV-1 (Fig. 7E). In contrast, CPSF6-358 did not inhibit SIVcpzPts in WT HOS
or HOS.CYPA KO cells (Fig. 7F).
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FIG 4 SIVcpz interacts with CYPA. (A) HIV-1, SIVcpzPtt, and SIVcpzPts encapsidate CYPA. Viruses were
generated by the transfection of expression plasmids in HEK293T cells in the absence (—) or presence (+)
of 2.5 uM CsA. SIVcpzPtt and SIVcpzPts wild-type (WT) and luciferase (Luc) reporter viruses were
analyzed. Protein lysates of purified virions and HEK293T producer cells were subjected to immunoblot-
ting. p24 (capsid) and CYPA were detected with specific antibodies. «, anti. (B) HIV-1, SIVcpzPtt, and
SIVcpzPts GAGs interact with CYPA. HEK293T cells were cotransfected with HIV-1, SIVcpzPtt, or SIVcpzPts
and CYPA-GST in the presence (+) or absence (—) of 5 or 10 uM CsA. Forty-eight hours later, cells and
virions were lysed, and the lysate was used for pulldown experiments using GST-Sepharose beads.
Proteins of cells were subjected to immunoblotting. p24 (capsid) and CYPA were detected with specific
antibodies. (C) G89V in the CYPA binding loops of HIV-1, SIVcpzPtt, and SIVcpzPts capsids is important
for interaction with CYPA. Similar to panel B, CYPA-GST pulldown of WT and G89V mutated viruses was

performed.

Although no crystal structure information for a CPSF6/SIVcpz CA complex is avail-
able, CPSF6 likely binds at the same site in SIVcpzPts or SIVcpzPtt CA as in HIV-1 CA
because of the high sequence identity between the proteins (HIV-1 CA versus SIVcpzPts
CA, 79%; HIV-1 CA versus SIVcpzPtt CA, 90%) (Fig. 2A and B). The binding sites are
located at the interface between two monomers, which are part of the hexameric CA
structure. Although the binding sites for CPSF6 are highly similar for HIV-1 CA versus
SIVcpzPtt CA (identity of 24 residues involved in CPSF6 binding, 96%), the binding sites
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FIG 5 Infection of cells by HIV-1 or SIVcpz viruses in the presence of increasing amounts of CsA. HOS, Hela, or FRhL-2 cells were treated with DMSO or CsA
(1,5, 0r 10 uM) 2 h before infection. (A) Infection by HIV-1 luciferase reporter virus. (B) Infection by SIVcpzPtt luciferase reporter virus. (C) Infection by SIVcpzPts
luciferase reporter virus. Luciferase activity was measured at 2 days postinfection. Results were normalized to the DMSO control. Means and SD (error bars) are
shown, and a Mann-Whitney U test was performed. Each experiment was performed three times in triplicates. ns, not significant; *, P < 0.05; ***, P < 0.001.

for HIV-1 CA versus SIVcpzPts CA are more distinct (88%) (Fig. 8A and B). To gain further
insights, we generated structural models of CPFS6/CA proteins, using in all cases
homology models of the CA proteins to improve their comparability. All homology
models are of high structural quality, as indicated by the model quality assessment
program TopScore (73) (Fig. 2C to F).

The binding site of SIVcpzPtt differs in 1 residue from HIV-1: SER178’ versus THR178’
(Fig. 8A to E). As in this case, the closest residue of CPFS6, GLN319, interacts with its Ny
with the backbone O of either serine or threonine, no impact of this substitution on
CPSF6 binding is expected.

The binding site of SIVcpzPts CA differs in 3 residues from HIV-1 CA: SER102 versus
ALA102, LEU172’ versus ILE175’, and ASN183’ versus THR186' (dashed residues indi-
cate a residue location on the second monomer; Fig. 8A to E). As residue 102 is more
than 4.4 A away from CPSF6, no direct impact on CPSF6 binding due to this substitution
is expected. Residue 102 also differs within SIVcpz viruses: ALA102 and SER102 appear
at equally frequencies in all investigated SIVcpz sequences (Fig. 2B). The replacement
of leucine by isoleucine is a conservative one with respect to both the size of the
residue and the potential interactions with CPSF6 and, hence, is not expected to
influence CPSF6 binding either. Yet the replacement of asparagine by threonine may
have an impact. Besides the difference in the sizes of the residues, C, of threonine and
the phenyl ring of PHE316 of CPSF6 form a close contact that is not present in the case
of asparagine. To conclude, the structural analysis of the binding mode models of
CPSF6 in all three CA proteins suggests that CPSF6 binding to HIV-1 CA and SIVcpzPtt
CA is similar, whereas differential binding may be expected in the case of SIVcpzPts CA.
These results parallel the ones described above on the sensitivity of HIV-1 or SIV in the
presence of CPSF6-358.

SIVcpz viruses, but not HIV-1, show cell type-specific sensitivity to capsid
inhibitors. The unexpected observation that the nonzoonotically transmitted virus
SIVcpzPts was insensitive to CYPA KO or the expression of CPSF6-358 in HOS cells
motivated us to test capsid inhibitors that bind in the same capsid pocket as CPSF6 (Fig.
9A). We tested three cell lines (human HOS and Hela and rhesus macaque FRhL-2) and
compared the strong inhibitor PF74 with the less-potent variant PF57 (PF-3759857) (8)
from 0.5 uM to 8 uM. HIV-1 was inhibited in all three cell lines by both inhibitors in a
dose-dependent manner up to 100-fold by PF74 and up to 10-fold by PF57 (Fig. 9B and
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FIG 7 Infection of cells expressing CPSF6-358 by HIV-1, SIVcpzPtt, or SIVcpzPts. (A) Immunoblot of protein
lysates of HOS cells for CPSF6-358 expression. HOS WT (vector pLNCX2), HOS.CPSF6-358, and HOS.CYPA
KO.CPSF6-358 (clones 1, 3, and 5) cells are shown. HA-tagged CPSF6-358 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were detected using their specific antibodies. «, anti. (B to F) Luciferase
reporter viruses of HIV-1 (B), the HIV-1 A77V capsid mutant (C), the HIV-1 N74D capsid mutant (D),
SIVcpzPtt (E), and SIVcpzPts (F) were used to infect HOS cells with an empty vector, HOS cells
expressing CPSF6-358, CYPA KO HOS cells, or CYPA KO HOS cells expressing CPSF6-358. Luciferase
activity was measured at 2 days postinfection. Results were normalized to infection in cells with the
empty vector. Means and SD (error bars) are shown, and a Mann-Whitney U test was performed. Each
experiment was performed three times in triplicates. ns, not significant; *, P < 0.05; **, P < 0.01; ***,
P < 0.001.

C). Each cell line showed a slightly different dose-response curve, and the inhibitory
effect of both inhibitors was strongest in FRhL-2 cells. Infection by SIVcpzPtt and
SIVcpzPts was different from that by HIV-1. PF57 and PF74 inhibited both SIVcpz viruses
in human HOS cells in a dose-dependent manner to levels that were comparable to
those for the inhibition of HIV-1 (Fig. 9D to G). PF74 reached saturating inhibition at the
lowest tested concentration for SIVcpzPtt in Hela cells, and this inhibition was 10-fold
less than that in HOS cells (Fig. 9D). PF57 at 8 uM restricted SIVcpzPtt in Hela cells
similarly to that in HOS cells, but the dose-response curves differed (Fig. 9E). Neither

FIG 6 Legend (Continued)

Journal of Virology

population). (C to E) Infection of HOS cell clones 1, 3, and 5 and HOS cells carrying an empty vector with luciferase reporter viruses of either
HIV-1 (C), SIVcpzPtt (D), or SIVcpzPts (E) in the absence (DMSO control) or presence of 5 uM CsA. Luciferase activity was measured at 2 days
postinfection. (F to H) Infection of Hela cells carrying an empty vector and CYPA knockdown Hela cells with HIV-1 (F), SIVcpzPtt (G), or
SIVcpzPts (H) in the absence (DMSO control) or presence of 5 uM CsA. Results were normalized to the DMSO control in cells carrying the empty
vector. Means and SD (error bars) are shown, and a Mann-Whitney U test was performed. Each experiment was performed three times in

triplicates. ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 8 Binding of the CPSF6 fragment to CA hexamers. (A) Modes of binding of human CPSF6 to homology models
of HIV-1 CA and SIVcpzPts/Ptt CA. For the latter two, CPSF6 coordinates were taken after superimposing the
proteins onto HIV-1 CA bound to CPSF6 (PDB accession number 4WYM). Monomers are colored differently; the
region in the black box is shown as a blowup in panel B, side chains of interacting residues are shown as sticks,
and residues marked with dashed lines belong to a different chain. (B) The binding pockets differ in 3 residues
between HIV-1 CA and SIVcpzPts CA: SER102 versus ALA102, LEU172’ versus ILE175’, and ASN183’ versus THR186'.
The binding pockets differ in 1 residue between HIV-1 CA and SIVcpzPtt CA: SER178’ versus THR178'. Helix
179'-195" is not shown. (C to E) Blowups of the regions in the black boxes in panel B. Side chains of interacting
residues and the CPSF6 fragment are shown as sticks. Numbers indicate distances in angstroms.

inhibitor exhibited antiviral activity against SIVcpzPtt in the rhesus macaque FRhL-2 cell
line (Fig. 9D and E). More unexpected results were obtained when testing SIVcpzPts.
This virus was sensitive to capsid inhibitors in human HOS cells only but showed
resistance in human Hela and simian FRhL-2 cells (Fig. 9F and G). To rule out an effect
of TRIM5«, which may be a factor that regulates viral susceptibility to capsid inhibitors,
we infected feline CRFK cells that naturally lack the expression of a restricting TRIM5«
protein with HIV-1 and both SIVcpz viruses (46). In CRFK cells, all three viruses were
sensitive to PF74 and PF57, but SIVcpzPts was the least inhibited (Fig. 10A to C).

The recently described small-molecule HIV CA inhibitor GS-CA1 (Fig. 10D) has an
antiviral activity that is >5,000-fold more potent than that of PF74 against HIV-1; both
inhibitors use the same binding groove in CA (38). The use of 10 nM GS-CA1 was
sufficient to inhibit HIV-1 infection of Hela cells more than 400-fold. In comparison,
SIVcpzPtt was inhibited only 16-fold and SIVcpzPts was inhibited only 3-fold by this
concentration of GS-CA1 in Hela cells (Fig. 10E to G). Despite the structural differences
of PF74 and GS-CAT1, SIVcpz viruses are 25- to 130-fold less sensitive to GS-CA1 than
HIV-1.

To test if resistance to capsid inhibitors is also seen in primary human cells, we
infected macrophages and peripheral blood mononuclear cells (PBMCs) in the presence
of PF74. HIV-1 was inhibited up to 10-fold by PF74 in PMBCs and macrophages (Fig. 11A
to D), while PF74 could not block infection by SIVcpzPtt and SIVcpzPts in PBMCs (Fig.
11A and B). However, in macrophages, PF74 showed some activity against SIVcpzPtt (up
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FIG 9 Infection of HOS, Hela, or FRhL-2 cells with HIV-1, SIVcpzPtt, or SIVcpzPts in the presence of the capsid inhibitor PF57 or PF74. (A) Chemical structures
of PF74 and PF57. Cells were incubated with increasing amounts of capsid inhibitors (PF57 or PF74) or DMSO for control infections. (B to G) Two hours later,
cells were infected with luciferase reporter viruses of HIV-1 (B and C), SIVcpzPtt (D and E), or SIVcpzPts (F and G), and luciferase activity was measured at 2 days
postinfection. Differences between control and PF74 or PF57 treatments are significant for HIV-1 in all cells (P < 0.05). For SIVcpzPts, differences are significant
in HOS cells but not in HeLa or FRhL-2 cells; exceptions are marked with * for significant (P < 0.05). For SIVcpzPtt, inhibition is significant in HeLa and HOS cells.
The infectivity of SIVcpzPts is significantly reduced only in HOS cells. Means and SD (error bars) are shown, and a Mann-Whitney U test was performed. Each

experiment was performed at least three times in triplicates. ns, not significant.

to 2-fold inhibition) but not SIVcpzPts (Fig. 11C and D). Together, these results dem-
onstrate that SIVcpz viruses in principle are sensitive to capsid inhibitors and that
cellular factors may regulate whether these compounds can target these viruses.
Binding sites for PF74 are highly similar in the three CA proteins. In HIV-1 CA,
the binding site for PF74 is also located at the interface between two monomers, as for
CPSF6 (31) (Fig. 12A and B). Yet PF74 is small and interacts with only 16 residues
compared to CPSF6 (Fig. 2A). Although no crystal structure information on a PF74/
SIVcpz CA complex is available, PF74 likely binds at the same site in SIVcpzPts or
SIVcpzPtt CA as in HIV-1 CA because of the high sequence identity between the
proteins (Fig. 2A). In particular, the sites for binding or putative binding of PF74 are
identical for HIV-1 CA versus SIVcpzPtt CA and highly similar for HIV-1 CA versus
SIVcpzPts CA (identity of residues involved in PF74 binding, 94%) (Fig. 2A, B, D, and F
and Fig. 12A and B). The putative binding site of SIVcpzPts differs in 1 residue from
HIV-1: LEU172" versus ILE175’ (Fig. 2A and B and Fig. 12A and B). As discussed above,
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FIG 10 Infection of CRFK cells with HIV-1, SIVcpzPtt, or SIVcpzPts in the presence of the capsid inhibitor PF57 or PF74 and test of the antiviral activity of GS-CA1.
(A to C) CRFK cells were incubated with capsid inhibitors (PF57 or PF74) or DMSO for control infections. Two hours later, cells were infected with luciferase
reporter viruses of HIV-1 (A), SIVcpzPtt (B), or SIVcpzPts (C), and luciferase activity was measured at 2 days postinfection. Means and SD (error bars) are shown,
and a Mann-Whitney U test was performed for significance. (D) Chemical structure of GS-CA1. (E to G) CRFK, Hela, HOS, and FRhL-2 cells were incubated with
the capsid inhibitor GS-CA1 or DMSO. Two hours later, cells were infected with luciferase reporter viruses of HIV-1 (E), SIVcpzPtt (F), or SIVcpzPts (G), and
luciferase activity was measured at 2 days postinfection. Each experiment was performed more than three times in triplicates. ***, P < 0.001.

this is a conservative substitution with likely no impact on PF74 binding. To conclude,
the structural analysis of the binding mode models of PF74 in all three CA proteins
suggests that PF74 binding is highly similar in the three proteins.

Effective binding energies of PF74 are indistinguishable for HIV-1 and SIVcpz-
Pts/Ptt CA proteins. To validate the data from the structural analysis of PF74 binding
to HIV-1 and SIVcpzPts/Ptt CA proteins, we performed endpoint free energy computa-
tions using the molecular mechanics Poisson-Boltzmann (MM-PBSA) method (74) and
the single-trajectory approach (75) based on five replicates of molecular dynamics (MD)
simulations for each PF74/hexameric CA protein complex of 200 ns each (Fig. 12Q). In
all MD simulations, PF74 remained in the initial binding pose (no-fit PF74 root mean
square deviations [RMSDs] of <3 A in general, except for one binding site each in one
replica each for SIVcpzPts and SIVcpzPtt [data not shown]). Furthermore, the C_, atom
RMSD of binding-site residues is mostly around 1A (data not shown). Both results
indicate that the initial starting structures of PF74 in homology models of CA pro-
teins are plausible. The computed effective binding energies are generally stable
over the simulation times and form Gaussian-shaped cumulative distributions
(Fig. 12C). They mutually differ by less than 1 kcal mol~" for the three PF74/CA protein
complexes. As chemical accuracy is ~1 kcal mol~", which is the expected accuracy in
an optimal case (76), the values are thus indistinguishable from each other (Fig. 12C).
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FIG 11 Infection of human PBMCs and macrophages with HIV-1, SIVcpzPtt, or SIVcpzPts in the presence of the
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infected with luciferase reporter viruses of HIV-1, SIVcpzPtt, or SIVcpzPts. Luciferase activity was measured at 2 days
postinfection. Means and SD (error bars) are shown, and a Mann-Whitney U test was performed for significance.
Each experiment was performed more than three times in triplicates. ns, not significant; *, P < 0.05; **, P < 0.01; ***,
P < 0.001.

To conclude, effective binding energy computations on PF74/CA protein complexes
corroborate that PF74 binding is highly similar for the three proteins.

Cyclosporine treatment or mutations in the CYPA binding loop rescue PF74
activity against SIVcpzPts in Hela cells. To investigate whether CsA treatment affects
viral sensitivity to capsid inhibitors, drug combinations of CsA and PF74 were tested.
We used PF74 either alone (1, 4, or 8 uM) or in combination with CsA (1 or 10 wM) in
Hela cells. Infections were normalized to those of cells treated with either dimethyl
sulfoxide (DMSO) or CsA only to measure the inhibitory capacity of PF74. In HIV-1-
infected cells, the addition of 10 uM CsA enhanced the antiviral activity of PF74 2- to
10-fold; 1 uM CsA did not change viral sensitivity to 1 uM PF74 but led to more
inhibition at higher PF74 concentrations (Fig. 13A). A similar result was found in
SIVcpzPtt infections, although 1 uM CsA slightly reduced inhibition by 1 uM PF74, and
10 uM CsA enhanced inhibition by 8 uM PF74 by 18-fold (Fig. 13B). Interestingly, CsA
treatment changed the resistance of SIVcpzPts to PF74, and both 1 uM and 10 uM CsA
enhanced the antiviral activity of higher concentrations of PF74 by 14-fold (Fig. 13C).
Similar results were also obtained using PF57 (data not shown).

The finding that treatment of HelLa cells with CsA reverses the PF74 resistance of
SIVcpzPts motivated us to ask if capsid binding to CYPA is important for this phenotype.
For these experiments, we used viruses that carry the G89V mutation in the capsid loop
that interacts with CYPA. The HIV-1 G89V mutant together with a low concentration of
PF74 had 2-fold-higher sensitivity, but PF74 concentrations above 1 uM inhibited HIV-1
WT and G89V equally (Fig. 13D). PF74 had 5- to10-fold-increased antiviral activity
against SIVcpzPtt G89V compared to the WT virus (Fig. 13E). Strikingly, the mostly
PF74-resistant virus, SIVcpzPts, was completely sensitive to the capsid inhibitor, with up
to 50-fold inhibition, when mutated to G89V in CA (Fig. 13F). Infections by HIV-1 and
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FIG 12 Binding of PF74 to CA hexamers. (A and B) Modes of binding of PF74 to homology models of
HIV-1 CA and SIVcpzPts/Ptt CA proteins. For the latter two, PF74 coordinates were taken after superim-
posing the proteins onto HIV-1 CA bound to PF74 (PDB accession number 4XFZ). Monomers are colored
differently; the region in the black box in panel A is shown as a blowup in panel B, side chains of
interacting residues are shown as sticks, and residues marked with dashed lines belong to a different
chain. The binding pockets differ in 1 residue between HIV-1 CA and SIVcpzPts CA: LEU172" versus
ILE175’. The binding pockets of HIV-1 CA and SIVcpzPtt CA do not differ. Helix 179'-195" is not shown
in panel B. (C) Effective binding energies computed by the molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) method. Shown are the effective binding energies of PF74 binding to HIV-1
(blue), SIVcpzPts (pink), and SIVcpzPtt (yellow) CA proteins as a function of the simulation time (left).
Values per trajectory are separated by black vertical lines, and gray lines separate values computed for
each binding site of a CA hexamer. On the right, the probability functions of the effective energies across
all frames are shown. The average effective binding energy for each isoform is marked on the right axis.
The standard error of the mean (see the equation in Materials and Methods) is <0.015 kcal mol~" in all
cases.

SIVcpz WT and G89V viruses in the presence of GS-CA1 generated similar results for
HIV-1 and SIVcpzPtt, but the moderate inhibition of SIVcpzPts was enhanced only 5-fold
by the G89V mutation (Fig. 13G to I). Our findings suggest that an important regulator
of the antiviral activity of PF74-like capsid inhibitors is a CsA-sensitive protein, which is
likely the SIVcpz capsid-interacting protein CYPA.

Cyclophilin A knockout overcomes the resistance of SIVcpzPts to capsid inhib-
itors in HeLa cells. To test whether the presence of CYPA in viral target cells protects
SIVcpzPts against capsid inhibitors, HeLa.CYPA KD and HOS.CYPA KO (clone 3) cells
were infected in the presence of increasing amounts of PF74 or PF57. For HelLa.CYPA
KD cells compared to WT cells, HIV-1 was less inhibited by lower concentrations of PF74
and similarly inhibited at higher concentrations (Fig. 14A), which is similar to previously
described results (33). In contrast, PF57 showed reduced activity against HIV-1 in
HelLa.CYPA KD cells compared to WT cells at all drug concentrations (Fig. 14B). This
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FIG 13 Infection of HelLa cells in the presence of CsA or infection with CYPA loop mutants (G89V) in the presence of capsid inhibitors. (A to C) Hela cells were
incubated with 1, 4, or 8 uM the capsid inhibitor PF74, DMSO, or the capsid inhibitor together with CsA (1 or 10 uM). Two hours later, cells were infected with
luciferase reporter viruses of HIV-1 (A), SIVcpzPtt (B), or SIVcpzPts (C), and luciferase activity was measured at 2 days postinfection. Results were normalized to
infection of cells treated with DMSO (control) or cells treated with CsA only. (D to ) Infection of HeLa cells with CYPA loop mutants (G89V) of HIV-1, SIVcpzPtt,
or SIVcpzPts in the presence of capsid inhibitors. Cells were incubated with increasing amounts of the capsid inhibitor PF74 (D to F) or GS-CA1 (G to I) or with
DMSO for control infections. Two hours later, cells were infected with luciferase reporter viruses of HIV-1 and HIV-1 G89V (D and G), SIVcpzPtt and SIVcpzPtt
G89V (E and H), and SIVcpzPts and SIVcpzPts G89V (F and ). Luciferase activity was measured at 2 days postinfection. Results were normalized to infection of
cells treated with DMSO. Each experiment was performed three times in triplicates.

pattern of inhibition was also seen in HOS.CYPA KO cells for HIV-1 (Fig. 14C and D) and
SIVcpzPtt (Fig. 14G and H) treated with PF74 and PF57 and for SIVcpzPts treated with
PF57 (Fig. 14L). PF74 inhibited SIVcpzPts in HOS.CYPA KO cells compared to WT cells,
with reduced activity at low concentrations and higher inhibition at increased drug
concentrations (Fig. 14K).

HeLa.CYPA KD cells infected with the SIVcpz viruses displayed two further inhibition
curves. CYPA KD in Hela cells minimally (<2-fold) enhanced PF74 activity but did not
change PF57 activity against SIVcpzPtt (Fig. 14E and F). SIVcpzPts demonstrated the
expected resistance to both capsid inhibitors in WT Hela cells, but this resistance was
completely lost in HeLa.CYPA KD cells (Fig. 14l and J), suggesting that in Hela cells,
CYPA is an antagonist of capsid inhibitors for SIVcpzPts.
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FIG 14 Infection of CYPA-KO cells with HIV-1, SIVcpzPtt, or SIVcpzPts in the presence of capsid inhibitors. HOS.CYPA KO
and HelLa.CYPA KD cells were incubated with increasing amounts of capsid inhibitors (PF57 or PF74) or DMSO for control
infections. Two hours later, cells were infected with luciferase reporter viruses of HIV-1 (A to D), SIVcpzPtt (E to H), or
SIVcpzPts (I to L), and luciferase activity was measured at 2 days postinfection. Results were normalized to infection of cells
treated with DMSO. Each experiment was performed three times in triplicates.

DISCUSSION

During the early phase of HIV-1 infection, capsid inhibitors such as PF74 either
stabilize or disintegrate the core, depending on the concentrations applied (31, 32, 77,
78). The mechanism of inhibition by capsid inhibitors is currently poorly defined.
Cyclophilin A was found to enhance the antiviral activity of PF74 but also to protect
HIV-1 against high concentrations of PF74 (32, 33). The CYPA binding loop in the capsid
does not overlap the PF74 binding site (Fig. 2A and Fig. 3), and thus, a model of how
CYPA regulates PF74 activity is not straightforward. However, the binding site of PF74
in the assembled capsid hexamers and pentamers overlaps the binding sites of the
cellular cofactors CPSF6 and NUP153, implicating a competition of PF74 and these
cellular cofactors for the same binding groove (19, 29, 30, 33, 35, 78-80).
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While the CYPA interaction with HIV-1 affects many different aspects of HIV-1
biology (18, 32, 51-60), recent studies concluded that the pathway most affected by
CYPA inhibition in cell lines is viral nuclear entry (61, 81). By comparing the permis-
sivities of human cells to SIVs of chimpanzees, we found that HelLa cells are much less
permissive to these viruses than HOS cells. Treating HelLa cells with CsA or using CYPA
KD Hela cells reverted the reduced permissiveness to SIVcpz. Our data on the CYPA-
capsid interaction collectively suggest that HIV-1 and SIVcpz GAG proteins interact with
CYPA similarly despite differences in their CYPA binding loops. In addition to CYPA, we
tested the sensitivities of the two SIVcpz viruses to the anti-HIV-1 factors CPSF6-358,
PF74, and PF57 as well as the potent capsid inhibitor GS-CA1. The expression of
truncated CPSF6 in the form of CPSF6-358 in human HOS cells repressed HIV-1
infections, which is consistent with previous observations (17, 33, 54, 82-84). Similarly,
but more moderately, CPSF6-358 reduced the infectivity of SIVcpzPtt. However, SIVcpz-
Pts escaped restriction by CPSF6-358 in HOS WT and in CYPA KO cells. Employing
binding mode models of CPSF6 bound to all three CA proteins revealed that CPSF6
binding to HIV-1 CA and SIVcpzPtt CA is similar, whereas differential binding may be
expected in the case of SIVcpzPts CA. These results parallel experimental ones in that
HIV-1 and SIVcpzPtt, but not SIVcpzPts, were inhibited by CPSF6-358 expression.

The investigation of PF74 and related capsid inhibitors (PF57 and GS-CA1) confirmed
that SIVcpz and HIV-1 have intrinsic biological differences that have not been observed
previously. These three viruses respond differently to capsid inhibitors in a cell type-
dependent manner. HIV-1 was sensitive to PF57, PF74, and GS-CA1 and was inhibited
250- to 500-fold in HOS, Hela, FRhL-2, and CRFK cells. SIVcpz viruses showed similar
sensitivities only in HOS and CRFK cells; in addition, SIVcpzPtt was sensitive to capsid
inhibitors in HeLa cells. However, both SIVcpz viruses showed resistance in FRhL-2 cells
and were inhibited only 2-fold at the maximum drug concentration; in addition,
SIVcpzPts was resistant in Hela cells. Importantly, the capsid inhibitors were also
inactive against SIVcpzPts in human macrophages and PBMCs, and against SIVcpzPtt in
PBMCs, while SIVcpzPtt was partially (2-fold) sensitive in macrophages.

Because SIVcpz viruses are not generally resistant to this type of inhibitor, we
concluded that the antiviral activity of the capsid inhibitors depends on cellular
infection pathways or the specific binding of a cellular protein. In particular, the finding
that PF74 cannot interfere with SIVcpz infection in human PBMCs suggests that the
results obtained with the cell lines are of biological relevance. Structural modeling of
the PF74 interaction with CA proteins revealed that the binding sites are identical in
HIV-1 CA versus SIVcpzPtt CA and highly similar for HIV-1 CA versus SIVcpzPts, sug-
gesting that binding is highly similar for the three proteins. This suggestion was
corroborated by effective binding energy computations, which are indistinguishable
within chemical accuracy. These results are consistent with the similar sensitivities of all
three viruses to PF74 in human HOS cells.

The PF74 inhibition curve for HIV-1 in Hela cells was described as being triphasic,
with two inhibitory phases flanking a plateau phase (19, 29, 33, 60). Here, we identified
that the PF74 inhibition curve for HIV-1 in Hela cells is only one of several different
inhibition curves that capsid inhibitors can generate. Moreover, by testing capsid
inhibitors against HIV-1, SIVcpzPtt, and SIVcpzPts in CsA-treated cells or in cells with
CYPA KO or deficiency, we obtained a complex interaction pattern that suggests that
in some cell types, and specifically for SIVcpzPts, CYPA is an important antagonist of
PF74-type capsid inhibitors. Our results in Hela cells demonstrate that the functional
inactivation of CYPA by CsA at low PF74 concentrations differentially affects the
antiviral activity of the capsid inhibitors. However, at high PF74 levels, CsA treatment
reverted the resistance of SIVcpzPts to PF74 and further enhanced the sensitivities of
HIV-1 and SIVcpzPtt. We also tested how SIVcpz and HIV-1 reacted to capsid inhibitors
in HOS.CYPA KO and HeLa.CYPA KD cells. The virus inhibition curves of PF57 or PF74 in
HOS or Hela cells lacking CYPA showed either no change, 2- to 4-fold-lower antiviral
activity, or slightly enhanced inhibition. The most striking observation was the total loss
of resistance of SIVcpzPts to capsid inhibitors in Hela cells due to CYPA KD. SIVcpzPts
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also lost its resistance to PF74 in Hela cells when the virus was mutated in the CYPA
binding loop. This G89V mutation did not affect the sensitivity of HIV-1 to PF74 but
further increased PF74’s antiviral activity against SIVcpzPtt. These data suggest a
diverse and elaborate pattern of regulation of antiviral capsid inhibitor activity by CYPA.
However, in Hela cells, CYPA has a clear protective role for SIVcpzPts against PF74 and
PF57 at all drug concentrations.

The activity of PF74 and related compounds likely depends on the nuclear import of
HIV-1 via NUP153, NUP358, and CPSF6 (1, 17-19, 33). HIV-1 variants that are more
resistant to PF74’s antiviral activity, but still bind the drug, are less dependent on
NUP153 utilization (32, 33, 80). Knockdown of NUP153 in HeLa and HOS cells caused a
10-fold-reduced capacity of PF74 to inhibit HIV-1, with residual antiviral activity at high
drug concentrations (19, 33). The knockdown of CPSF6 did not affect antiviral activity
at high concentrations of PF74 but reduced the antiviral activity of the capsid inhibitor
when applied at lower concentrations (33). These data, together with our findings, lead
us to postulate that SIVcpz viruses, in particular SIVcpzPts, infect at least some cell types
via a pathway that is independent of NUP153, NUP358, and CPSF6, consistent with
recent findings describing a heterogeneity of nuclear pore complexes influencing HIV-1
infection (6, 85). We further speculate that during SIVcpz adaptation to humans, the
capacity to use alternative nuclear entry pathways was lost for unknown reasons.
Whether the nuclear entry pathway of SIVcpz viruses that can escape PF74 inhibition
involves CYPA or CPSF6 requires further study.

MATERIALS AND METHODS

Plasmids. The murine leukemia virus (MLV) packaging construct pHIT60, which carries gag-pol of
Moloney MLV, was provided by Jonathan Stoye (86). SIVcpzPts clone TAN1.910 (87) (GenBank accession
number AF447763) was obtained from the NIH AIDS Reagent Program (Germantown, MD, USA).
SIVcpzPtt clone MB897 (88) (GenBank accession number JN835461) was kindly provided by Frank
Kirchhoff. The HIV-1 vector pSIN.PPT.CMV.Luc.IRES.GFP expresses firefly luciferase and green fluorescent
protein (GFP) (89). The HIV-1 construct psPAX2 was obtained from the NIH AIDS Reagent Program
(catalog number 11348), and pRSV-Rev, pMDLg/pRRE, and pMD.G (VSV-G) were described previously (90).
HIV-1 capsid mutants were produced as follows. Using fusion PCR, the region flanking Eco72l (Pmll) and
Munl (Mfel) in pMDLg/pRRE was amplified at the same time, introducing a G89V (56), N74D (54), or A77V
(72) mutation in the capsid, and cloned into the pMDLg/pRRE plasmid digested by Eco72l (Pmll) and
Munl (Mfel) (Thermo Fischer Scientific, Langenselbold, Germany). Using fusion PCR, the SIVcpzPtt region
flanking Sacll and Alel (Thermo Fischer Scientific) and the SIVcpzPts region between the Nrul and BoxI
(Thermo Fischer Scientific) restriction sites were amplified with the introduction of the G89V mutation
into the capsids. Sequencing confirmed the desired mutations. This approach generated pMDLg/
PRRE.G89V, pMDLg/pRRE.N74D, and pMDLg/pRRE.A77V HIV-1 but also SIVcpzPtt.nanoluciferase.G89V
and SIVcpzPts.nanoluciferase.G89V CA mutants. To generate GST-tagged human CYPA, CYPA cDNA with
Hindlll and BamHI sites was cloned into the GST-containing pkMyc vector digested with the same
enzymes (Thermo Fisher Scientific) to generate pkMyc.CYPA.GST. SIVcpzPtt MB897-nanoluciferase and
SIVcpzPts TAN1-nanoluciferase were described previously (42). To generate pLNCX2.CPSF6-358, Notl-
and Xhol-digested hemagglutinin (HA)-tagged CPSF6-358 cDNA (from plasmid LPCK-CPSF6-358.HA [17],
a gift of Thomas Gramberg) was cloned into pLNCX2 (TaKaRa Bio Europe, Saint-Germain-en-Laye, France)
digested with same restriction enzymes, and positive clones were confirmed by sequencing.

Cells. Wild-type HOS (ATCC CRL-1543; LGC Standards GmbH, Wesel, Germany), HeLa (ATCC CCL-2),
HEK293T (ATCC CRL3216), OMK (637-69; ECACC, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany),
CV-1 (ATCC CCL-70), CRFK (ATCC CCL-94), and FRhL-2 (ATCCR CL-160) cells were maintained in Dulbec-
co’s modified Eagle’s medium (Pan-Biotech, Aidenbach, Germany) supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin at 37°C in a humidified atmosphere
of 5% CO,. For HOS and HelLa CYPA knockout cells, 2 ug/ml puromycin was added to the culture medium
for selection. HOS cells expressing CPSF6-358 were selected under 300 ug/ml Geneticin (Biochrom
GmbH, Berlin, Germany). Human PBMCs and macrophages were isolated from whole blood, obtained
from the university hospital of Heinrich Heine University Dusseldorf (ethical approval study number
3180). PBMCs were cultured in RPMI 1640 supplemented with 10 ug phytohemagglutinin (PHA) and later
with 30 U/ml interleukin-2, and macrophages were maintained in RPMI 1640 containing 1,000 U/ml
monocyte colony-stimulating factor (M-CSF).

HIV-1 and SIVcpz reporter viral particle production. HIV-1 VSV-G-pseudotyped viral particles were
produced in a six-well plate by the transfection of HEK293T cells with 200 ng of pMD.G, 800 ng of
pSIN.PPT.CMV.Luc.IRES.GFP, 350 ng of pRSV-Rev, and 800ng of pMDLg/pRRE wild type, pMDLg/
PRRE.N74D, or pMDLg/pRRE.A77V. To produce SIVcpzPtt-nanoluciferase or SIVcpzPts-nanoluciferase
viruses, 2,250 ng of either reporter plasmid plus 200 ng pMD.G were used to transfect HEK293T cells.
Forty-eight hours following transfection, the supernatants were collected and centrifuged for 5 min at
5,000 rpm at 4°C to pellet possible cells. Where needed, the reverse transcriptase (RT) activity of viruses
was quantified using the Cavidi HS lenti RT kit (Cavidi Tech, Uppsala, Sweden).
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Generation of CYPA knockout cells. The pLentiCRISPRv2 plasmid construct for CYPA knockout was
constructed according to previously described protocols (91-93). Complementary oligonucleotides
(5'-CACCGTTCTTCGACATTGCCGTCGA-3" and 5'-AAACTCGACGGCAATGTCGAAGAA-3' for Hela cells; 5'-
CACCGGACAAGGTCCCAAAGACAGC-3" and 5'-AAACGCTGTCTTTGGGACCTTGTCC-3' for HOS cells) con-
taining the specific human CYPA single guide RNA (sgRNA) sequences were ligated into BsmBI-digested
pLentiCRISPRv2 to generate the functional transfer vector. The LentiCRISPRv2 plasmid lacking an sgRNA
sequence was used as the empty vector control. Transfection of HEK293T cells with the pLentiCRISPRv2
transfer vector containing CYPA knockout sgRNA, packaging plasmid psPAX2, and a VSV-G plasmid
generated VSV-G-pseudotyped viral particles, which were used to transduce HelLa or HOS cells for 3 days.
Transduced cells were then selected under 2 ug/ml puromycin. While this process almost completely
removed CYPA in Hela cells, it only reduced the protein in HOS cells. Using flow cytometry (FACSAria lll
sorter; BD, Heidelberg, Germany), single HOS cells with anti-CYPA constructs were isolated in wells of a
96-well plate for single clones. Gene knockout or knockdown in cell pools and clones was confirmed by
immunoblotting.

Generation of CPSF6-358-expressing cells. A total of 1,150 ng of the pLNCX2.CPSF6-358 construct
together with 1,150 ng of pHIT60 and 200 ng of pMD.G were used to produce gammaretroviral particles
in HEK293T cells, and these particles were used to transduce wild-type or CYPA knockout HOS cells for
the expression of CPSF6-358.HA. HOS cells expressing CPSF6-358 were selected using 300 pg/ml
Geneticin (Biochrom GmbH). CPSF6-358 protein expression was analyzed by immunoblotting. Cells
expressing the empty pLNCX2 or LentiCRISPRv2 vector were used as controls.

Single-round infection. A total of 10 X 103 cells were seeded into 96-well plates, and infection was
performed the following day. PF-3450074 (PF74) (8) (Aobious Biotrend, Cologne, Germany), GS-CA1 (a
gift of Gilead Sciences, Foster City, CA, USA), cyclosporine (CsA; Sigma-Aldrich), or PF-3759857 (PF57) (8)
was added to cells 2 h before infection, and control infections were performed with DMSO. PF57 was
obtained in two steps starting from N-Boc (butoxycarbonyl)-L.-phenylalanine. After 48 to 72 h, firefly
luciferase activity was measured with the Steady-Glo luciferase system (Promega, Mannheim, Germany),
according to the manufacturer’s instructions, on a MicroLumat Plus luminometer (Berthold Detection
Systems, Pforzheim, Germany). For SIVcpz-nanoluciferase, cells were washed with phosphate-buffered
saline (PBS) three times 48 h after infection, before lysis and luciferase measurement, in addition to a
medium change 24 h following infection, to eliminate the effect of extracellular nanoluciferase on the
supernatant. Nanoluciferase activity was measured with the Nano-Glo luciferase system (Promega) on a
MicroLumat Plus luminometer (Berthold Detection Systems). Each experiment was performed in tripli-
cates and at least three times.

Cyclophilin A encapsidation. HEK293T cells were seeded into 6-well plates (10¢ cells per well) 1 day
before transfection. Two hours before transfection, 2.5 uM CsA or DMSO for controls was added to cells.
Transfection was done as follows. Lipofectamine 2000 (Thermo Fisher Scientific) (according to the
manufacturer’s instructions) was used to complex a total of 2,500 ng of plasmid DNA for delivery into
cells. For SIVcpz, 2,300 ng of the viral reporter plasmid and 200 ng pMD.G VSV-G were used. In the case
of HIV-1, 200 ng of pMD.G, 975 ng of pSIN.PPT.CMV.Luc.IRES.GFP, 350 ng of pRSV-Rev, and 975 ng of
pPMDLg/pRRE were used for transfection. At 48 h posttransfection, the supernatant was collected, viral
concentration was done through 20% sucrose for 4 h at 4°C, and viral pellets were lysed using Western
blot lysis buffer.

Pulldown experiments. HEK293T cells were seeded into 6-well plates (10¢ cells per well) 1 day
before transfection. Transfection was done as follows. Lipofectamine 2000 (Thermo Fisher Scientific) was
used to complex a total of 2,600 ng of plasmid DNA for delivery into cells. For SIVcpz, 1,700 ng of the viral
reporter plasmid, 200 ng of pMD.G VSV-G, and 700 ng of pcMyc.CYPA.GST constituted a plasmid complex
for transfection. For HIV-1, 200 ng of pMD.G, 700 ng of pSIN.PPT.CMV.Luc.IRES.GFP, 300 ng of pRSV-Rev,
700 ng of pMDLg/pRRE, and 700 ng of pcMyc.CYPA.GST or 700 ng pk.GST, for the control, were used. A
total of 700 ng of pk.GST or CYPA.GST together with 1,900 ng of pcDNA3.1 were used for the control. At
6 h posttransfection, 5 or 10 uM CsA or control DMSO was added to cells. At 48 h posttransfection, cells
were lysed for 20 min on ice, followed by a 20-min centrifugation step at maximum speed in a benchtop
centrifuge at 4°C. The supernatant of the cell lysate was added to GST beads together with viral lysates
(obtained after 4 h of centrifugation under 20% sucrose at 4°C) and incubated according to the bead
manufacturer’s instructions (GE Healthcare, Solingen, Germany). Protein complexes were eluted from the
beads and subjected to immunoblotting.

Immunoblotting. Cells were lysed for 20 min on ice using radioimmunoprecipitation assay (RIPA)
buffer (25 mM Tris-HCI [pH 8.0], 137 mM NaCl, 1% NP-40, 1% glycerol, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate [SDS], 2 mM EDTA, and protease inhibitor cocktail set Ill [Calbiochem, Darmstadt,
Germany]). The cell lysate was centrifuged at 14,800 rpm for 20 min at 4°C. Lysate protein denaturation
was done for 5 min at 95°C in RotiLoad loading buffer (Roth, Karlsruhe, Germany), followed by Western
blotting. CPSF6-358.HA was detected with mouse anti-HA (catalog number MMS-101P; Covance, Mln-
ster, Germany) (1:7,500 dilution). Tubulin was detected using an antitubulin antibody (clone DM1A,
mouse monoclonal; Sigma-Aldrich) (1:20,000 dilution). CPSF6 was detected using an anti-CPSF6 antibody
(rabbit polyclonal; Proteintech, Manchester, UK) (1:500 dilution). For TRIM5« detection, an anti-TRIM5
antibody was used (rabbit monoclonal, catalog number 143265; Cell Signaling Technology Europe BV,
Frankfurt, Germany) (1:500 dilution). For NUP153 detection, an anti-NUP153 antibody was used (mouse
monoclonal; Santa Cruz Biotechnology, Heidelberg, Germany) (1:500 dilution). An anti-NUP358 antibody
(mouse monoclonal; Abcam, Cambridge, UK) (1:500 dilution) was used for NUP358 detection. For CYPA
detection, an anti-CYPA antibody was used (mouse monoclonal; Santa Cruz Biotechnology) (1:500
dilution). CYPA.GST was detected using mouse anti-GST (kindly donated by Reza Ahmadian), and
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TABLE 1 Homology modeling: templates used, sequence identities and similarities, and
TopScore assessments

Sequence Sequence TopScore
Model Template identity (%) similarity (%) TopScore® Single?
PF74
HIV1_PF74 4XFZ_A 92.2 92.2 0.17 0.17
4QNB_A 92.2 92.2
4XRO_A 88.7 89.6
4UOE_A 89.6 89.6
6AXV_A 91.8 92.2
SIVcpzPts_PF74 4XFZ_A 74.8 81.2 0.19 0.20
4QNB_A 73.1 80.8
4XRO_A 71.0 78.6
4UOE_A 71.0 78.2
6AXV_A 74.6 81.6
SIVcpzPtt_PF74 AXFZ_A 83.1 87.9 0.17 0.15
4QNB_A 82.7 87.9
4XRO_A 80.5 85.7
4UOE_A 80.5 85.3
6AXV_A 82.7 87.9
CPSF6
HIV1_CPSF6 4WYM_A 90.9 90.9 0.19 0.17
4UO0A_A 88.3 883
6AY9_A 94.4 94.4
4BAN_A 58.9 58.9
SIVcpzPts_CPSF6 AWYM_A 63.3 70.5 0.21 0.20
4UO0A_A 70.1 774
6AY9_A 75.2 81.6
4B4AN_A 449 513
SIVcpzPtt_CPSF6 AWYM_A 823 86.6 0.18 0.16
4U0A_A 79.7 84.0
6AY9_A 84.9 89.6
4B4AN_A 52.0 554
Cyclophilin A
HIV1_CYPA 5FJB_A 92.6 94.0 0.31 0.23
1FGL_B 4.3 4.3
1M9D_C 60.2 60.6
SIVcpzPts_CYPA 5FJB_A 74.0 81.6 0.33 0.28
1FGL_B 2.1 26
1TM9D_C 46.1 52.1
SIVcpzPtt_CYPA 5FJB_A 84.0 89.6 0.31 0.23
1FGL_B 35 3.9
1M9D_C 55.0 584
Cyclophilin A 5FJB_C 99.4 99.4 0.09 0.17
1FGL_A 100.0 100.0
1M9D_B 98.8 98.8

aLower TopScore or TopScore Single values indicate better structural quality. The values are bounded
between 0 and 1.

p24/p27 monoclonal antibody (MAb) AG3.0 (1:250 dilution) was used to detect capsid p24. Anti-mouse
antibody conjugated to horseradish peroxidase (catalog number NA931V; GE Healthcare) (1:10,000
dilution) and anti-rabbit antibody conjugated to horseradish peroxidase (catalog number NA9340V; GE
Healthcare) (1:10,000 dilution) were used as secondary antibodies. Signals were visualized using ECL
prime reagent (GE Healthcare).

Modeling of HIV-1, SIVcpzPts, and SIVcpzPtt CA protein-ligand structures. For each CA protein,
three monomeric structures were built with TopModel (94) and validated with TopScore (73), one for
each ligand. In addition, CYPA was modeled with TopModel (see Table 1 for the templates used).
Hexameric structures were then constructed by alignment to the crystal structure of the HIV-1 CA protein
(PDB accession number 4WYM) (31) using PyMOL 1.8. Finally, to generate three complex structures for
each protein, ligands were inserted into the respective hexameric structures, using the position of PF74
from PDB accession number 4XFZ (95), the position of CPSF6 from PDB accession number 4WYM (31),
and the position of CYPA from PDB accession number 1FGL (96) after superimposing the protein parts.
For PF74, which was subsequently investigated in complex with the CA protein by molecular dynamics
(MD) simulations and effective binding energy computations, superimposing was performed six times, to
place PF74 in every binding pocket of the hexamer. For investigating CPSF6 and CYPA, for which only
static complex structures were analyzed, this procedure was performed for one binding site only.
Residues within 6 A around the ligands were considered part of the binding pocket.
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Molecular dynamics simulations of PF74 bound to HIV-1, SIVcpzPts, and SIVcpzPtt CA proteins.
(i) System setup. For five replicas per hexameric CA protein-PF74 structure, MD simulations were
performed with the Amber18 software package, resulting in a total of 15 MD simulations. Protonation
states of protein residues and ligands were adjusted according to pH 7.4 using HTMD 1.12 (97). Atomic
point charges of PF74 were generated according to the restrained electrostatic potential (RESP) proce-
dure (98, 99), using antechamber (100) and GAUSSIAN16 (Rev. A.03) (101) at the HF/6-31G* level of
theory. For the protein part, ff14SB force field parameters were used (102), and for the ligand, gaff2 force
field parameters were used. Using tLEaP, the systems were solvated by an octahedral box of TIP3P water
(103) such that the minimal distance between the box edge and any solute atom is 17 A, and potassium
ions were added to neutralize the charge of the systems (103).

(ii) Thermalization and production. Initially, the simulation systems (including the solute and
solvent) were energy minimized using 10,000 steps of steepest-descent minimization, followed by 10,000
steps of conjugate gradient minimization, applying positional restraints on protein and ligand atoms
with a force constant of 20 kcal mol~"A~2. Second, the same minimization scheme was applied, now
using positional restraints with a force constant of 20 kcal mol="A—2 on the protein atoms only. Finally,
the systems were minimized using 20,000 steps of steepest-descent minimization, followed by 20,000
steps of conjugate gradient minimization, applying no restraints. Using NVT (constant number of
particles, volume, and temperature) MD simulations, the systems were heated to 300 K using a constant
heating rate over 210 ps and simulated for a further 70 ps at this temperature, with positional restraints
with a force constant of 10.0 kcal mol~"A~2 on protein and PF74 atoms. Subsequently, the density of the
systems was adjusted using NPT (constant number of particles, pressure, and temperature) MD simula-
tions and applying the Berendsen barostat for 1,300 ps, with positional restraints with a force constant
of 2.0 kcal mol~" A2 on protein and PF74 atoms, followed by a final equilibration step of 1,720 ps in the
NVT ensemble. For production, NVT MD simulations were performed for 200 ns, yielding an aggregate
simulation time of 3 X 5 X 200 ns = 3 us, and coordinates were stored every 100 ps. For all simulations,
the Langevin thermostat with a collision frequency of 2 ps—' was used. Minimization and heating were
performed on CPUs, and equilibration and production were performed on GPUs with PMEMD (104).

(i) Calculation of effective binding energies. Effective binding energies were calculated using
MMPBSA.py (74) from AmberTools19. For the calculation, the hexamers were split into six dimers
containing one PF74 molecule each in the corresponding binding interface. Hence, 30 dimers per isoform
were analyzed, corresponding to a total of 60,000 frames per isoform. We applied the 1-trajectory
MM-PBSA approach, in which the snapshots of the complex, protein, and ligand are extracted from a
single MD simulation of the complex (75). The polar part of the solvation free energy was computed with
the linearized Poisson-Boltzmann equation using an internal dielectric constant of 4 and an external one
of 80. The nonpolar part was computed using a surface tension of 0.0378 kcal mol~' A-2 (105). To avoid
any additional uncertainty in our calculations, we neglected contributions due to changes in the
configurational entropy upon complex formation (106, 107).

The effective binding energies (AG were averaged over five replicas, each containing six

binding pockets (AGegive)- The distribution of AG¢.cive Values is Gaussian, and no particular trends
were observed over the simulation times. The SEM (standard error of the mean) over the 30 independent
calculations for a system (SEM,,) was calculated by error propagation according to the following
equation:

effectlve)

1 N5 6 o 5
SEMy = -V >0 Ele SEM;/

In all cases, the statistical uncertainty (SEM,,) is <0.015 kcal mol~" and, hence, below the chemical
accuracy of 1 kcal mol~", which is the expected accuracy in an optimal case (76).

Protein sequence alignment. The alignment was generated with MAFFT (108) in Jalview (109).
Jalview was also used to generate the Weblogos. The following randomly picked sequences were
included in the analyses: HIV-1 M diverse subtypes (GenBank accession numbers A04321, AB023804,
AB032740, AB049811, AB097865, AB098330, AB221005, AB221005, AB253421, AB485636, AB485638,
AB485643, AB485646, AB485648, AB485656, AB485660, AB485662, AB703607, AB731663, AF110963, and
AF190127, in addition to the sequence of the plasmid pMDLg/pRRE), SIVcpzPtt (GenBank accession
numbers AF382828, AF103818.1, AF115393, AJ271369, AY169968, DQ373063, DQ373064, DQ373065,
DQ373066, EF535993, FR686510, FR686511, GQ217539, JN091690, JN835461, JN835462, JX178450, and
X52154), and SIVcpzPts (GenBank accession numbers AF447763, DQ374657, DQ374658, EF394356,
EF394357, EF394358, JN091691, JN835460, JQ768416, JQ866001, and SIU42720).

Statistics. Statistical tests for significance (P value of <0.05) were performed with GraphPad
Prism 5.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
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Pandemic HIV-1, a human lentivirus, is the result of zoonotic transmission of SIV from chimpanzees
(SIVcpz). How SIVcpz established spread in humans after spillover is an outstanding question. Lentivi-
ral cross-species transmissions are exceptionally rare events. Nevertheless, the chimpanzee and the gorilla
were part of the transmission chains that resulted in sustained infections that evolved into HIV-1. Although
many restriction factors can repress the early stages of lentiviral replication, others target replication dur-
ing the late phases. In some cases, viruses incorporate host proteins that interfere with subsequent rounds
of replication. Though limited and small, HIVs and SIVs, including SIVcpz can use their genome products
to modulate and escape some of these barriers and thus establish a chronic infection.
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Lentiviruses are a subgroup of mammalian retroviruses that have spread among other species in Old World
primates [1,2]. These SIVs have jumped from nonhuman primates to humans on several different occasions.
Successful crossing to humans gave rise to different HIVs that cause the acquired immunodeficiency syndrome or
AIDS 3], one of the worst pandemics of recent centuries. Pressure by retroviruses to colonize their hosts has forced
animals to evolve restriction approaches, including but not limited to the production of restriction factors, to target
key replication steps.

To survive this restrictive environment, retroviruses and specifically primate lentiviruses, have come up with a
number of strategies:

Mutating their genome for diversity in their phenotype;
Antagonizing cellular antiviral factors using counteracting proteins;
Escaping recognition by the host’s sensing machinery;

Hijacking cellular factors.

There are more than 45 Old World simian species living with lentiviruses [21, most of them in nonpathogenic
virus—host relationships. In the family of Hominidae, chimpanzees, gorillas and humans can be infected by species-
specific lentiviruses. The SIV of the central African chimpanzee Pan troglodytes troglodyres (SIVcpzPtt) transmitted
zoonotically to humans and evolved to HIV type 1 (HIV-1) groups M and N [4-¢] retroviruses. The western lowland
gorilla (Gorilla gorilla gorilla) lentivirus (SIVgor) 7] adapted to humans to become the origin of HIV-1 groups P
and O 8,9]. The pandemic HIV-1 M infected at least 45 million people, and the HIV-1 type O virus is found
in around 100,000 humans while only single cases of infections with HIV-1 strains N and P have been reported.
In contrast, the HIV type 2 (HIV-2) virus is a result of multiple cross-species transmissions of SIV of the sooty
mangabey monkey (SIVsmm) (Figure 1) (10-12]. Here, we discuss the SIV from chimpanzee with regard to host
resistance factors and viral strategies to overcome these factors in humans. The transmission of SIVcpz to humans .
that resulted in the evolution of the pandemic HIV-1 M virus likely occurred between 1853 and 1908 and other ~ Future Ty
successful SIV transmissions to humans presumably happened thereafter [13-15]. Medicine ”
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Cross-species transmission of SIVs to human resulted in the formation of HIVs. Chimpanzee acquired lentivirus infection from

preyed monkeys. The chimpanzee lentivirus SIVcpzPts from eastern chimpanzee transmitted to western chimpanzee and evolved to
SIVcpzPtt. SIVcpzPtt was transmitted to humans to become the global HIV-1 group M and the rare HIV-1 group N. SIVcpzPtt also spread to
gorillas and evolved to SIVgor. SIVgor invaded humans and evolved to epidemic HIV-1 group O and rare cases of HIV-1 group P. SIVsmm of
sooty mangabey made several independent cross-species transmissions and evolved in humans to HIV-2 strains.

SIVcpz: a result of lentiviral recombination

Of the four subspecies of the chimpanzees (Pan troglodytes verus [Ptv] or western chimpanzee, Pan troglodytes ellioti
[Pte], P . troglodytes [Ptt] or central chimpanzee and the eastern chimpanzee, also known as P z. schweinfurthii
[Pts]), the central and eastern species are known to be naturally infected by SIVs [16-19]. Most infections do not
appear to be highly pathogenic [201. Eastern chimpanzee acquired their lentivirus infection (SIVcpzPts) from preyed
monkeys. SIVcpzPts transmitted to western chimpanzee and evolved to SIVepzPtt. SIVepzPtt was transmitted to
humans to become HIV-1 group M and group N and also spread to gorillas to evolve to SIVgor. SIVgor invaded
humans and evolved to HIV-1 groups O and P (Figure 1).

All retroviruses encode three genes: gag, pol and eny, as well as a long terminal repeats (LTRs) at each end of the
genome. The gag gene encodes the structural matrix and capsid proteins, po/ encodes reverse transcriptase, protease
and integrase proteins, whereas env encodes the viral glycoprotein. In addition, the SIVcpz genome contains genes
unique to lentiviruses, vif; vpr, tat, rev and nef. Moreover, SIVcpz has a vpu gene that is characteristic of its lineage
(Figure 2). The genome of SIVcpz has been extensively analyzed and the data indicate that this virus arose from a
recombination event between at least three viruses: a lentivirus of the collared mangabey (also known as red-capped
mangabey) or Mandrillus sphinx, abbreviated as SIVrcm and SIVmnd-2, respectively, providing integrase, vif and
upr genes and, a virus of the greater spot-nosed/mustached guenon/mona monkey (SIVgsn/SIVmus/SIVmon)
clade (providing vpu, env, nef), in addition to a currently unidentified SIV that donated the 5’ part of the genome
including the I'TR and the gag and reverse transcriptase genes [2,4,21-23].

Human TRIM5a does not inhibit SIVcpz
The large family of TRIM proteins shares a tripartite motif characteristic that includes a ring box, a B-box and a
coiled-coil domain [24]. Although these domains are crucial for the antiviral activity of its member, the TRIM5a
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Figure 2. Structure of the multi-origin SIVcpz genome. SIVcpz is the result of recombination events between at least three different SIVs
that chimpanzee obtained from monkey preys. 3" and 5 LTR, gag as well as half of po/ are from a currently unidentified SIV. Remaining
half of po/ up to 5’ end of tat are believed to be from SIVrcm/SIVmnd-2 while the rest of the genome has been donated by an SIV from
greater spot-nosed/mustached guenon/mona monkey, as indicated by ‘origin’ arrows on the figure. During this recombination process
that generated SIVcpz, around 380 bp (a fragment that comprised the entire SIVrcm vpx gene, in addition to 3’ part of vif) were lost
leaving a ‘truncated’ vif. An overprinting process at 5" end of vpr (around 61 bp) generated a new 3’ end of vif including vif stop codon.
Furthermore, there was an insertion of a 60-75 bp fragment (with unknown origin) upstream vif-vpr overlap (overprint). This insertion is
also present in HIV-1 and SIVgor and crucial for lentiviral spread as it helps these viruses to deal with host APOBEC3 restriction.

LTR: Long terminal repeat.
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Figure 3. The structure of human TRIM5« with domains highlighted. Really Interesting New Gene (RING finger) domain mediates
ubiquitylation, B-box and CC regulate the avidity of the TRIM5a protein for viral capsid through protein dimerization and higher order
association, whereas the PRYSPRY/CypA domain is responsible for retroviral capsid binding.

CC: Coiled-coil.

protein, the residues that make this protein a powerful viral restrictor are located at the C-terminus. This domain
is referred to as SPRY, PRYSPRY or B30.2 and can bind to the retroviral CA protein that builds the viral core
(Figure 3). The SPRY domain is a hot spot of positive selection, insertions and deletions [25] and has evolutionarily
been replaced by retrotransposition of cyclophilin (CypA) in some macaques and the New World primate owl
monkey [26-28]. TRIM5a of the viral target cells can inhibit sensitive retroviruses by binding to the core during
the early phase of infection in the cytoplasm. It forms a scaffold around the viral core causing enhanced and
irregular uncoating thereby preventing successful reverse transcription [29-31]. In addition, TRIM5a is involved in
virus sensing, which results in an antiviral innate immune response, and autophagy [32-35]. Since the discovery that
TRIM5a proteins could restrict retroviruses [36], many other TRIM proteins have been studied for their potential
role in antiviral immunity (Figure 4).

As highlighted in Table 1, the insensitivity of the capsid from SIVgsn, which is one of the precursors of SIVcpz,
to chimpanzee TRIM5a provides clues as to the STVcpz adaptation into its host chimpanzee. Furthermore, human
TRIMS5a is ineffective against the two types of STVepz (SIVepzPtt and STVepzPts) and their precursor STVgsn. This
finding explains, in part, the human sensitivity to SIVcpz and how viral spillover to humans could have established
a reservoir of virus-producing cells [37).

Inhibition of SIVs by TRIM proteins or other restriction factors have likely impaired the lentiviral movement
among simians [38,39]. For instance, human TRIM5a is a poor restrictor for HIV-1, but HIV-1 is considerably
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Table 1. Restriction of HIV-1 and SIVs by simian TRIM5« proteins.
TRIM5a ortholog HIV-1 SIVcpzPtt SIVcpzPts SIVmac SIvagm SIVgsn SIvdeb

Human TRIM5« - - - - - - -

CpzTRIM5a - - - - - - -
GorTRIM5« - - - + - - -
RhTRIM5« + + + - + +/- +
AgmTRIM5a + + - - - + -
PgtTRIM5«a - - - - - - -

Sensitivity of different retroviral capsids (from HIV, SIV from chimpanzees, SIV from rhesus macaques [SIVmac], African green monkey SIV [SIVagm], greater spot-nosed monkey [SIVgsn]
and De Brazza's monkey [SIVdeb]) to primate TRIM5-a proteins. (-) indicates ‘no effect’ of TRIM5-a, (4) means TRIM5-a is antiviral [37].
agm: African green monkey; cpz: Chimpanzee; deb: De Brazza's monkey; gor: Gorilla; gsn: Greater spot-nosed monkey; pgt: Pigtailed macaques; rh: Rhesus macaques.

inhibited by rhesus monkey TRIMS5a (36,40,41]. Since the viral capsid is the determinant of TRIM5a restric-
tion, mutating the CA protein sequence by adaptation is a retroviral strategy to escape the barrier by antiviral

TRIMS5a orthologs [39,42].

Tetherin: a late acting restriction factor that is a repressor of SIVcpz in humans

In addition to targeting the early cellular stages of lentiviral infection, invaded cells also limit the release of
newly formed virions as a way to contain the infection. Tetherin (or BST2), is a key cellular factor against virion
release [43,44]. The BST2 gene is interferon inducible and such genes have been extensively studied, particularly
concerning restriction of retroviral replication [45,46].
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Figure 5. Tetherin and its suggested mechanisms of viral retention at the plasma membrane. Tetherin inhibits virus
release if not counteracted by SIV/HIV proteins, for example, Vpu, Nef or Env. Of the three hypothesized mechanisms
of viral to cell membrane retention by tetherin including (1) plasma membrane-attached dimeric tetherin inserting N-
or C-termini into virions to oppose viral release, (2) only one monomer from a cell membrane dimeric tetherin
binding to the virus to retain it at the cell surface or (3) non covalently interacting tetherin dimers (one in the virion
envelope; the second in the plasma membrane) being used for virion-to-cell surface retention, scenario one (1) was
found plausible.

Tetherin is an unusual membrane-associated protein with an N-terminal transmembrane domain and a C-
terminal glycophosphatidylinositol lipid anchor [47,48]. However, the C-terminal region of BST2 may function
as a second transmembrane domain as Andrew ez al. suggested, opposing the glycophosphatidylinositol anchor
model (49]. The mechanism by which tetherin blocks the release of enveloped viruses depends on both the N-
and C-terminal domains, and disulfide bonding that is important for protein dimerization [50,51); the impact of
glycosylation is controversial [52]. Restricted lentiviral particles are tethered by tetherin to the plasma membrane of
infected cells, which leads to endocytosis and lysosomal degradation of these virions, causing a net reduction in the
number of released virions [43]. Tetherin acts in its dimeric form and while different possible configurations have
been proposed, configuration one ((1) in Figure 5) was found to be most plausible [53].

To resist pressure from the host’s cellular tetherin, SIVcpz and many other primate lentiviruses, including STVmac,
SIVsmm, and SIVgor, use their Nef proteins to remove tetherin from the cell surface [54-57]. The ability of Nef to
oppose chimpanzee tetherin and to promote viral release varies among different SIVcpz strains [57]. Nef forms a
physical contact with tetherin involving residues from its N-terminal globular core and flexible loop domains to
cause a clathrin-mediated endocytosis of tetherin [58]. The Nef protein of SIVcpz does not bind human tetherin and
it does not counteract human tetherin, because of evolutionary deletion events in the Nef binding site of human
tetherin [56,57,59,60]. Hence, primate lentiviruses that were zoonotically transmitted to humans were forced to adapt
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to the human tetherin protein to maintain high levels of replication. The cross-species transmissions of SIVcpz
have resulted in the neo-functional adaptation of the Vpu protein and generated an adapted Nef protein [55,61].
Thus, HIV-1 udilizes its Vpu instead of Nef to inhibit human tetherin. Vpu is a phosphoprotein with a single
transmembrane helix and a small cytoplasmic domain and is found only in HIV-1 and in its ancestor SIVs,
including SIVepz [62,631. This anti-tetherin counteraction mechanism by Nef is not well understood but researches
have highlighted cell surface tetherin-downregulation, proteasomal degradation but also retention at trans-Golgi
network [64,65].

The in vivo replication of STVcpz and HIV-1 and the impact to counteract human tetherin has been tested using
mouse models transplanted with human blood cells (e.g., hu-BLT mice or NOG-hCD34 mice) in which the virus
replicates only in the human cells [66-¢8]. In hu-BLT mice, SIVcpz strains are less or nonpathogenic compared to
HIV-1 (group M), manifesting in lower degrees of CD4" T-cell depletion and immune activation; however, all
tested SIVcpz strains replicated at high levels and had plasma viral load kinetics similar to HIV-1 in an observation
period of 16 weeks [66,67]. These data suggest that SIVcpz is not restricted for spreading replication in human blood
cells. To specifically address the impact of tetherin counteraction for SIVepz in vivo replication, Sato e al. applied a
different humanized mouse model (NOG-hCD34) [68701. In such in vivo experiments, HIV-1 Vpu was moderately
associated with cytotoxicity, in which the wild-type (WT) virus caused a more severe decline of peripheral CD4*
T cells than HIV-1Aypu while Vpu downregulated BST2 and was critically involved in early viral replication
kinetics [69,701. STVepz strain MB897, which is closely related to HIV-1 M, replicated i vivo more comparable to
HIV-1 M than less related SIVcpz strains. Also, this strain showed increased replication when it was mutated in ypu
to counteract human tetherin (68]. Using iz vivo competition experiments, the SIVcpz with the gain-of-function
ypu gene replicated more efficiently than the WT virus [8].

Similar experiments using SIVcpz strain EK505, which is related to the nonpandemic HIV-1 N, and a variant
with altered Vpu residues that generated a Vpu that gained anti human tetherin activity showed, that the variant
with the HIV-like Vpu competed out the WT virus, demonstrating an 7z vivo selection advantage of viral strains
that evolved Vpu-mediated anti-tetherin activity (70].

Although HIV-1 M is a superior tetherin blocker, tetherin-antagonizing effects of other HIV-1 groups are
variable. Poor adaptation to human tetherin may be one rreason for the limited spread of HIV-1 group N, O
and P in the human population [56,71-74]. The HIV-1 group O tetherin blocking activity is strain-specific, with
some O-type viruses being strong tetherin antagonists via Vpu [75] while others use their Nef to target a region
adjacent to the human-specific deletion in tetherin to inhibit the transport of human tetherin to the cell surface (76].
Research on HIV-1 N has shown that Vpus are in a process of adaption and these proteins have acquired amino acid
substitutions that allowed for interaction with human tetherin. However, these Vpus generally antagonize human
tetherin only poorly [77] while HIV-1 P is unable to antagonize human tetherin by Vpu, Nef or Env (71].

HIV-2, the evolutionary progeny of SIVsmm, can also overcome human tetherin restriction. As the virus evolved
as vpu negative, the anti tetherin activity of HIV-2 is determined by the viral envelope protein and this induces
downregulation of BST2 and non-degradative sequestration into the trans Golgi network [78-81].

SERINC proteins allow virus release but impair infectivity

Virions that escape tetherin restriction face other challenges, including those from SERINC proteins (82,83]. These
molecules were initially described as being involved in the synthesis of cell membrane lipids, phosphatidylserine
and sphingolipids through incorporation of the hydrophilic amino acid serine (84, but this function has been
questioned [85]. Among the SERINC family, antiviral activity has been identified in SERINC3 and SERINCS5. This
class of restricting factors affects lentiviral infectivity by incorporating into virions and impairing the next round
of cell infection (Figure 6). Virions that have SERINC5 packaged into their envelope show a reduction in the
virus—cell membrane fusion and are blocked to infect cells. By selectively inactivating sensitive viral glycoproteins,
SERINCS likely inhibits a step prior to the formation of the small fusion pores between HIV-1 and the target cell,
which prevents the delivery of viral cores to the cytosol [82,83,86,87].

To bypass the SERINC restriction, primate lentiviruses use their multipurpose Nef protein and this mechanism is
found across diverse SIVs and HIVs [82,83,88]. In addition to Nef, some HIV-1 Env glycoproteins contribute to viral
resistance to SERINCS5 [82,83,89]. Nef limits SERINC incorporation in newly formed virions by downregulation
of SERINCS5 from the cell surface via the endosome/lysosome system [90]. In addition, Nef can also antagonize
the virion-incorporated SERINC [91]. Nef protein from HIVs and many SIVs including SIVcpz antagonize
SERINCS using a dileucine motif in their C-terminal loop; however, different mechanisms in other SIVs have
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Figure 6. APOBEC3 mechanism of viralrestriction. During viral assembly, A3s areencapsidated in the virion. Following a new round of
cell infection, A3 deaminate cytidine to uridine in the viral cDNA strand and these results into guanidine to adenine mutations in the
positive strand of viral cDNA. Hypermutated viral DNAs are subject to enhanced degradation and form only reduced numbers of mutated
proviruses. Primate lentiviruses prevent A3 encapsidation by using their Vif protein that binds A3 and mainly fates it for proteasomal
degradation through a complex of many cellular proteins.

been suggested [881. The Nefs of HIV-1 are more active against SERINC5 than HIV-2 Nefs, and Nefs of SIVcpz are
more efficient than those of their monkey precursors (8s]. Because the SIV prevalence correlates with the SERINC5
counteractivity by Nefs, it is speculated that the Nef-mediated SERINCS5 antagonism impacts lentiviral spread [ss].
Thus, human SERINCS5 appears not to prevent SIVcpz transmission to humans.

APOBEC3: a deadly enzyme that the viral Vif can destroy

The APOBEC3 (A3) family of mammalian proteins contains functionally and structurally diverse members
with innate antiviral activity. Humans encode 11 APOBECs, namely APOBEC1 (A1), AID, APOBEC2 (A2),
APOBEC3A (A3A), A3B, A3C, A3D, A3E A3G, A3H and APOBEC4 (A4) (Table 2) (92-95]. In contrast to A3s,
A4 enhances HIV-1 infection (96]. Common in the structure of these proteins is at least one zinc-binding catalytic
domain with conserved residues in the form of H-x-E-x;3 23-P-C-x, 4-C (x for any amino acid).

Cytidine deamination of single-stranded polynucleotides is the key function of A3 proteins, AID and Al. A3
mediates a cytosine-to-uridine edit of single-stranded DNA during the reverse transcription of retroviral RNA
genomes [92,100-107]. Lentiviral replication can be severely restricted by A3 proteins once they are encapsidated into
the nascent viral particle (Figure 7). However, not all human A3s inhibit HIV-1 and SIVcpz and only A3D, A3E,
A3G and A3H are antiviral in T cells and macrophages [97,100,108]. The incorporated A3 proteins survive in the
viral core and find their substrate once the virus enters a new cell and starts reverse transcribing its viral RNA
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Table 2. Anti SIVcpz activity of human APOBEC proteins.

APOBEC Genomic locations  Protein size Zinc/catalytic Associated Antiviral against Antiviral against Ref.
(residues) domains function SIVcpzA vif SIVcpz

AID (AICDA) Chr. 12 198 1 Immunoglobulin Not tested Not tested

diversity
APOBEC1 Chr. 12 229 1 Host mRNA editing Not tested Not tested
APOBEC2 Chr.6 224 1 Muscle Not tested Not tested

development
APOBEC3A Chr. 22 199 1 Innate immunity No No [97]
APOBEC3B Chr. 22 362 2 Yes Yes [97]
APOBEC3C Chr. 22 190 1 No No [97]
APOBEC3D Chr. 22 368 2 Yes No [97]
APOBEC3F Chr. 22 373 2 Yes No [68,97]
APOBEC3G Chr. 22 384 2 Yes No [68,97-99]
APOBEC3H Chr. 22 182 1 Yes Yes [97,99]
APOBEC4 Chr. 1 367 1 Enhancer of Not tested Not tested
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Figure 7. Restriction of viral replicationby SERINC3/5 proteins. In nef negative viruses, thecell proteins SERINC3 or SERINC5 will
incorporate into newly formed virions into the viral envelope. In the next round of infection, viral particle incorporated SERINCs will
block virus—cell membrane fusion, affecting viral entry. Nef counteracts the SERINC incorporation.
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into single-stranded DNA. The virus-associated A3 proteins deaminate the deoxycytosines to deoxyuridines and
cause hypermutation. Cytidine deamination in viral single-stranded DNA causes G-to-A nucleotide changes in the
coding viral plus-strand DNA. Hypermutated viral DNAs are damaged and directed toward degradation and rarely
integrate, and thus the A3-mediated mutations stop the replication process [100,109,110]. However, sublethal levels
of editing might help the virus to diversify its genetic makeup, giving rise to resistant viral mutants. In addition,
deamination-independent mechanisms to inhibit the virus exist in which binding of A3 to the viral genomic RNA,
tRNA, reverse transcriptase or integrase is involved [111-123].

Lentiviruses prevent the lethal activity of host A3 proteins by their viral Vif protein that mediates the inactivation
of A3s mainly by inducing proteasomal degradation of the A3s [124-130); however, nondegrading mechanisms that
sequester A3s away from budding virions were also observed [151,132]. Primate lentiviral Vifs bind species-own A3
proteins and attach them to an E3 ubiquitin ligase complex by interacting with the cellular proteins Cullin5,
ElonginB, ElonginC, RBX2 and CBF-f [100,109,111,126,130,133-135]. The Vif-E3 complex adds poly-ubiquitin to the
bound A3, which causes its degradation by the cellular proteasome. Thereby, Vif depletes A3 proteins from the virus-
producing cell to generate virions without co-packaged A3s. All primate lentiviruses form a similar E3 ubiquitin
ligase complex [130,136]; however, Vifs of non-primate lentiviruses evolved to hijack other host factors for their E3
complexes [137,138]. There is evidence that Vif is not the only way lentiviruses use to prevent inhibition by A3s, as
HIV-2 and its ancestor SIVsmm can use Vpx to at least partially protect themselves against the antiviral A3A [139,140]
and alternative mechanisms against A3G involving increased virus production have been suggested [141-143].

Although cognate A3s are sufficiently counteracted by SIVs, non-host A3s may be a potential barrier for cross-
species transmissions. A3 proteins are under positive selection, as expected if involved in the virus arms race, a
battle that has driven a dramatic diversification of viruses and host immune factors [94,144-148]. Primate species that
are closely related to each other have A3 proteins that show less interspecies diversity than A3s of simian species in
which the last common ancestor is older [94,149).

Vif proteins are adapted to bind a specific patch on the surface of an A3. HIV-1 Vif fails to counteract A3G of
African green monkey, because Vif does not bind to this simian A3G [150-152. Human A3F and A3G, however,
are sensitive to SIVepz and SIVgor Vifs [22,68,98]. Interestingly, gorilla A3G is resistant to SIVcpz Vif providing a
possible explanation for why SIVcpz has not crossed between chimpanzees and gorillas more often [9). However,
a currently unidentified A3G polymorphism in gorilla could render certain gorilla individuals more susceptible to
transmissions of SIVcpz, thus allowing the virus to establish infections in some gorillas [98]. Thus, variability in viral
proteins and host gene polymorphisms are key factors that impact the fate of the virus after spillover. In humans,
the variability in the A3 proteins is rather limited and only A3H has been identified as being polymorphic [153-157].
A3H has seven haplotypes and additional splice-variants. Only the A3H genes of haplotype II, V and VII form
stable amounts of protein while the other haplotype A3H proteins are very low or undetectably expressed. SIVepz
Vif can counteract chimpanzee A3s and most human A3s (971. The exception is human A3H, which is resistant to
all tested Vifs from SIVepz and SIVgor (971. SIVcpzPtt Vif requires a minimum of two changed residues to gain
the function to inhibit human A3H. In Africa, around 50% of people carry A3H genes, which encode stable A3H
proteins while outside Africa the stable A3H haplotypes are minor alleles [153,156,157). Thus, human A3H forms
a strong barrier against SIVcpz cross-species transmission and individuals who lack A3H protein expression were
likely the first humans to spread the SIVcpz zoonosis [97).

GTPases: halting the retroviral invasion

Interferon-inducible molecules that belong to the GTPases family [158] encompass four subfamilies including
guanylate-binding proteins (GBPs) [159], immunity-related GTPases [160], very large inducible GTPases [161] and
myxovirus resistance (MX) proteins [162]. GBPs have antiviral activity among other immune functions [163]. Of the
seven human genome-encoded GBP:s [164], GBP1 and GBP5 are the most studied antiviral proteins of this group of
proteins. GBP5 has antiretroviral activity, as highlighted by its effects on HIV-1 and SIVs by affecting the processing
and virion incorporation of the viral envelope protein during the formation of new virions [165). Naturally occurring
mutations in the start codon of the vp# gene that enhance Env expression might help HIV-1 to attenuate the effects
of GBP5 at the cost of increased susceptibility to tetherin [165,166]. Currently, it is unknown whether human GBP5
also decreases the infectivity of SIVcpz [70]. In the group of MX proteins, MXB (MX2) proteins of human and
nonhuman origin have also been shown to be antiretroviral, and to inhibit retroviral replication through targeting
uncoating, nuclear entry and nuclear events [167-171]. SIVcpz shows sensitivity to human MXB similar to that of
HIV-1 with a trend that the HIV-1 M subtype and SIVcpzPtt are slightly more inhibited than SIVepzPts [172).
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Figure 8. A model of SIVcpz's evolutionary path to HIV. SIVcpz to human cross-species transmission likely happened
100 years ago in central Africa. After spillover, SIV adapted to human cells. For high-level replication, SIVcpz had to
adapt to human tetherin and evolve a Vif protein able to counteract human A3H. Only viruses that were able to
adapt to these and possible other host-factors were able to spread globally.

SAMHD1: an important restriction for SIVcpz/HIV-1?

SAMHDI is an IFNy-inducible deoxynucleoside triphosphate triphosphohydrolase enzyme that inhibits reverse
transcription of retroviruses by suppressing cellular INTP pools [173-175]. SAMHDI1 inhibits HIV-1 replication
in non-dividing cells that have low dNTP pools, such as resting T-cells, macrophages and dendritic cells [176-178].
SAMHDI is an important player in the replication stress response and promotes degradation of nascent DNA at
stalled replication forks in human cell lines by stimulating the exonuclease activity of MRE11 179]. In SAMHDI1-
depleted cells, single-stranded DNA fragments are released from stalled forks and accumulate in the cytosol, where
they activate the cGAS-STING pathway to induce expression of pro-inflammatory type I interferons [179].

Some lentiviruses, such as HIV-2 or its ancestor STVsmm, have evolved a protein called Vpx, which is capable of
degrading SAMHD1. This degradation is often host specific, which indicates that SAMHDI1 represents a barrier
for cross-species transmissions [180]. Vpx induces proteasomal degradation of SAMHD1 by recruiting an ubiquitin
CRL4-DCAF1-E3-ligase complex [176,177]. Other primate lentiviruses encode a paralogous gene vpr, but not all
of the Vpr proteins are capable of binding and antagonizing SAMHD1 and Vprs that can degrade SAMHD1
are phylogenetically closer to Vpx than those that are incapable of inducing the SAMHD1 degradation [180). The
Vprs of HIV-1/SIVcpz do not counteract SAMHDI [180]. Interestingly, SIVrem, one of the ancestors of SIVepz
carries a gene for Vpx that was lost during the transmission to chimpanzees (Figure 2) 1221. SIVrem Vpx is capable
of degrading SAMHDI of several simian species (thesus, De Brazza’s, African green monkeys, mandrills and its
natural host red-capped mangabeys), but is unable to degrade SAMHD1 from humans or sooty mangabeys [180].

In the genome of SIVrcm, the vpx gene is located between vif and vpr, with overlap of the vpx 5" end with
the 3’ end of vif (Figure 2). During the transmission from red-capped mangabey to chimpanzees, the vpx gene
was lost and vif was generated by partial overprinting with the 5’ end of vpr [221. Overprinting refers to a type of
overlap in which all or part of the sequence of one gene is read in an alternate reading frame from another gene
at the same locus. It was concluded that the gain of function of Vif is more important than the Vpx function,
suggesting that A3s form a stronger species barrier than SAMHDI1 [22]. Why some primate lentiviruses kept the
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SAMHD-degradation function and others, for example, SIVcpz/HIV-1, evolved to replicate without SAMHD1
degradation is unknown. Alternative mechanisms to Vpx may involve adaptations in the reverse transcriptases to
execute faster nucleotide incorporation (k| step), to partially balance the limited dNTP concentrations found
in some non-dividing cells [181]. Thus, it is likely that primate lentiviruses evolved multiple strategies to prevent
extinction by the host innate immune system to form proviruses in resting cells to keep a reservoir of latently
infected cells.

Conclusion & future perspective

HIV-1 M and HIV-1 O strains form the pandemic or endemic HIV-1s. It is believed that each of these human
viruses originated from a single successful spillover from chimpanzee (for HIV-1 M) or gorilla (for HIV-1 O)
(Figures 1 & 8). Based on the evolutionary relationship of all three species, in retrospect it is not a surprise that
human lentiviruses could evolve after zoonotic infections. It is more surprising that it happened efficiently only
twice and two more times with less efficiency (for HIV-1 N and P). This implicates a level of cellular differences
in dependency and restriction factors that form a barrier to viral spread after spillover (Figure 8). Hence, we
predict the existence of unknown factors that protect humans from lentivirus infections. Indications that SIVepz
is forced to adapt to other cellular co-factors to maintain a high level of replication in human cells have been
reported [67,68,182]. Since there is an ongoing risk for zoonotic transmissions of other SIVs, regular SIV screenings
by PCR using generic HIV/SIV primers and antibody responses of bush-meat hunters and butchers in Africa

Executive summary

Background

e Chimpanzees acquired their SIVs from monkeys.

e In a direct transmission to humans, chimpanzees SIV (SIVcpz) evolved into HIV-1 M and HIV-1 N.

e SIVcpz also invaded gorillas, SIVgor developed.

e SIVgor spread to humans and evolved into HIV-1 O and HIV-1 P.

e HIV-2 is an evolutionary offspring of SIV from sooty mangabey.

Chimpanzee SIV: a result of lentiviral recombination

e SIVcpz is a result of genetic recombination between SIVs from more than two primates.

Human TRIM5a does not inhibit SIVcpz

e The antiretroviral activity of TRIM5a proteins is virus-specific among primates (e.g., human TRIM5a does not
inhibit SIVcpz).

e TRIM5a is not the only antiretroviral protein in the TRIM protein family. Other TRIM proteins protect against
retroviruses as well.

Tetherin: a late acting restriction factor that is a repressor of SIVcpz in humans

e Despite the viral escape from early phase restriction factors, cells can further target viral release using BST2 (also
called tetherin).

e Retroviruses use their anti tetherin factors like Vpu or Nef proteins to ensure virion release.

e SIVcpz Nef counteracts chimpanzee tetherin but is inactive against human tetherin.

e During adaptation to humans, SIVcpz evolved its Vpu protein to target human tetherin.

SERINC proteins allow virus release but impair infectivity

e SERINC3 and SERINCS5 can incorporate into virions to prevent the formation the of membrane fusion between a
lentivirus and its target cell during next round of infection.

e SIVs/HIVs overcome SERINCs using their Nef protein.

e Human SERINGs are not inhibitors of SIVcpz infections.

APOBEC3: a deadly enzyme that the viral Vif can destroy

e Several APOBEC3 (A3) cytidine deaminases exist with antiretroviral activity following encapsidation into virions.

e Lentiviruses oppose A3 antiviral pathway using their Vif proteins, which target A3s for proteasomal degradation.

e Human A3H is a strong restriction factor of SIVcpz, which forms a barrier for zoonotic transmissions.

GTPases: halting the retroviral invasion

e The GTPase GBP5 interferes with processing and virion incorporation of envelope protein.

e MX proteins block lentiviral replication at different steps including uncoating, nuclear entry and beyond.

e Human GTPases show similar antiviral activities against HIV-1 and SIVcpz.

SAMHD1: an important restriction for SIVcpz/HIV-1?

e SAMHD1 depletes nucleotides and thereby represses reverse transcription of SIV/HIV RNA in resting cells.

e HIV-2 and related SIVs use their Vpx to degrade and remove SAMHD1 early during infection.

e HIV-1 and SIVcpz are not able to counteract SAMHD1.
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may be important to monitor the formation of new human lentiviruses. SIVs in most African primates evolved
into apathogenic viruses. The future perspective of SIV pathogenicity in chimpanzees is unclear (20,183,184 and
some animals with AIDS-like symptoms have been described [185-187). The impact of SIV infections on the health
of gorillas is unknown. In case SIVcpz and SIVgor evolve to more aggressive, HIV-1-like, viruses, measurements
beyond pharmaceutical antiretroviral therapy are needed to preserve these already endangered species.
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Abstract

Despite their circulation, non-M HIV-1s have only appeared in a small number of cases in West
Africa. The rather low cases of humans infected by HIV-1 N, O or P raise the question of their
incomplete adaptation to humans. We hypothesized that early post-entry restrictions may be
relevant for the impaired spread of these HIVs. One of the best-characterized species-specific
restriction factors acting early in infection is TRIMSa. While HIV-1 M can escape human
TRIMS5a restriction by binding cyclophilin A (CYPA, also known as PPIA, peptidylprolyl
isomerase A) to the so-called CYPA binding loop of its capsid protein. How non-M HIV-1s
interact with huTRIM5a is ill-defined. By testing novel full-length reporter viruses (A env) of
HIV-1N, O, P, HIV-2AB and SIVgor, we found that in contrast to HIV-1 M, the non-pandemic
HIVs and SIVgor showed restriction by human TRIMS5a. To identify the viral determinant for
the huTRIMS5a inhibition, we transferred capsid coding regions of non-M HIV-1 and SIVgor
to HIV-1 M and confirmed sensitivity to TRIM5a of such chimeric HIV-1s. Work to identify
capsid residues that mediate susceptibility to huTRIMS5a revealed that capsid residue 88 in the
capsid CYPA binding loop, was important for such differences. HIV-1 M uses alanine to resist,
while others have either valine or methionine, which avail them for huTRIMS5a. Capsid residue
88 determines the sensitivity to TRIMSa in a novel way and likely influences the enzymatic
cis-trans activity of the bound CYPA. These differential CYPA usages by pandemic and non-
pandemic HIV-1 demonstrates that the enzymatic activity of CYPA on the viral core is

important for its protective function against human TRIMS5a.

Key words: TRIM5a, CYPA, pandemic, non-M HIV
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Introduction

The species of human immunodeficiency virus 1(HIV-1) is subdivided into the four groups,
M, N, O and P'. HIV-Is are the evolutionary results of rare successful transmission events of
simian immunodeficiency viruses (SIV) to humans. Group M and group N HIV-1s are from
SIV of chimpanzees (SIVcpz), while group O and group P are from SIV of gorillas (SIVgor)>3.
To halt retroviral replication, vertebrates use several cellular restriction factors*. It is ill-
defined whether the low prevalence of non-M HIVs is associated to the activity of antiviral
factors such as the capsid binding TRIM5a, which may limit their spread among humans’.
TRIM proteins have a structure with a RING domain, a coiled-coil domain, one to two B box
domains’. In addition, some TRIM proteins have a C-terminus domain which can be the
PRYSPRY (B30.2) such in the alpha isoform of TRIMS, theTRIMS5a and TRIM25 or CYPA
such as in the TRIM-Cyclophilin A (TRIMCyp) fusion proteins®1°,

The PRYSPRY or Cyclophilin A domains of TRIMS proteins can bind retroviral capsids,
oligomerize to form a higher-order self-association oligomers around the conical core to affect
the core integrity and thereby impairs nuclear import but also integration of the reverse-
transcribed viral genome!!'2, The TRIM5a binding to capsid can also result in intracellular
signaling events, for an extended viral restriction!!4,

The anti-retroviral activity of TRIMS proteins has been shown to mainly be PRYSPRY or
CYPA domains dependent!>!6, CYPA presence at the C-terminus of TRIMS proteins is a result
of evolutionary retrotransposition of CYPA in some primates, like the Old World rhesus
monkeys (Macaca mulatta) or the New World Aotus night/owl monkeys!'’. The selective
antiretroviral ability of TRIM5a is thought to have formed a selective protective shield to the
retroviral spread in vertebrate hosts!8. As an example, human TRIMS5a restricts infections of

humans by the horse lentivirus equine infectious anemia virus (EIAV)Y. In contrast, the

pandemic HIV-1 M escapes the antiviral activity of human TRIMSa by displaying a binding
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site in the viral core for CYPA!8. Once in interaction with the capsid CYPA binding loop,
CYPA can influence many early steps of HIV infection?*2!,

CYPA is also encapsidated by HIV virions, with less defined role in the next round of
infection?2. TRIMCyp proteins on the other hand, differentially halt retroviral infection through
the binding of their CYPA domain to capsid CYPA binding loop, early during infection, this
inhibition can be blocked by cell treatment with cyclosporin A (CsA)?. For instance, owl
monkey TRIMCyp is active against HIV-1 but not HIV-2 and thTRIMCyp inhibits HIV-2 but
not HIV-1 M4,

It was recently documented that sequences in CYPA domain of thTRIMCyp but also the capsid
CYPA binding loop, have determined the ability of this protein to strongly restrict HIV-2, HIV-
1 O but to the cost of loss of anti-HIV-1 M restriction®>?°. However, such work did not cover
other HIV-1 viruses from N and P groups. In addition, more is needed on CYPA usage by non-
M HIVs. Understanding how sequences in the capsid affect viral infection is of paramount
importance, particularly in the context of non-M HIVs.

Here we tested the antiviral property of human TRIMS5a against non-M group HIVs but also

SIVgor and identified viral determinants of sensitivity and assessed CYPA in TRIMSa

mechanism to restrict HIVs.

Materials and methods.

Cells. CrFK and HEK293T cells were maintained in Dulbecco’s high-glucose modified
Eagle’s medium (PAN Biotech, Aidenbach, Germany) with addition of 10% fetal bovine serum
(FBS, PAN Biotech, Aidenbach, Germany), 2 mM L-glutamine (PAN Biotech, Aidenbach,
Germany), 100 U/ml penicillin, and 100 pg/ml streptomycin (PAN Biotech, Aidenbach,
Germany). TRIM5a knockout U87-MG and control cells were kindly donated by Michael

Malim?’, CYPA knockdown and control U87-MG cells were cultured under 1 pg puromycin.
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Plasmids. The replication competent HIV-1 N DJO0131, HIV-1 O RBF206, HIV-1 P RBF168,
HIV-2 AB 7312A (=SNAG), SIVcpzPtt MB897 clones were kindly provided by Frank
Kirchhoff. SIVgorCP2139, and SIVcpzPts clone TAN1.910 clones were obtained from NIH
AIDS repository?®?°. The murine leukemia virus (MLV) packaging construct pHIT60, which
encodes the gag-pol of Moloney MLV was provided by Jonathan Stoye*’.

Reporter viruses for HIV-1 N, HIV-1 O, HIV-1 P, HIV-2AB and SIVgor were constructed as
follow: Using fusion PCR, nanoluciferase gene was cloned in replacement of nef of HIV-1 N,
HIV-1 O, HIV-1 P, HIV-2 AB and SIVgor. Two stop codons were introduced in the envelope
genes of these viruses, as VSV-G was to be used for envelope.

Capsid mutant reporter viruses of HIV-1 M, HIV-1 N, HIV-1 O, HIV-1 P and HIV-2AB were
generated with fusion PCR using specific primers including those (forward and a reverse) with
desired mutations.

HIV-1 M with HIV-1 N or HIV-1 O or HIV-1 P or SIVgor capsid were made by fusion PCR,
their inserts were cloned in PmlI-Mfel digested pMDLg/pRRE vector to produce chimeric gag-
pol of HIV-1 M with capsid genes of other viruses: pMDLg/pRRE.HIV-1 N CA,
pMDLg/pRRE.HIV-1 O CA, pMDLg/pRRE.HIV-1 P CA, pMDLg/pRRE.SIVgor CA.
Complete gag-pol constructs for HIV-1 N, HIV-1 O and HIV-1 P were constructed using the
HIV-1 M pMDLg/pRRE plasmid and replacing HIV-1 M gag-pol by digestion with PmlI and
BspEI and insertion of gag-pols of interest, produced through a series of overlapping PCR
reactions, to make pMDLg/pRRE.HIV-1 N, pMDLg/pRRE.HIV-1 O and pMDLg/pRRE.HIV-
1P.

CYPA binding loop capsid mutants were made through PCR with primers bearing specific
CYPA binding loops sequences and their inserts were respectively cloned in specific vectors
to make HIV-1 M. HIV-1 N loop, HIV-1 M.HIV-1 O loop and HIV-1 N.HIV-1 M loop. HIV-

1 vector pSIN.PPT.CMV.Luc.IRES.GFP expresses firefly luciferase and GFP. psPAX2 was
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obtained from the NIH AIDS Reagent Program (Cat# 11348), pRSV-Rev, pMDLg/pRRE and
pMD.G (VSV-G) have been described.

Using fusion PCR on TRIMCyp ¢DNA in pLNCX2 plasmid®!, two primers from both
rthTRIMCyp cDNA ends (a forward primer with Xhol site and a reverse primer with HA tag
and Notl site), forward and reverse primers containing the desired mutations in the cyclophilin
A domain; N66D, H69R or N66D-H69R rhTRIMCyp-HA mutants were generated. Xhol and
Notl digested thTRIMCyp mutant PCR products were ligated in pPLNCX2 digested with same
enzymes and plasmid propagation was done under ampicillin. DNA Sequencing confirmed

desired mutations.

Transfection and viral particle production. The pMDLg/pRRE based viral particles
production was done using a three (3) plasmid system: pMDLg/pRRE (800ng),
pSIN.PPT.CMV.Luc.IRES.GFP (800ng), pRSV-Rev (400ng), and pMDG.VSV-G (200ng).
For nanoluciferase-based reporter viruses (HIV-1 N, O, P, SIVgor, HIV-2, SIVcpz), 10°
HEK?293T cells were seeded, the following day, these cells were transfected using 200 ng VSV-
G and 2000 ng of viral plasmids using polyjet (Tebubio GmbH, Offenbach, Germany). 48 hours
post-transfection, viral particles were collected, short-centrifuged for 5 min at 5000 rpm at 4°C,
to remove any detached HEK293T cells, before being used for infection assay or transduction
for stable cell lines. Where needed, the reverse transcriptase (RT) activity of viruses was

quantified using the previously described approach™.

Generation of stable cells expressing TRIMS proteins. Viral particles produced in
HEK293T cells using a pLNCX2.TRIMCyp construct, pHIT60 and pMD.G-VSV-G were used
to transduce CrFK cells for three days, followed by a selection under 400 pg/ml G418

(Biochrom GmbH, Berlin, Germany), for the expression of HA-tagged wild type and mutant
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thTRIMCYP proteins. Protein expression was confirmed with immunoblots. Cells expressing

empty pLNCX2 vector were used for control.

Single round infection assay. 10 x 10* CrFK cells or 5 x 10° (U-87 MG) cells were seeded
into 96-well plates and infection was performed the following day. For experiments involving
cyclosporin A (CsA, Sigma Aldrich, Germany), 1 to 10 uM of CsA or control DMSO were
used to treat cells 2 hours before infection. Cells were then infected with different reporter viral
particles and after 48 to 72 hours, luciferase activity was measured. For infection with
nanoluciferase-containing reporter viruses, cells were washed with phosphate-buffered saline
(PBS) three times before lysis and luciferase measurement, in addition to medium change 24
hours following infection, to eliminate the effect of background nanoluciferase.

Nanoluciferase activity was measured with Nano-Glo Luciferase system (Promega,
Mannheim, Germany) and firefly luciferase activity was measured with the Steady-Glo
Luciferase system (Promega, Mannheim, Germany), on a MicroLumat Plus luminometer
(Berthold Detection Systems, Pforzheim, Germany). Each experiment was performed in

triplicates for at least three times.

Pulldown assays and immunoblots. The GST-CYPA based pulldown experiments followed
a protocol previously described®®. To confirm expression of primate TRIMS5 proteins, cells
were lysed using RIPA lysis buffer (25 mM Tris-HCl [pH 8.0], 137 mM NaCl, 1% NP-40, 1%
glycerol, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 2 mM EDTA, and
protease inhibitor cocktail set III [Calbiochem, Darmstadt, Germany]).

The cell lysate was centrifuged at 14,800 rpm for 20 minutes at 4°C. The protein supernatant
was denatured using Roti-load sample buffer (Roth, Karlsruhe, Germany) and was used for

SDS PAGE. Mouse primary anti-HA (MMS-101P, Covance, Miinster, Germany, 1:7.500
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dilution) for HA-tagged proteins, anti-human TRIMS5a (rabbit monoclonal, catalogue number
143265; Cell Signaling Technology Europe BV, Frankfurt, Germany), anti-CYPA (mouse
monoclonal; Santa Cruz Biotechnology) (1:500 dilution), CYPA.GST was detected using
mouse anti-GST (SAB4200237-200UL, Sigma-Aldrich, Germany, 1:7500 dilution)) were used.
For viral proteins, viral supernatant was centrifuged through 20% sucrose gradient for a
minimum of 4 hours at 4°C, 14.800 rpm. Supernatant was discarded and viral pellet lysed using
RIPA buffer for 5 min followed by denaturation at 95°C in Roti-load sample buffer for 5

minutes and SDS PAGE using anti-p24 antibody (NIH).

CYPA packaging by HIV-1. In each well of a six well plate, 10° HEK293T cells were seeded,
one day later, they were transfected with plasmids for HIV-1 and HA-tagged CYPA, in the
presence or absence of different amounts of CsA. Two days post-transfection, viral supernatant
was centrifuged for 5 hours at 4°C on top of a 20% sucrose for viral concentration.

Cells and viral pellets were lysed and subjected to immunoblot for HA-tagged CYPA, p24, and

tubulin.

Results

Construction of non-M HIV and SIVgor reporter viruses.

We constructed novel nanoluciferase-based reporter viruses for HIV-1 N, HIV-1 O, HIV-1 P,
HIV-2AB CRF, and SIVgor. Nanoluciferase was cloned in replacement of nef gene. In
addition, two stop codons were inserted in the env. Production of VSV-G-pseudotyped viral
particles was done through transfection of HEK293T cells, and such virions were tested on
human HeLa cells, for infectivity by nanoluciferase measurement, two days after infection

(Suppl. Fig. S1A). We also constructed pMDLg/pRRE-based gag-pol constructs for HIV-1 N,
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HIV-1 O, HIV-1 P and SIVgor. Such constructs were made by replacing HIV-1 M

pMDLg/pRRE gag-pol sequences by non-M or SIVgor gag-pol sequences (data not shown).

Non-M HIVs are inhibited by human TRIMSa in human cells.

To test whether the replication of non-pandemic HIV is restricted by human TRIMS5a, equal
amounts of reporter viruses of non-M HIVs (HIV-1 N, HIV-1 O, HIV-1 P) HIV-2AB) and
SIVs (SIVcepzPtt, SIVepzPts, SIVgor) were used for infections of human wildtype (WT) U-87
MG and huTRIMS5a knockout (KO) U-87 MG cells?’ (Fig. 1A). In addition, we included
reporter viruses for HIV-1 M and for the equine infectious anemia infectious virus (EIAV) as
a controls; EIAV is known to be sensitive to human TRIM5a3*.

While the infectivity of HIV-1 M was equal in WT and TRIMS5 KO cells, infection by non-M
HIVs but also SIVgor was enhanced when huTRIMS5a was knocked down (Suppl. Figs. S1B,
S1A). In fact, infection by HIV-1 N increased to up to three folds in the huTRIMS5a KO cells
as compared to control cells, infection by HIV-1 O, HIV-1 P, HIV-2 and SIVgor reached 2.5-
, 3.5-, 2- and 2-folds, respectively in the absence of huTRIMS5a, suggesting inhibition of these
viruses by human TRIMS5a. EIAV showed 6.5-fold higher infectivity in the absence of
huTRIMS5a., compared to WT cells. In contrast, SIVcpzPtt and SIVcpzPts did not significantly
benefit from the absence of huTRIM5a (Fig. 1B), as described before’. We also compared
infection results of HIV-1 M vs. non-M HIV-1s virions produced using their respective gag-
pol plasmids. We used such virions (equal amount of virus) to infect WT U-87 MG cells, as
shown in (Suppl. Fig. S1B), non-M HIV-1 infectivity was strongly reduced compared to

infectivity of HIV-1 M.
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Capsid and its CYPA binding loop mediate differences in sensitivity to huTRIMSa.

Since TRIM5a is a capsid binding factor®>, we next opted to investigate on the mechanisms
behind differences in sensitivity to huTRIMS5a between HIV-1 M and non-pandemic HIVs.
We transferred the capsid encoding sequence from HIV-1 N, HIV-1 O, HIV-1 P or SIVgor, to
HIV-1 M in the gag-pol expression construct pMDLg/pRRE representing HIV-1 M sequence

(Fig. 1C). In contrast to WT HIV-1 M, chimeric virus with capsid from non-M viruses were
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inhibited 2.5 — 8-fold in WT cells compared to huTRIMS5a KO cells (Fig. 1D), confirming the
role of viral capsid for restriction by human TRIMS5a.

Reports have described that in human cells the capsid interacting cellular protein cyclophilin
A (CYPA) protects HIV-1 M against the antiviral activity of huTRIM5a. 718,

In capsid, CYPA binds to a loop between helix 4 and helix 5, termed CYPA binding loop. Here
CYPA directly interacts with residues G89 and P90°¢, which are conserved in pandemic and
non-pandemic HIVs. However, other residues between these viruses show variations and HIV-
1 N and HIV-1 P share an identical CYPA binding loop (Fig. 1E).

To explore a possible differential role of CYPA in virus-specific infection patterns, we
swapped in capsid the CYPA binding loops between HIV-1 M, HIV-1 N and HIV-O. Thus, we
created HIV-1 M gag-pol constructs with a capsid CYPA binding loop of HIV-1 N (identical
to HIV-1 P) or HIV-1 O. In reverse, we transferred the HIV-1 M capsid CYPA binding loop to
HIV-1 N or HIV-1 O Gag-Pol constructs. Interestingly, viruses that had the CYPA binding
loop of non-pandemic HIVs showed a restriction in WT cells compared to TRIMSa KO cells,
and non-pandemic viruses with a CYPA binding loop of HIV-1 M escaped the restriction by
TRIMS5a (Fig. 1F). These findings pointed out that the capsid CYPA binding loops account for

differences in infection levels of pandemic and non-pandemic HIVs in huTRIMS5a KO cells.

Capsid residue at position 88 mediates HIV sensitivity to huTRIMSa.

In the capsid CYPA binding loop, the human CYPA protein binds strongly to residues G89
and P90’ but a role of other loop residues has also been shown in the context of HIV-1 and
HIV-2 interactions with thTRIMCyp?S.

We hypothesized that variability in residue 88 in the CYPA binding loops could explain our
observations regarding the differential sensitivity of HIV-1 M and the non-pandemic HIV-1s

to TRIMS5a. We infected both WT and TRIMSa KO cells with reporter viruses that had
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mutations in the CYPA binding loop at position 88, HIV-1 M A88V, HIV-1 N V88A, HIV-1
O MB88A or HIV-1 P V88A and compared their infectivity to the corresponding WT viruses.
For HIV-1 M, we included the well characterized HIV-1 M G89V and A88V-G89V capsid
mutants, which do not bind CYPA*,

As expected, both mutations in HIV-1 M, A88V and G89V were strongly inhibited in WT U-
87 MG cells compared to WT virus (Fig. 2A). However, in TRIMS5a KO cells infections by
both capsid mutants were not reduced compared to WT HIV-1 M, with infection by the A8V
mutant even 4.3-fold higher than infection by WT virus (Fig. 2B, Suppl. Figs. SIC-E).
Infections by capsid mutants of non-pandemic HIVs showed a contrasting pattern.

In WT cells, the infectivity of HIV-1 N V88A was 5-fold higher, of HIV-1 O M88A was 2.3
folds higher and of HIV-1 P V88A was 2.1 folds higher than infections by their WT viruses
(Fig. 2C). However, these capsid mutants of non-pandemic viruses had a similar infectivity to
WT virus in TRIMSa KO cells (Fig. 2D). Together, these findings show that the residue 88 in

the CYPA binding loop of capsid is a determinant of TRIMS5a restriction.
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were tested in infections of WT or TRIMSa KO U-87MG cells. Infection results of WT viruses were compared to their specific capsid mutants.
(E) GST-pulldown of CYPA (CYPA-GST) with capsid proteins of HIV-1 M, N, O or P. GST: GST not fused to CYPA. Viral lysates and
GST-tagged CYPA protein lysates were specifically incubated together with GST Sepharose beads. The elute was subjected to western blots
to detect viral p24 (capsid) and GST-tagged CYPA (pulldown). Cell and viral lysates were also loaded as inputs for GST-tagged CYPA and
p24, respectively. (F) Immunoblot of viral particles and corresponding virus producer cells. The level of CYPA packaged by virions was
analyzed by anti-HA staining (for CYPA-HA), virus was confirmed by anti-p24 (capsid) antibody staining, anti-tubulin was used to confirm
equal amounts of cell lysates loaded. Cells were treated with cyclosporine A (CsA) from 0 to 2.5 uM. (G) The amount of packaged CYPA in
relation to the used CsA dose was quantified using ImageJ.

Pandemic and non-pandemic HIV-1 capsids bind CYPA.

With the observed differences in capsid CYPA loop between M and non-M HIV-1s (Fig. 1F),
we wanted to test whether all the four viruses interact with CYPA similarly. Using a GST-
tagged CYPA, we assessed CYPA-capsid interaction in pulldown experiments. Immuno blots
of these precipitations found similar levels of capsid protein for all four HIV-1s (Fig. 2E). In
addition, we found that CYPA is packaged by virions of pandemic and non-pandemic HIV-1s.

To understand on whether these viruses bind similarly to CYPA, we exposed them to CYPA
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in the presence of increasing amounts of cyclosporine A (CsA) and then explored CYPA
packaging patterns. Interestingly, non-M viruses lost CYPA packaging even with smaller doses
of CsA as opposed to HIV-1 M. A CsA dose of 1 uM was enough to reduce packaged CYPA
by around 70% in the context of non-M HIVs, as opposed to only 40% by HIV-1 M, suggesting

differences in CYPA binding strength between capsids of these viruses (Figs. 2F-G).

Rhesus TRIMCyp inhibits non-M HIVs.

In TRIMCyp from rhesus macaques (rh), CYPA differs from human CYPA by two residues,
N66D and H69R. It was shown that HIV-1 M’s resistance and HIV-1 O’s inhibition by
rthTRIMCyp was due to the presence of N66 and H69in this CYPA domain*’.

To further understand if hTRIMCyp or a variant in which we reversed the two residues to D66
and R69 identical to human CYPA have differential antiviral activity to pandemic and non-
pandemic HIV-1, we generated cell lines expressing WT rhTRIMCyp or its different mutants
in CYPA domain, the N66D, H69R, N66D-H69H (Fig. 3A). We challenged such cells with
reporter virions of HIV-1 M, HIV-1 N, HIV-1 O, HIV-1 P, HIV-2AB and SIVgor and analyzed
against control cell infections. As expected, thTRIMCyp did not reduce the infectivity of HIV-
1 M, but strongly inhibited HIV-2AB and HIV-1 O.

In addition, all other viruses, HIV-1 N, HIV-1 P, SIVgor were also strongly inhibited in cells
expressing thTRIMCyp by or more than 90% (Figs. 3B-C and Suppl. Fig. S3). TRIMCyp with
a human identical CYPA domain (N66D H69R, DR), recognized pandemic and non-pandemic
viruses and displayed strong antiviral activity, further indicating that human CYPA interacts
with all four viruses. Mutating only residue H69R (NR) in thTRIMCyp caused a complete loss
of antiviral activity against HIV-1 N and HIV-1 O, in addition to remaining inactive against

HIV-1 M. However, HIV-1 P, HIV-2 and SIVgor were still inhibited by around 50%. In

112



contrast, mutating N66D (DH) in thTRIMCyp, generated an antiviral protein that inhibited
efficiently all tested viruses (Figs. 3B-C and Suppl. Fig. S3).

Previous data suggested that residue 88 in the CYPA binding loop mediates differential
interaction of HIV-1 M and O with thTRIMCyp*.

To extend the understanding of the role of capsid residue 88 on the activity of thTRIMCyp and
its mutants on other HIVs, we tested viruses mutated in residue 88 in the capsid, and
additionally the G89V mutant for HIV-1 M. For HIV-2, two mutants were analyzed, with
alanine or methionine insertion at position equivalent to 88 in HIV-1, just before the glycine-
proline (GP) motif.

The mutations in residue 88 reversed the resistance of HIV-1 M and the sensitivity of HIV-1
N, HIV-1 O and HIV-1 P to thTRIMCyp (Figs. 3B-C). However, HIV-2 with insertion at
position 87 were sensitive to thTRIMCyp similar as WT HIV-2 (Suppl. Fig. S3). The non-
pandemic HIVs with capsid mutations at position 88 were still sensitive to antiviral activity of
TRIMCyp.DR, as was HIV-1 M A88V (Fig. 3B). The HIV-1 M G89V, was predictably neither
inhibited by any TRIMCyp protein, likely because the G89V mutation prevented interaction of
TRIMCyp (Fig. 3B).

These data suggest, that the human CYPA domain in TRIMCyp proteins and likely also free

CYPA can recognize the incoming viral cores of non-pandemic HIV-1s.
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Pandemic and non-pandemic HIVs show different dependency on CYPA.

To test whether the depletion of CYPA affects pandemic and non-pandemic HIVs differently,
a CYPA knockdown in U-87 MG cells and huTRIM5a KO U-87 MG using the CRISPR/Cas9
system was done (Fig. 4A).

CYPA knockdown in WT cells was associated with a strong and significant inhibition of HIV-
1 M infectivity by up to 86%, and while the TRIMS5a KO generated infections comparable to
WT cells, the cells that lost TRIMSa and additionally CYPA expression were unexpectedly
less infectable than WT or TRIMS5a KO cells, suggesting that CYPA function for HIV-1 M is

beyond protection against TRIMS5a (Fig. 4B).
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Non-M HIVs but also SIVgor were also tested in such conditions of CYPA knockdown or
CYPA and huTRIMS5a double depletions. The CYPA KD affected the non-pandemic HIVs
less strongly than HIV-1 M and caused only 50% inhibition. In further contrast to the pandemic
HIV-1 M, cells with no TRIM5a and no CYPA were much better infectable than the TRIMS5a.
KO cells (Figs. 4C-E). Infections with HIV-2 and SIVgor differed to all HIV-1s and were not
affected by CYPA KD in WT or TRIMS5a KO cells, demonstrating that the CYPA KD did not
impair cell vitality (Suppl. Figs. S2A-B).

In an additional approach, we tested CsA treatment of cells in infection experiments. Increasing
levels of CsA (0.1 uM to 10 uM) inhibited up 91% of infection by HIV-1 M in WT U87 MG
cells (Fig. 4F). In WT cells treated with 1 uM CsA, HIV-1 N was inhibited by 41%, HIV-1 O
by 57%, and HIV-1 P by 66%. Interestingly, high CsA concentrations had no further effect on
infections by HIV-1 N and HIV-1 O but inhibited 77% of infection of HIV-1 P (Fig. 4F).

As expected from experiments shown in Suppl. Fig. S2C, both, HIV-2AB and SIVgor did not
react to CsA treatment of WT U-87 MG cells. In CYPA depleted cells, CsA treatment lost
almost its antiviral activity and only HIV-1 M showed some mild inhibition using 10 uM CsA
(Fig. 4G). In TRIMSa KO cells CsA pretreatment inhibited only against HIV-1 M but had no
effect on non-M HIVs, mirroring data obtained with CYPA KD (Fig. 4H). In CYPA and
TRIMS5a double depleted cells, CsA had no significant inhibitory activity against any virus
tested, suggesting that CsA itself does inhibit these viruses (Fig. 41). Together, these data may
suggest that the non-pandemic HIV-1s have a weak and partial protection against TRIMSa by

its CYPA binding.
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Fig. 4. CYPA knockdown and CYPA, TRIMS5a double depletion differentially affect infection by HIV-1 M, N, O and P. (A) Immunoblot
of CYPA KD in WT and in TRIMSa knockout U-87 MG cells. CYPA expression was detected by anti-CYPA antibodies and GAPDH
detection served as control for equal protein loading. (B-E) WT and TRIMS5a, CYPA, and double KO U-87 MG cells were infected by
HIV luciferase reporter viruses from different groups M, N, O or P for 48 to 72 hours and luciferase activity was measured to assess
infection.(F-I) HIV luciferase reporter viruses from groups M, N, O or P infection, in the presence of increasing amounts of cyclosporine A
(CsA), of (F) WT U-87 MG cells, (G) CYPA KD U-87 MG cells, (H) TRIMSa KO U-87 MG cells, and (I) CYPA KD - TRIMSa double KO
U-87 MG cells. Two to three days later, luciferase activity was assessed, and data analysis was done in comparison with control infection.
Each experiment was repeated at least three times independently with similar findings.

Discussion

The reason(s) why non-M HIVs did not extensively spread in the human population remain
elusive. Some reports have pointed out differences in GAG capsid sequences but also
differences in functional activity of viral accessory proteins*!#?4344:45 Here, we found that non-
pandemic HIV-1 are subject to restriction by human TRIMS5a. While it was shown that CYPA
forms a protective layer around the viral core of HIV-1 M to prevent destruction by human

TRIM5a'#43, the CYPA interaction with non-pandemic HIV-1 N, O and P does not give a

strong protection against TRIMS5a.
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Our data demonstrate that the non-pandemic HIV-1s interact and bind CYPA to a level that
appears similar to the level of binding of HIV-1 M. Surprisingly, our findings show that the
viral capsid CYPA binding loop determines the different sensitivities to TRIMS5a of HIV-1 M
and the non-pandemic HIV-1s. A recent report by** has suggested that capsid residues such as
residue at position 50 are important for differential sensitivity to TRIMSa by HIVs.

Our findings that capsid CYPA binding loop regulates HIV sensitivity to TRIMSa suggest that
more than one region of the capsid are involved in regulation of TRIM5a activity.

Thus, we postulate that the nature of CYPA capsid interaction is a regulator of TRIMSa
sensitivity. Despite identical GP motif of their capsid CYPA binding loops, these viruses
engage CYPA differently, also suggesting important role from other residues in the loop, such
as residue 88, described by our findings as a key residue for this differential susceptibility to
TRIMS5a..

Inhibition of non-M HIVs by thTRIMCyp also confirms that these viruses engage with CYPA.
A rescue of their infection when their capsids were specifically mutated at position 88 or when
CYPA domain of thTRIMCyp is mutated at position 66 or 69, show importance of the capsid
CYPA binding loop for such restriction by thTRIMCyp, as previously shown for HIV-1 M,
HIV-1 O and HIV-22>%6,

It is possible that the presence of valine (HIV-1 N and HIV-1 P) or methionine for HIV-1 O,
at capsid position 88, as opposed to alanine in the HIV-1 M, changes capsid conformation and
avails it to other host factors such as TRIM5a, in addition to CYPA binding. This would then
explain a restriction of non-M HIVs by TRIMS5a, but this hypothesis would need more
clarification. We also postulate that the CYPA cis/trans activity on capsid G89-P90 peptide
bond*+#¢, differs between HIV-1 M and non-pandemic HIVs and that this peptide bond
differential isomerization changes the binding strength of TRIM5a in an unknown way. The

binding sites for TRIM5a. are not well known*’.
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CYPA has been highlighted to be involved in several steps of HIV-1 infection, including
uncoating, nuclear import and beyond “%. Our findings that HIV-1 M infection was strongly
negatively affected, as compared to other viruses we tested in TRIMS5a KO U-87 MG cells,
when CYPA was blocked by CsA or knocked down also suggest another important protective
role of CYPA for HIV-1 M. This constitutes an important difference between non-M group

HIV-1s and the pandemic M group HIV-1.
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S1. Infection by HIV-2AB and SIVgor increases in the absence of TRIMSa, non-M HIV-1s show a reduced infection in wild type U-87 MG
cells, HIV-1 M Capsid residues 88 and 89 mediate its susceptibility to huTRIMSa in U-87MG cells. Equal amounts of virions for HIV-2AB
and SIVgor (A), HIV-1 M, HIV-1 N, HIV-1 O and HIV-1 P (B), HIV-1 M, its A88V, G89V and A88V.G89V capsid mutants (C-E) were used
to infect wild type, TRIMSa KO, CYPA KD or CYPA and TRIMS5a doubly depleted U-87 MG cells. Luciferase activity was measured two to
three days after infection and infection patterns were compared. The experiment was repeated for a minimum of three times.
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S2. CYPA knockdown does not affect HIV-2AB and SIVgor infection in U-87 MG cells. (A-B) WT and TRIM5a, CYPA, and double KO U-
87 MG cells were infected by HIV-2AB and SIVgor nanoluciferase reporter viruses for 48 to 72 hours and nanoluciferase activity was
measured to assess infection. (F-I) nanoluciferase reporter viruses for HIV-2AB and SIVgor were used for infection, in the presence of
increasing amounts of cyclosporine A (CsA), of (C) WT U-87 MG cells, (D) CYPA KD U-87 MG cells, (E) TRIMSa KO U-87 MG cells,
and (F) CYPA KD - TRIMS5a double KO U-87 MG cells. Two to three days later, luciferase activity was assessed, and data analysis was done
in comparison with control infection. Each experiment was repeated at least three times independently with similar findings.
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S3. Wild type N66D, H69R or N66D-H69R mutations in CYPA domain of thTRIMCYPA or capsid mutation at position 88 affect
rthTRIMCYPA antiviral activity in a virus-dependent way. Wild type thTRIMCYPA or thTRIMCYP with N66D (thTRIMCYPA.N66D) or
H69R (thTRIMCYPA .H69R) or N66D-H69R (thTRIMCYPA.N66D.H69R) mutations in CYPA domain were stably expressed in CrFK and
such stable cells were used to explore infection by HIV-2AB and SIVgor. Two to three days after infection, cells were lysed, and luciferase
activity was measured. The experiment was done for at least three times and always in triplicates.
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CHAPTER III

Anti-HIV-1 activity of Cyclophilin B is mediated by various residues of the capsid cyclophilin
A binding loop.
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residues of the capsid cyclophilin A binding loop.
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Abstract

The cell entry of human immunodeficiency viruses (HIVs) or simian immunodeficiency
viruses (SIVs), is associated with multiple events that culminate into activation or suppression
of specific cellular pathways. Here, we have assessed the role of human cyclophilin B (CYPB,
PPIB) during HIV-1 infection. CYPB core domain is a peptidylprolyl isomerase and shares
80% similarity with cyclophilin A (CYPA). CYPB depletion in HOS, HeLa or THP-1 cells
enhanced infection by HIV-1 M but not of SIVgor. Non-M HIVs benefited from CYPB
depletion in a more complex cell-line dependent way. Furthermore, CYPB overexpression or
its fusion protein with human or rhesus TRIMS (huTrimCYPB or thTrimCYPB) inhibited all
HIV-1 but SIVgor was inhibited only by TrimCYPB fusion proteins. In HIV-1 capsid, different
residues are important for the CYPB activity and G89V, A92E-G94D mutations abolished
CYPB or TrimCYPB inhibition of HIV-1. An uncoating assay, as well as the quantification of
HIV-1 2-LTR circular DNA indicated that CYPB targets early steps of HIV-1 infection.
Together, these findings show an antiviral signature of human cyclophilin B against viruses

from the four groups of HIV-1.
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Introduction

Following independent cross-species transmissions of simian immunodeficiency viruses
(SIVs) to humans, transmitted viruses adapted to the human cellular environment as human
immunodeficiency viruses of type 1 and type 2 (HIV-1 and HIV-2)!? and successfully settled
in a latent, chronic but also pathogenic profile that leads to acquired immunodeficiency
syndrome or AIDS??. As of 2021, around 38.4 million people were living with HIV globally
and approximately 40 million deaths related to HIV/AIDS have been recorded since the
discovery of HIV, mainly due to the pandemic group M HIV-1 viruses*’. Several cellular
factors are known to play either a restrictive or enhancement role during HIV and SIV
infection® 4. In addition, HIVs express accessory proteins to counteract restriction factors!>1°,
The HIV capsid core and its role during infection have been extensively studied and it is now
clear that viral capsid is a binding site for diverse cellular factors'’. Anti-retroviral drugs that
target viral capsid are already in the clinics and new approaches are under study to develop
additional capsid inhibitors!®22, Cyclophilin A (CYPA) is an example of a peptidylprolyl
isomerase that binds the viral capsid to impact HIV infection?*-*, In the HIV-1 capsid, CYPA
binds in a loop from residues at position 85 to 93 that forms between helix 4 and helix 5, the
so called capsid CYPA binding loop*+=°. During HIV-1 infection, cyclophilin A affects
multiple steps in replication spanning from viral uncoating to nuclear import?’-?%. For instance,
CYPA is known to block human Tripartite Motif-containing protein 5 a (TRIMS5a) from
engaging with HIV-1 capsid and this facilitates infection!. CYPA is also packaged by HIV-1,
but the biological relevance is unknown?*-°, In some primates and through a retrotransposition
process, CYPA has replaced the capsid binding domain of TRIMSa to form TrimCyp proteins
which differentially restrict retroviruses®®*2. In addition, CYPA affects antiviral activity of HIV
capsid binding small molecules commonly referred to as capsid inhibitors such as PF7433:34,

Cyclophilin B (CYPB, PPIB) is another peptidylprolyl isomerase of the immunophilin family
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of proteins, which localizes across many cellular compartments and has endoplasmic reticulum
and nuclear localization signals *°>. CYPB has a high similarity to CYPA and like CYPA, it
configures peptidyl-prolyl bonds from cis- to the trans-state, a function important for protein
folding, CYPB is also involved in many other cellular functions such as immune response’®37.
CYPB binds HIV-1 GAG?® and it was recently reported to support HIV-1 replication®’. Here,

we have assessed the role of human CYPB during infection by viruses from the four groups of

HIV-1 and SIVgor.

Material and methods

Cells. Wild type HOS (ATCC CRL-1543), HeLa (ATCC CCL-2), HEK293T (ATCC
CRL3216) and CRFK (ATCC CCL-94) cells were maintained in Dulbecco's Modified Eagle's
Medium (PAN-Biotech, Aidenbach, Germany) containing 10% of fetal calf serum (FBS), 2
mM L-glutamine and 100 U/ml penicillin and 100 U/ml streptomycin at 37°C under a 5% CO2
milieu. One pg/ml of puromycin was used to select HOS and HeLa cells. Feline CrFK cells
stably expressing specific proteins were selected under 400 pg/ml of G418 (Biochrom GmbH,
Berlin, Germany), a concentration of 800 pg/ml of the same drug was used to select HeLa cells
expressing CYPB.HA, huTRIM.HA or TRIMCYPB.HA proteins. RPMI 1640 medium (PAN-
Biotech), supplemented with 10% FBS, 1% Glutamine, 100 U/ml of penicillin and 100 U/ml
streptomycin was used to culture THP-1 suspension cells. For CYPB knockdown and control

THP-1 cell selection, a 2 pg/ml concentration of puromycin was used in RPMI.

Plasmids. pHIT60 with MLV Gag-Pol, HIV-1 vector pSIN.PPT.CMV .Luc.IRES.GFP, pRSV-
Rev, pMDLg/pRRE, pMDLg/pRRE.G89V and pMD.G (VSV-G) have been previously
described**. The HIV-1 construct psPAX2 was obtained from the NIH AIDS Reagent Program

(Cat# 11348). HIV-1 M capsid mutants were produced as follows: Using fusion PCR, the
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region flanking Eco721 (Pmll) and Munl (Mfel) in pMDLg/pRRE was amplified at the same
time introducing A88V, A88V-G8IV, A92E, G94D and A92E-G94D mutations in the capsid
p24. Mutants PCR products were cloned into pMDLg/pRRE plasmid digested with Eco721
(PmlI) and Munl (Mfel) (Thermo Fischer Scientific, Langenselbold, Germany) to generate the
pMDLg/pRRE.A88V, pMDLg/pRRE.A88V-G89V, pMDLg/pRRE.A92E,
pMDLg/pRRE.G94D and pMDLg/pRRE.A92E-G94D.

Gag-Pol constructs for HIV-1 N, HIV-1 O, HIV-1 P and SIVgor were made as follow: The
Gag-Pol sequences for HIV-1 N molecular clone HIV-1 N DJO0131, HIV-1 O clone RBF206,
HIV-1 P clone RBF168 (all kindly provided by Frank Kirchhoff) and SIVgor clone CP2139
(NIH AIDSREAGENTS cat# 11722), obtained from NIH3°, were cloned in the pMDLg/pRRE
plasmid, by replacing HIV-1 M Gag-Pol with their respective sequences for Gag-Pol. This
generated pMDLg/pRRE.HIV-1 N, pMDLg/pRRE.HIV-1 O, pMDRLg/pRRE.HIV-1 P and
pMDLg/pRRE.SIVgor and they are referred to, in this manuscript as HIV-1 N, HIV-1 O, HIV-
1 P and SIVgor. In addition, HIV-1 N Gag-Pol construct was used to introduce V88A, G89V,
V88A-G8IV, PI92E, G94D, P92E-G94D mutations in the capsid, using fusion PCR.

PCR on human ¢cDNA from HeLa cells-extracted mRNA was used to produce CYPB.HA. To
produce HA-tagged human TRIMS5a truncate lacking the SPRY domain (huTRIM.HA), a
forward primer with Xhol site and then a reverse primer with HA tag and Notl site were used
for PCR on a human TRIMS5a cDNA. HuTrimCYPB.HA fusion protein was produced using
fusion PCR between SPRY domain-lacking huTRIMSa and C-terminally HA-tagged human
CYPB cDNA. For thTRIMCyp truncate (rhTRIM.HA), the fragment coding for residues 1-309
was PCR amplified with introduction of a C-terminal HA-tag, using thTRIMCyp cDNA in a
pLNCX2*, as template. As for thTrimCYPB fusion protein, CYPA-lacking rhTRIMCyp
cDNA was fused with C-terminally HA-tagged human CYPB ¢cDNA. ACYPB was constructed

by deleting the first 40 amino acids that contain endoplasmic reticulum and nuclear localization
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signals, this mutant cDNA was also used to make ATrimCYPB. Such PCR-amplified cDNA
were cloned in a pLNCX2 vector digested with Xhol and Notl enzymes (Thermo Fischer
Scientific, Langenselbold, Germany).

To generate GST-tagged human CYPB or GST-tagged ACYPB, CYPB cDNA or ACYPB
(CYPB lacking the first 40 residues) cDNAs with HindIIl and BamHI restriction sites were
cloned in HindIll and BamHI (Thermo Fisher Scientific) digested GST-containing pkMyc

vector to generate pkMyc.CYPB.GST or pkMyc.ACYPB.GST.

Luciferase reporter viral production. Wild type or capsid mutants luciferase reporter virions
were produced through transfection, using 10° HEK293T cells per well, seeded in a well of a
6-well plate, a day before transfection. Polyjet (Tebubio GmbH, Offenbach, Germany), was
used to complex and deliver a total of 2200 ng of plasmid DNA into the cells (200 ng of pMD.G
VSV-G, 800 ng of pSIN.PPT.CMV .Luc.IRES.GFP, 400 ng of pRSV-Rev and 800 ng of WT

pMDLg/pRRE or capsid mutants), according to manufacturer’s instructions.

Generation of human CYPB knockout HOS, HelLa and THP-1 cells using CRISPR/Cas9
system. Complementary oligonucleotides containing specific human CYPB sgRNA sequences
(CACCGCAGGGCGGAGACTTCACCAG and AAACCTGGTGAAGTCTCCGCCCTGC)
were ligated in a BsmBI digested pLentiCRISPRv2%, to generate a specific functional vector
for CYPB KO. LentiCRISPRv2 plasmid lacking sgRNA sequence was used as empty vector
control. Transfection of HEK293T cells with empty or pLentiCRISPRvV2 transfer vector
containing CYPB knockout sgRNA, packaging plasmid psPAX2, pRSV-Rev, and VSV-G
plasmid generated VSV-G pseudotyped viral particles which were used to transduce Hela,
HOS or THP-1 cells for three days and transduced cells were selected under 1 pg/ml (HeLa

and HOS) or 2 pg/ml (THP-1) puromycin. For CYPB knockout in HOS cells, we were not able
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to achieve a significant protein depletion in the cell pool and HOS single cell clones were
established using flow cytometry (FACS ARIA III Sorter, BD, Heidelberg, Germany). CYPB
knockout in HeLa and THP-1 cells was associated with a significant CYPB depletion and
knockdown population cells were used for further experiments. CYPB depletion was

confirmed by immuno blots.

Single round infection. 10,000 adherent cells were seeded into 96-well plates and infection
was performed the following day. For THP-1 cells, a differentiation was done using 25 ng/ml
of phorbol 12-myristate-13-acetate (PMA) for 48 hours before infection. 48 to 72 hours post-
infection, firefly luciferase activity was measured with the Steady-Glo Luciferase system
(Promega, Mannheim, Germany), following instructions from the manufacturer, on a
MicroLumat Plus luminometer (Berthold Detection Systems, Pforzheim, Germany), each

experiment was performed at least three times and always in triplicates.

GST based pulldown experiments. 10° HEK293T cells per well were seeded into a 6-well
plate for one day before transfection. 2200 ng of plasmid DNA (200 ng of pMD.G VSV-G with
800 ng of pSIN.PPT.CMV.Luc.IRES.GFP, 400 ng of pRSV-Rev, 800 ng of pMDLg/pRRE
wild type constructs or capsid mutants were used for virus production. In addition, 1000 ng of
pk.GST or pkMyc.CYPB.GST, pkMyc. ACYPB.GST together with 1200 ng of pcDNA3.1 were
used to produce GST-tagged CYPB or the control GST. 48 hours post-transfection, viral
supernatant was collected and centrifuged through 20% sucrose for a minimum of 4 hours at
4°C at 14800 rpm, viral pellet was lysed using a light lysis buffer (50 mM Tris-HCI [pH 7.4],
130 mM NaCl, 0.8% NP-40, 10% glycerol, in water) and protease inhibitor cocktail set I1I
(Calbiochem, Darmstadt, Germany). Cells were lysed using same buffer for 20 minutes on ice.

The supernatant of the cell lysate was added to GST Sepharose beads together with viral lysates
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and incubated according to the beads manufacturer’s instructions (GE Healthcare, Solingen,

Germany). Protein complexes were washed and eluted from the beads for immunoblotting.

Immunoblot. Denaturation of cell or viral lysate or pulldown elute protein was done at 95°C
for 5 minutes in RotiLoad loading buffer (Roth, Karlsruhe, Germany), followed by western
blot. GST-tagged proteins were detected using anti-GST SAB4200237-200UL (Sigma-
Aldrich, 1:7500 dilution). Tubulin was detected with the anti-tubulin antibody, DM1A, mouse,
monoclonal (Sigma-Aldrich, 1:20,000 dilution). An anti-CYPB antibody, rabbit (Abcam,
ab238511) was used to detect CYPB. Viral p24/p27 MAb AG3.0 (1:250 dilution) was used to
detect capsid p24. HA-tagged proteins were detected using mouse anti-HA (catalog number
MMS-101P; Covance, Miinster, Germany) at a dilution of 1:7500. Horseradish peroxidase
conjugated anti-mouse (1:10,000 dilution, NA931V, GE Healthcare) and anti-rabbit (1:10,000
dilution, NA9340V, GE Healthcare) were used as secondary antibodies. ECL prime reagent

(GE Healthcare, Solingen, Germany) was used for signals detection.

HIV-1 2-LTR circular DNA measurement. To quantify HIV-1 2-LTR, we produced VSV-
G enveloped HIV-1 particles in 293T cells, and such reporter viral particles were treated with
DNase I for one hour before being used to infect control cells. 12 hours post-infection, cells
were collected, genomic DNA extracted. Using 500 ng of genomic DNA, the following primers
were used for HIV-1 2-LTR measurement using qPCR: For HeLa cells GAPDH (forward:
5'CATCATCCCTGCCTCTACTGG, reverse: 5'GGTCCACCACTGACACGTT), CrFK
GAPDH (forward: 5'GCG CCT GGT CAC CAG GGC TGC, reverse: 5'CCC ATT TGA TGT
TGG CGG GAT C) and 2-LTR (forward: 5’AAC TAG GGA ACC CAC TGC TTA AG,

reverse: 5'TCC ACA GAT CAA GGA TAT CTT GTC).
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HIV-1 uncoating assay. The following primers (forwardl:

S'ATGAATTCAGCGAAAGTAAAGCCAGAGGAGATC3, reversel:
S'GTTTTTGGCGTCTTCCATCTCTCTCCTTCTAGCCTC, forward?2:
5'GAGGCTAGAAGGAGAGAGATGGAAGACGCCAAAAAC and reverse2:

5'ATGCGGCCGCTTACACGGCGATCTTTCCGCCCTTC) were used to fuse HIV-1 pNL4-
3 packaging signal (y) from long terminal repeats, with nanoluciferase reporter gene cDNA.
The fused insert was then cloned in EcoRI-Notl digested pcDNA3.1. To produce viral-like
particles (VLPs), 800 ng of HIV-1 y-nanoluciferase construct together with 350 ng of pRSV-
Rev, 200ng of VSV-G, 800 ng of pMDLg/pRRE were used for co-transfection of 293T cells
in wells of a six-well plate. Two days post-transfection, viral supernatant was collected,
centrifuged through 20% sucrose for a minimum of 4 hours at 4°C. Supernatant was discarded,
VLPs were resuspended in DMEM medium and such particles were used to challenge CrFK
cells expressing human CYPB, huTRIMCYPB or cells with control empty vector, for 8 hours
and 12 hours. Transduced cells were washed for a minimum of three times to remove extra-
cellular (background) nanoluciferase before being lysed using a nanoluciferase substrate-
containing buffer (Promega, Mannheim/Germany), according to manufacturer's instructions.
Luciferase was measured on a MicroLumat Plus luminometer (Berthold Detection Systems,

Pforzheim, Germany).

Bioinformatics. Structural models of binding of human Cyclophilin B to HIV1 M CA protein

was performed following a previously described approach*!.
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Results

CYPB depletion increases HIV-1 but not SIVgor infection in a cell line dependent way
To understand the role of CYPB during infection of HIV-1 or SIVgor, we performed CYPB
knockout in HOS, HeLa, THP-1 and CYPB knockout in CYPA-depleted HeLa cells (double
knockdown), using the CRISPR/Cas9 system (Fig. 1A). This process significantly depleted
CYPB expression in HeLa and THP-1 cells but CYPB knockout single clones had to be
established in HOS cells, as the initial knockout approach did not significantly deplete CYPB
levels. Such CYPB depleted cells were then used for infection with HIV-1 M, HIV-1 N, HIV-
1 O, HIV-1 P and SIVgor reporter viruses; luciferase activity was measured 48 to 72 hours post
infection. In the two CYPB depleted HOS single clones, number 1 and number 7, CYPB
knockout increased infection by HIV-1 M up to 2.8-folds (Fig. 1B). Infection by HIV-1 N,
HIV-1 O and HIV-1 P also increased to similar levels, by 2.2-folds, 2.4-folds, and 2.8-folds,
respectively. On the other hands, infection by SIVgor was not affected by the absence of CYPB
in HOS cells (Fig. 1B). CYPB depleted HeLa cells showed higher permissivity to HIV-1 M
infection by up to 2.3- folds as compared to control cell infection (Fig. 1C). Similar to HIV-
IM, HIV-1 N infectivity significantly increased following CYPB knockdown in HeLa cells.
Interestingly, all other viruses were not affected, and showed equal infectivity in WT control
and KD cells (Fig. 1C). HIV-1 infection was also tested in myeloid THP-1 cells with a CYPB
knockdown. As seen in HOS and HeLa cells, CYPB depletion in THP-1 cells was associated
with increased HIV-1 M infection by up to 2-folds, compared to vector control cells (Fig. 1D).
In THP-1 cells, CYPB depletion had no effect on all non-M group HIV-1s and SIVgor,
suggesting a cell type specificity of CYPB for the viruses we tested (Fig. 1E).

To exclude influence of CYPA, which shares a high similarity with CYPB, on our CYPB
knockout cell infection results, we also tested infection in CYPB depleted HeLa cells knocked

down of CYPA and CYPA KD HelLa cells were used as control cells. We also confirm the
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integrity of CYPA in CYPB knockdown cells, by western blot (Fig. 1A). By testing HIV-1 in
CYPB-CYPA double knockdown HeLa cells, we were able to confirm that an increase in HIV-
1 infection in CYPB knockdown HeLa cells was not influenced by CYPA presence (Fig.1E).
In such cells, HIV-1 M infection increased up to 2.5 folds compared to CYPA KD control cells,
HIV-1 N infection was enhanced by to 1.6 folds, infection by other viruses confirmed the
findings obtained with HeLa CYPB KD cells before (Figs. 1C, 1E). Together, these data
suggest that CYPB depletion is beneficial for early infection events of HIV-1 M and may affect

non-M HIVs in a more cell-type dependent manner.
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Fig. 1. Human CYPB inhibits HIV. (A) Immunoblots of CYPB depleted HOS, HeLa, CYPA KD HeLa and THP-1 cells. CYPA or CYPA
were detected by anti-CYPA or anti-CYPB; anti tubulin served as a control for equal protein loading. (B, C, D, E) Luciferase reporter viruses
of HIV-1 M, HIV-1 N, HIV-1 O, HIV-1 P and SIVgor were used to infect (B) WT HOS or HOS CYPB KD cells, or (C) WT HeLa or HeLa
CYPB KD cells, or (D) HeLa CYPA KD or HeLa CYPB/CYPB KD cells, or (E) WT THP-1 or THP-1 CYPB KD cells. . Luciferase activity
was measured two to three days post-infection and results were normalized to control cells. Means and SD (error bars) are shown. Each
experiment was performed at least three times and in triplicates.

CYPB binds many residues of HIV-1 capsid CYPA binding loop

We next assessed CYPB binding to HIV-1 and SIVgor capsids using GST-tagged CYPB. For
these experiments, GST-CYPB or viral Gag-Pol/Rev was expressed in 293T cells separately.
Cell lysates were mixed and used for pulldown experiments. In the precipitated CYPB, we
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detected capsid proteins from all four HIV-1s and SIVgor, demonstrating capsid binding to
CYPB (Fig. 2A). GST expressed without a fused CYPB did not bind any viral capsid (data not
shown). We then assessed CYPB binding of HIV-1 M bearing different mutations in CYPA
binding loop, and only G889V but not G94D, A92E or A92E-G94D mutations in HIV-1 M

capsid abolished GST-tagged CYPB binding to viral capsid (Fig. 2B).
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Fig. 2. CYPB binds viral capsid protein. (A, B, C) Pulldown of CYPB-GST and viral capsids and capsid CYPA binding loop sequence
alignment. (A) Test of CYPB binding to capsids from the four groups of HIV-1 and of SIVgor; (B) HIV-1 M WT capsid and mutations G89V,
A92E, G94D or A92E-G94D were tested for binding to CYPB-GST. (C) Sequence of the capsid CYPA binding loop of the tested viruses
binding to HIV-1 Capsids. Pk.GST: GST without fusion to CYPB was used as a control in all experiments. All pulldowns were repeated three
times with identical findings.

We also performed a structural modelling of the binding of CYPB to HIV-1 M capsid protein,
to explore on which residues are used by HIV capsid to interact with CYPB. Our binding
modelling suggests that both CYPA and CYPB share the capsid interaction surface of the

capsid binding loop (Fig. 3A-B).
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Fig. 3. Structural models of binding of human Cyclophilin B to HIV1 M CA protein. Model of two potential binding modes for CYPB
(magenta/blue) on HIV1 M capsid surface (rose). Shown from top (left) and side perspective (right) binding poses were provided by*'.
Canonical binding loop bound in common binding pocket of CYPA is shown in yellow. Other interacting loops of CA monomers are shown
in cyan and beige (left). Right: Blow up of interaction of canonical CYPA binding loop (residues 87-93) and small other loop (residues 122-
124) with the surface of CYPB. these interactions are probably weak.

Next, we wanted to test the capsid mutants used in the GST pulldown assays in functional
studies using HIV-1 M and HIV-1 N with capsid mutants G889V, A92E, G94D, double mutants
or A92E-G94D for infection of CYPB knockout/knockdown cells. In both CYPB knockout
HOS and CYPB knockdown HeLa cells, infection by HIV-1 M A88V capsid mutant followed
same pattern as infections by HIV-1 M with wild type capsid. In both CYPB KO/KD/ HOS
and HeLa cells, infection by this capsid mutant increased to up to 2.4- or 2.6-folds, suggesting
that alanine 88 in HIV-1 capsid is not important for CYPB-capsid interaction. In contrast, HIV-
1 with capsid mutations G89V, A92E, G94D or A92E-G94D had the same infectivity in WT
or CYPB KO HOS cells (Fig. 4A). In HeLa cell infections, we found for some capsid mutants’

infectivity phenotypes that differed from the findings obtained from HOS cells. The CYPB KD
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in HeLa cells enhanced both the HIV-1 M WT and its A88V mutant by around 2.5-folds
compared to WT cells. But different to results in HOS cells, HIV-1 bearing A92E and the
double mutant A92E-G94 showed 2-fold higher infection in Hela CYPB KD cells and HIV-1
M with G94D was enhanced slightly by 0.5-fold. HIV-1 M G89V and A88V-G89V variants

were similar as in HOS cells not enhanced by the CYPB depletion (Fig. 4B).
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Fig. 4. Infection of CYPB knockout HOS and CYPB KD HelLa cells with HIV-1 capsid CYPA loop mutants. (A) CYPB knockout HOS
or (B) CYPB KD HeLa cells were infected with luciferase reporter viruses of HIV-1 bearing wild type capsid or capsids with mutations in the
CYPA loop (A88V, G89V, A88V-G8IV, AI2E, G94D, A92E-G94D). Luciferase activity was measured two to three days post-infection and
results were normalized to vector control cells. Means and SD (error bars) are shown. Each experiment was performed at least three times and
in triplicates.

Cyclophilin B and TrimCYPB proteins inhibit HIV-1 viruses

Artificial Trim5 fusion proteins in which the capsid-binding SPRY domain was replaced by a
potential capsid binding domain have been used to discover and investigate mechanisms of
cellular interactors of HIV#%%, Natural TrimCYPA proteins found in some monkeys can play
a key role against viral cross species spread*°. TrimCYPA proteins are known to selectively
inhibit HIVs where the virus is targeted by the CYPA domain of the fusion protein. An example
is rhesus TrimCYPA (rthTrimCYPA) that inhibits HIV-2 but not HIV-1 M or owl monkey
TrimCYPA (omTrimCYPA), which inhibits HIV-1 but not HIV-232474 ‘We hypothesized that
based on similarity between CYPA and CYPB, fusing CYPB with TRIMS proteins, would also
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result in strong antiviral proteins. In this way, we constructed HA-tagged fusion proteins of
human CYPB and human or rhesus TRIMS proteins, human TrimCYPB (huTrimCYPB.HA)
and rhesus TrimCYPB (rthTrimCYPB.HA). Human TrimCYPB.HA was constructed by
replacing the SPRY domain of human TRIMS5a by HA-tagged huCYPB, and thTrimCYPB
was made by replacing the CYPA domain of thTrimCYPA*’ by HA-tagged human CYPB. In
addition, HA-tagged huCYPB (CYPB.HA), HA-tagged huTRIMS5a lacking the SPRY domain
(huTRIM.HA), and HA-tagged rhTrimCYPA lacking the CYPA domain (thTRIM.HA) were
constructed (Fig. 5SA). CrFK cells were generated to express these proteins (Fig. 5B). Such cells
were subsequently used to test infection by HIV-1 viruses. In this cell system, HIV-1 M, N, O,
and P were inhibited by expression of CYPB by up to 40 - 50%, indicating a mild antiviral
activity. A much stronger antiviral activity against all four HIV-1s were detected in cells
expressing human or rhesus TrimCYPB proteins that caused around 90% inhibition of
infections. To conclude on whether this inhibition was from the fused CYPB, we tested
huTRIM.HA and thTRIM.HA (lacking the SPRY domains) and their expression did not affect
infection by any HIV-1, as infection levels were statistically similar to infections of empty
vector cells. (Fig. 5C). SIVgor was also inhibited by TrimCYPBs but the mild antiviral activity

of CYPB overexpression was not detectable (Fig. 5C).

141



A
CYPB H huCYPB.HA

| Human TRIM5 RBC domains CYPB huTrimCYPB.HA

| Human TRIMS RBC domains | Ha | huTRIMS.HA
| Rhesus TRIM5 RBC domains CYPB H rhTrimCYPB.HA
| Human TRIMS RBC domains | HA | rhTRIMS.HA
3
: & &
5’“ &£ I F <
@) S T >
$ £ 5 § Q ™
SENERSES L8
kba & S & € kba © ©
55_[m— ] . 25 )
o= — | O-HA i a-HA
35 | — | «-GAPDH 40 e — oa-GAPDH
C
1 | | | 1 | —_—
140 ok - ok ok —
S0 — e e
S - —
S100d @ L - I B
c
5 80
S 60
(8]
S 40
*
20
o alln ﬁ M
PR ﬁ% *QQ? Q\?‘*‘b \a é‘o‘ Q\V‘ Q\V‘ \‘o Q) Q\V‘ \‘O Q’ Q\V‘ \,O *QQ? Q‘V
¥ @“S\@“\@ @*\@\*“4 @S\@\@ @*\ V“ @*\ \““
« N 4\ < ««\ 4\ < ««\ 4\ ««\ ««\ ««\ <
AN N4 & & N4 & N4
. - HIV-1 M 3 Hiv-1N - HIV-10 |:| HIV-1P B sivgor

Fig. 5. Infection of CrFK cells overexpressing human CYPB and TRIMCYPB fusion proteins. (A) Scheme of HA-tagged human CYPB;
huTrimCYPB and rhTrimCYPB in which the SPRY domains of TRIMSa were replaced by human CYPB; TRIM.HA isTRIMS5a with an HA
tag instead of the SPRY domain. (B) Immunoblots of stable CrFK cells overexpressing HA-tagged human CYPB, huTrimCYPB,
thTrimCYPB, huTRIM.HA and rthTRIM.HA. HA-taged proteins were detected by anti-HA antibody. Anti-GAPDH was used as a control. (C)
CrFK cells expressing CYPB, hu or thTrimCYPB, or hu or hTRIM.HA were infected with luciferase reporter viruses of HIV-1 M, HIV-1 N,
HIV-1 O, HIV-1 P and SIVgor. Luciferase activity was measured two to three days post-infection and results were normalized to control
infection in cells expressing the empty (vector). Means and SD (error bars) are shown, Mann Whitney U test was performed. Each experiment
was performed at least three times and in triplicates.

In the next step, we analyzed the HIV-1 M capsid mutants that we characterized in the CYPB
depleted cells (Fig. 3) in the CYPB/TrimCYPB overexpression cell lines. HIV-1 M bearing the
AS88V mutation in the capsid was inhibited by CYPB expression similar as WT HIV-1 M and
was also strongly blocked by the two TrimCYPB fusion proteins, huTrimCYPB and
rhTrimCYPB. On the other hand, HIV-1 infection was restored when G89V or double A88V-
G89V mutations were introduced in the capsid, as the two mutants fully resisted expressed

CYPB and TrimCYPB inhibition, confirming again the role of capsid glycine 89 (G89) for the
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activity of CYPB. The mild antiviral activity of CYPB was lost in HIV-1 M carrying A92E or
G94D, but the strong antiviral activity of TrimCYPB protein did not change. The A92E-G94D
capsid double mutant completely resisted CYPB as well as both TrimCYPB proteins (Fig. 6A).
We tested corresponding capsid mutations also in HIV-1 N. Very similar to the findings with
HIV-1 M, HIV-1 N A88V was sensitive to CYPB and huTrimCYPB overexpression, while
G89V and P92E-G94D resisted CYPB and huTrimCYPB. HIV-1 N with either the mutation
P92E or G94D were sensitive to huTrimCYPB but resistant to CYPB (Fig. 6B). These data
suggest importance of CYPA binding loop residues at specific positions for CYPB-HIV capsid

interaction, despite a diversity in such region among HIV-1 viruses.
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rhTRIM.HA were infected with luciferase reporter viruses of HIV-1 M, its capsid CYPA binding loop mutants, HIV-1 N or its capsid CYPA
binding loop mutants. Luciferase activity was measured two to three days post-infection and results were normalized to control infection.
Means and SD (error bars) are shown. Each experiment was performed at least three times and in triplicates.

CYPB lacking the ER/NLS localization domain retains HIV-1 GAG binding and anti-
HIV-1 activity

CYPB has in its N-terminus both endoplasmic reticulum and nuclear localization signals (ER
and NLS), which has been suggested to be important for the CYPB role during HIV-1
infection’’. We generated a CYPB construct where the first 40 amino acids were deleted that
carry the ER/NLS targeting signals, ACYPB. 293T cells were transiently transfected with
increasing amounts (from 50 to 400 ng) of WT CYPB or ACYPB, infected with same amount
of HIV-1 reporter viruses and luciferase was measured two days later. HIV-1 infection was
gradually inhibited with increasing amounts of both proteins and inhibition was equally strong
by CYPB or ACYPB with blocking infection to up to 80% (Fig. 7A-B). In our GST-pulldown
assay, ACYPB.GST bound also to capsid, further supporting that the N-terminal part of CYPB
is not involved in capsid binding (Fig. 7C). Using ACYPB, we also constructed a human Trim5
fusion protein designated TrimACYPB (Fig. 7D). Stable expression of TrimACYPB in CrFK
cells strongly inhibited 97% of WT HIV-1 M but it also restricted in a similar way, infection
by HIV-1 M with A88V, A92E and G94D mutations in the capsid. The weak antiviral activity

of expressed CYPB was also seen with ACYPB expression. The G89V and the double mutant

A92E-G94D resisted TrimACYPB inhibition (Fig. 7E).
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Fig. 7. Infection of human 293T cells overexpressing human CYPB or ACYPB (lacking endoplasmic reticulum/nuclear localization
signal sequences) and feline CrFK cells overexpressing human TRIM.HA, TrimACYPB, CYPB or ACYPB, ACYPB binding to GAG.
(A) Immunoblot of 293T cells expressing increasing amounts of CYPB or ACYPB. Anti-HA was used to detect the CYPB or ACYPB; anti
tubulin was used to demonstrate equal protein loading. (B) 293T cells were transfected with increasing amounts of CYPB or ACYPB 24 hours
later, these cells were infected by HIV-1 M reporter virions and luciferase was measured 48 hours following infection. (C) Test of CYPB
lacking its endoplasmic reticulum/nuclear localization signal (ACYPB) for binding to HIV-1 M capsid; Pk.GST: GST without fusion to CYPB
was used as a control in all experiments. (D) Immunoblots of CrFK cells expressing TrimACYPB or ACYPB, detection was done using anti-
HA antibodies, anti-GAPDH served as control for equal protein loading; (E) CrFK cells overexpressing human CYPB.HA, ACYPB.HA,
TrimACYPB or huTRIM.HA were infected with luciferase reporter viruses of HIV-1 M or its capsid mutants. Luciferase activity was measured
two to three days post-infection and results were normalized to control infection. Means and SD (error bars) are shown, each experiment was
performed at least three times and in triplicates.

CYPB inhibits early steps of HIV-1 infection

To understand more on CYPB’s antiviral mechanisms, we assessed its target phase during
infection by HIV-1 M. We tested a construct in which the HIV-1 packaging signal () was
fused with a nanoluciferase reporter gene, for a nanoluciferase reporter cDNA based uncoating
assay, similar as*. HIV-1 M viral-like particles (VLPs) were produced by cotransfection of the
expression plasmids for y.nanoluciferase and HIV-1 gag-pol/rev and VSV-G. A negative
control transfection lacking VSV-G plasmid was also added (data not shown). These VLPs
were used to challenge WT CrFK cells, CrFK cells overexpressing human CYPB or
huTrimCYPB. Nanoluciferase was measured 8 hours and 12 hours later. Cells expressing
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empty vector or TRIMS5a lacking the SPRY domain (TRIMS5-HA) were used for controls. VLP
infection of cells overexpressing CYPB or huTrimCYPB generated 2.1- and 3.5- folds more
nanoluciferase after 8 hours, respectively, and similar results were obtained at 12 hours post-
transduction, indicating CYPB involvement in HIV-1 core destabilizing (Fig. 8A). To show
that the measured nanoluciferase was from de novo synthesis following entry of VLPs in target
cells, we pre-treated CrFK target cells with 100 uM of Cycloheximide, a known protein
synthesis inhibitor’ and this concentration reduced more than 90% of nanoluciferase activity
(results not shown), confirming that measured nanoluciferase was the result of post-entry
translation.

We also assessed the amount of HIV-1 M 2-LTR circular DNA. We infected CrFK and HeLa
cells expressing CYPB and huTrimCYPB or empty vector, with equal amount of WT HIV-1
but also A92E.G94D capsid mutant (shown to confer resistance to both CYPB and
TrimCYPB), for 12 hours. This was followed by HIV-1 2-LTR circular DNA quantification
on extracted genomic DNA using qPCR. In CYPB overexpressing HeLa and CrFK cells, the
amount of WT HIV-1 2-LTR circles was significantly reduced as compared to control cells
and this reduction was even higher in the presence of huTrimCYPB (Fig. 8B), indicating that
CYPB inhibits HIV-1 before nuclear entry. 2-LTR circles were not reduced by CYPB or
TrimCYPB in infections by HIV-1 M carrying a capsid with resistance mutations A92E-G94D
mutations (Fig. 8C). Together, our results suggest that overexpressed CYPB inhibits HIV-1

early during infection before the viral core enters the nucleus.
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Fig. 8. CYPB and TRIMCYPB proteins enhance HIV core stability and reduce HIV 2-cicle LTRs. (A) CrFK cells expressing human
CYPB or TrimCYPB were transduced with HIV-1 viral like particles produced using HIV-1 W-nanoluciferase, GagPol, Rev and VSV-G
plasmids. 8 and12 hours post-transduction, nanoluciferase activity was assessed and compared between control and CYPB, TrimCYPB
expressing cells. (B, C) CrFK or HeLa cells expressing human CYPB, TRIMS5-HA or TrimCYPB were transduced with (B) WT or (C)
A92E.G94D HIV-1 viral particles. 24 hours post infection, cells were lysed and HIV-1 2-circle LTRs were quantified using qPCR. These
experiments were done for a minimum of three times and always in triplicates.

Discussion

Most studies to understand cyclophilin activity on HIV focused on CYPA and particularly in
the context of HIV-1 group M?%3%31-56 Any role and mechanisms of other cyclophilins during
HIV/SIV infection is ill defined. As capsid-binding proteins, hugely determining the fate of
HIV infection, both CYPB and CYPA are of major interest in the process to develop viral
inhibitors targeting the viral capsid. In fact, CYPA binding has been shown to influence activity
of other cellular interactors of capsid, like TRIMSa but also pharmacological inhibitors like
PF743457, Using a CYPB gene knockout approach in different human cell lines, and CYPB
overexpression, we identified a more antiviral activity of CYPB during infection by viruses
from the four groups of HIV-1s and SIVgor. Furthermore, we consolidated our findings on the
anti-HIV activity of CYPB and its dependency on capsid CYPA binding loop, using engineered

human or rhesus TRIMS and CYPB fusion proteins, the huTrimCYPB and rhTrimCYPB,
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which strongly inhibited HIV-1 and SIVgor viruses but did not restrict HIV with specific
mutations in the capsid, such as G89V or double mutant A92E-G94D.

CYPB depletion in HOS cells enhances infection by viruses from all groups of HIV-1 but not
SIVgor. In HeLa cell, CYPB knockdown was beneficial for HIV-1 M and N but not for any of
the other tested viruses and finally, in THP-1 cells lacking CYPB, only HIV-1 showed higher
infectivity compared to WT cells. These complex cell type dependent effects of CYPB
depletion on different HIV-1 groups may reflect a different interaction with cellular factors
during the early phase of infections®3!. CYPA KO in HOS cells was found to inhibit HIV-1 M
infection and CYPA KO in HeLa cells enhanced infection by HIV-1 M3**38, These data do not
allow to describe a complete model. However, at least in some cells, CYPB could be a
competitor of CYPA binding and CYPB depletion would allow more binding of CYPA. While
both cyclophilins are highly related, we do not know if the cis-trans isomerase activity known
of CYPA on HIV-1 M capsid is similarly available by CYPB.

In contrast to our observations, a recent report described that overexpression of CYPB
enhanced HIV-1 infection by increasing nuclear import of viral DNA3’. The reason for
different results from our experiments to the previous study remains unknown.

Some monkeys encode TrimCYPA proteins which restrict specific retroviruses in a CYPA
domain-dependent way soon after cell entry®*-°!. Our strong anti-HIV-1/SIVgor TrimCYPB
fusion proteins, show that CYPB transposition to TRIMS proteins would also make strong
antiviral factors*-62,

In CYPB depleted cells, differences in infection between capsid CYPA binding loop mutants
and wild type HIV-1, highlights importance of such loop residues for CYPB activity**%*, A
better infection by A92E capsid mutant of HIV-1 in the absence of CYPB, has also been
reported in CYPA knockdown HeLa but not in Jurkat cells>®. Our data showing an increase in

infection by the HIV-1 M double mutant A92E-G94D but not the single mutant G94D in HeLa
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cells depleted of CYPB, also confirms the infection results of the A92E during CYPB
knockdown. HIV-1 intra-type sequence variability in capsid CYPA binding loop has been
shown to affect the ability of host factors which need such loop, to bind and affect the course
of infection; an example is the capsid residue 88 important for TrimCYPA proteins*. Capsid
proline 92 is conserved between HIV-1 N, HIV-1 O, HIV-1 P, SIVgor (Fig. 2C) and even HIV-
2AB (not shown). Our data shows that capsid P92 mediates HIV-1 sensitivity to CYPB and
TrimCYPB proteins, as does A92. Why HIV-1 N and other viruses evolved with such proline
instead of alanine, need further exploration. Investigations on whether binding of CYPB to

capsid also has effects on other capsid binding host factors of HIV, is currently unknown.

Binding of CYPB to GAG from non-M group HIVs and SIVgor suggests that differences
between these viruses in CYPA binding loop do not affect their binding to CYPB. The
similarity between CYPA and CYPB?’, particularly in their capsid binding residues, can at
least explain the sharing of a capsid binding loop between the cyclophilins.

G89V mutation in HIV-1 capsid renders its capsid unable to interact with CYPA?’. Our
pulldown experiment shows that CYPB also uses G89 for its binding to capsid. ACYPB lacking
the first 40 residues retained HIV-1 capsid binding property, antiviral activity if overexpressed
and showed in the fusion protein TrimACYPB, a strong antiviral activity. This retention of
inhibitory activity can be explained by many residues in CYPB, outside the N-terminus,
predicted by our protein interaction model (Fig. 4).

The loss of antiviral activity by TrimCYPB and CYPB when HIV capsid is specifically
mutated, shows again how the CYPA binding loop is a crucial part of the viral capsid, for
engaging with cyclophilins. It is possible that a weak binding of CYPB to HIV-1 with G94D
or A92E or P92E mutations is unable to cause inhibition. In the context of TrimCYPB, we

postulate that such weak binding of CYPB to capsid mutants, is compensated in TrimCYPB
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by its oligomerization activity and may explain the restriction of HIVs with some capsid

mutations, otherwise resistant to CYPB?3.
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