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Abstract 

The host has acquired many strategies during evolution to overcome a viral infection. Host 

restriction factors establish a first line of defense, and can be intrinsic or induced by a stimulus 

such as interferon, admitting the name of interferon stimulated genes (ISGs). Most of them act 

antiviral by interfering with specific steps during HIV-1 replication. Interestingly, some also act 

as immune sensors, promoting activation of the innate immune response against HIV-1. The 

most recent host factors reported to act antiviral are SERINC5 and 90K.   

The cellular multipass-transmembrane protein serine incorporator 5 (SERINC5) reduces HIV-

1 infectivity, likely by reducing the HIV-1 Env-mediated fusogenicity of particles. HIV-1 Nef 

counteracts SERINC5 through an incompletely understood mechanism which may involve 

downregulation from the cell surface and exclusion from virion packaging. Due to the 

unavailability of an antibody of sufficient specificity and sensitivity, investigation of SERINC5 

protein expression and subcellular localization has been limited to heterologous expression 

systems. We generated, using CRISPR/Cas9 gene editing technology, a panel of Jurkat T-cell 

clones in which an HA epitope-encoding sequence has been inserted within SERINC5 gene 

alleles, resulting in expression of endogenous SERINC5 protein displaying an HA epitope in 

its predicted fourth extracellular loop. This modification enabled, for the first time, quantification 

of endogenous SERINC5 protein expression levels and demonstrated a predominant 

localization in lipid rafts. Interestingly, treatment of cells with individual IFN-α subtypes 

enhanced cell surface levels of SERINC5 in a JAK/STAT-dependent manner in the absence 

of modulation of expression at the transcriptional and translational level. Here, I showed that 

SERINC5-mediated restriction of Nef involved a minor reduction of virus fusion capacity. 

Conversely, HIV-1 Nef strongly antagonized SERINC5-mediated reduction of particle 

infectivity to a similar extent in Jurkat SERINC5 (iHA-knock-in) T-cells and parental T-cells. In 

HIV-1-infected cells, Nef triggered internalization of SERINC5, resulting in a mild decrease of 

surface levels, while SERINC5 steady-state levels remained unchanged regardless of the Nef 

expression status. An association of endogenous SERINC5 protein with HIV-1 Δnef virions 

was consistently detectable as a 35-kDa species, as opposed to heterologous SERINC5, 

which was presented as a 51-kDa species. Nevertheless, Nef-mediated exclusion of the 

restriction factor was detected only in four out of nine Jurkat clones, suggesting the existence 

of additional counteractive mechanisms of Nef, which may be directed against virus-associated 

pools of endogenous SERINC5. Using this Jurkat T cells we could contribute to a study 

showing that the Nef protein of Simian immunodeficiency virus (SIV) derived from Colobus 

guereza (SIVcol) monkeys was equally able to counteract SERINC5, by reducing its cell surface 

and intracellular levels. This was achieved through targeting to proteasomal degradation of 

SERINC5 mediated by a single tyrosine (Y86) residue of the SIVcol Nef protein. These findings 
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establish new features of endogenous SERINC5 expression and localization, challenge 

present concepts of HIV-1 Nef-mediated antagonism of SERINC5 and uncover a unique role 

of type I IFN in modulating SERINC5 through accumulation or stabilization of the restriction 

factor at the cell surface.  

90K, also known as galectin 3 binding protein (LGALS3BP), is an IFN-inducible secreted 

glycoprotein that was initially associated to tumor growth. Preceding results have shown that 

90K reduces the infectivity of HIV-1 virions by impairing the processing of its glycoprotein160 

(gp160) and incorporation of mature gp120 into their particles. In this study, I contributed to 

the elucidation of the role of 90K orthologs from different primate species in inhibiting lentiviral 

infectivity. We demonstrated that although 90K´s antiviral activity is largely conserved between 

primates, it is not universal, as 90K derived from rhesus macaques did not exert any antiviral 

role. Despite close homology at the amino acid level, comparing active and inactive forms of 

90K resolved that impairment of gp160 processing and reduction of gp120 cell surface levels 

were required for 90K-mediated restriction, but not sufficient. Rather, inhibition of gp120 

incorporation into nascent virions reflected the antiviral activity exerted by 90K. Interestingly, a 

single amino acid exchange that humanizes the rhesus macaque 90K in the short broad-

complex, tramtrack, and bric-à-brac/ poxvirus and zinc finger (BTB/POZ) domain was essential 

to rescue the antiviral activity mediated by 90K. These findings established that 90K-mediated 

restriction of HIV-1 infectivity is species-specific and enabled to deepened the knowledge on 

the mechanism behind 90K´s antiviral activity. Further studies are required in order to unravel 

90K's mode of action and to elucidate potential viral antagonists that might facilitate viral 

spread in cells expressing 90K.  

 

 

Keywords: HIV-1, interferon, restriction factor, SERINC5, Nef, CRISPR/Cas9, SIVcol, 90K, Env 

incorporation, virus infectivity 

 

 

 

 

 



 

 XV 

  



 

 XVI 

Sumário 
 

Ao longo da evolução o hospedeiro desenvolveu estratégias para combater infeções 

causadas pelo vírus da imunodeficiência humana do tipo 1 (VIH-1) . Fatores de restrição são 

conhecidos por aturem como primeira linha de defesa em ajuda do sistema imunitário. 

Curiosamente estes fatores podem ser intrínsecos, se expressos constitutivamente, ou 

induzidos por estímulos como interferão. A grande maioria destes fatores de restrição foram 

associados com a inibição da infecciosidade do virus da imunodeficiência humana do tipo 1 

(VIH-1, interferindo nas diferentes fases da sua replicação. Os fatores de restrição 

descobertos recentemente com atividade  anti-viral são SERINC5 e 90K. 

A proteina transmembranar “serine incorporator 5” (SERINC5) reduz a infecciosidade do HIV-

1 através da inibição da capacidade de fusão mediada pela glicoproteina do envelope 

(gp120Env) do HIV-1. No entanto, a atividade da proteina SERINC5 é antagonizada pela 

proteina acessória Nef (do inglês negative factor) producida pelo HIV-1. O mecanismo de 

restrição ainda não é inteiramente compreendido mas sabemos que Nef regula negativamente 

os níveis de SERINC5 à superfície da célula infetada, e promove a exclusão de SERINC5 de 

viriões recém formados. Como um anticorpo com sensibilidade e especificidade suficientes 

para detetar SERINC5 endógena ainda não foi desenvolvido, todos os estudos relativos à sua 

expressão e localização foram realizados com sistemas de expressão heteróloga. Tirando 

vantagem da tecnologia de edição genética CRISPR/Cas9, geramos um conjunto de células 

T Jurkat onde inserimos uma sequência codificadora do epítopo da hemaglutinina (HA) entre 

os alelos do gene SERINC5, resultando na expressão endógena da proteina SERINC5. Esta 

modificação possibilitou pela primeira vez, quantificar os níveis de expressão proteica 

endógenos da SERINC5 que foi detectada predominantemente associada a complexos 

lipídicos chamados “lipid rafts”. Surpreendentemente, tratamento das células T Jurkat com 

diversos subtipos de interferão alfa elevou os níveis da SERINC5 à superfície, sem alterar a 

expressão génica e proteica. A inibição da infecciosidade do HIV-1 exercida por SERINC5 

involveu a redução moderada da capacidade de fusão das partículas do HIV-1. No entanto, a 

proteina Nef do HIV-1 antagoniza fortemente a actividade inibitória exercida pela SERINC5 

em todos os clones de células T usados e nas células T parentais. Aqui, evidenciamos que 

Nef induziu uma internalização abrupta da proteina, acompanhada da redução moderada dos 

níveis à superfície. Surpreendentemente, a presença de Nef não teve influência nos níveis 

basais da proteina SERINC5. Neste estudo detectamos a presença consistente de SERINC5 

em viriões de HIV-1 onde Nef está ausente. Curiosamente, em viriões só detectamos a 

espécie de menor peso molecular (35 quilodalton - kDa), contrariamente do que foi mostrado 

no sistema heterólogo, onde exclusivamente uma banda de 51kDa é observada. Apesar de 
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tudo, a exclusão de SERINC5 das partículas do HIV-1 mediada por Nef foi observada em 

somente quatro de nove clones, sugerindo a existência de mecanismos adicionais que inibem 

SERINC5 dentro da partícula. Num estudo paralelo conseguimos mostrar que a proteina Nef 

do virus da imunodeficiência simiana (VIS ou SIV do inglês simian immunodeficiency virus) 

derivado de macacos infectados da espécie Colobus guereza, exerceu mechanismos 

inibitórios contra a proteina SERINC5 através da redução dos seus níveis à superfície e 

intracelulares. Em adição, conseguimos mostrar que esta redução foi acompanhada pela 

degradação proteassomal de SERINC5 mediada por apenas um resíduo de tirosina (Y86) 

existente na extremidade carboxil da proteina Nef. Os nossos estudos estabeleceram novas 

características da expressão e localização de SERINC5 endógena, e abriu novos desafios 

que questionam o conhecimento adquirido anteriormente sobre o papel de Nef em antagonizar 

o SERINC5. 

90K, também conhecida por LGALS3BP ou Gal-3BP (do inglês “galectin 3 binding protein”) é 

uma glicoproteina secretada e inducida por interferão. 90K foi identificada pelo seu 

involvimento no crescimento tumoral. O nosso grupo mostrou que 90K reduz a infecciosidade 

dos viriões do HIV-1 através da inibição do processamento de gp160 e da incorporação da 

gp120 nas partículas do HIV-1. Neste estudo elucidamos o papel dos ortólogos da 90K de 

diferentes espécies de primatas em inibir a infecciosidade de diversos lentivírus. Não obstante 

do seu alto grau de conservação entre primatas, 90K derivado da espécie Macaca mulatta 

(rhesus macaque) não mostrou qualquer papel antiviral contra o HIV-1, sugerindo que a 

atividade antiviral da 90K é conservada mas não universal. Comparação das formas activas 

e inactivas da 90K esclareceu que inibição do processamento da gp160 e redução dos níveis 

da gp120 à superfície do virião são essenciais para a atividade antiviral da 90K, mas não 

suficientes. A inibição da incorporação da gp120 relacionou-se com a actividade antiviral 

exercida pela proteina 90K. Aqui mostramos que mudança de um amino ácido no domínio 

BTB/POZ da 90K do rhesus macaque pela região humanizada foi suficiente para reconstituir 

a actividade antiviral da 90K do rhesus macaque. Os nossos estudos revelaram que a 

actividade antiviral da 90K exercida contra o HIV-1 é específica para cada espécie. 

Adicionalmente deciframos partes do mecanismo de restrição do HIV-1 mediado pela 90K.  

Estudos futuros são necessários de forma  a reavaliar o mecanismo de ação do 90K e elucidar 

o potencial anti-viral. 

Palavras-chave: HIV-1, interferão, factor de restrição, SERINC5, Nef, CRISPR/Cas9, SIVcol, 

90K, incorporação da gp120Env, infecciosidade viral 
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1. Introduction 

 

In the past, retroviruses were taxonomically classified by their morphology, however as new 

genera were discovered, it was essential to divide them into simple and complex retroviruses. 

This new classification is based on the encoded proteins: simple retroviruses encode for the 

group specific antigen (Gag), the protease (PR), the polymerase (Pol) and the envelope (Env) 

protein; as for complex retroviruses, such as Human immunodeficiency virus (HIV) or Simian 

immunodeficiency virus (SIV), they encode for all the above mentioned proteins, plus 

regulatory and accessory proteins [1].   

1.1. Human immunodeficiency virus (HIV): intractable epidemic 

Human immunodeficiency virus remains one of the most human pathogenic viruses that still 

causes many public health concerns. It belongs to the vast family of Retroviridae and the genus 

Lentivirus [2]. It is divided into two types, HIV-1 and HIV-2, the former being divided into three 

groups: major (M), non-outlier, non-major (N), and outlier (O). It is believed that each group 

was generated through independent transmissions from chimpanzees. Recently, a fourth 

group has been identified named P, as “pending” for more human case studies. Interestingly, 

here sequencing data revealed that the transmission must have been occurred from wild 

gorillas instead of chimpanzees [3]. Although only discovered in 1983, with the first infected 

patient being diagnosed, acquired immunodeficiency disease (AIDS) gradually became one of 

most widespread deadly diseases in the world [4].          

1.1.1. Current epidemiology and transmission 

According to the World Health Organization (WHO), nearly 37.9 million people were living with 

HIV in 2018, of these, 25.7 million originated from Sub-Saharan Africa. Around 1.8 million new 

infections and almost one million deaths due to AIDS-related illnesses were estimated in 2017. 

The WHO set a goal to reduce the deaths to less than 400.000 per year and less than 200.000 

new infections by 2030 [4]. HIV is transmitted through interchange of body fluids, such as 

breast milk, blood, vaginal secretions and semen. It can therefore be diffused via sexual 

intercourse, mother-to-child transfer, contaminated blood or needle contaminations. Daily 

activities, such as hugging or kissing are not able to mediate transmissions [4, 5]. Although 

many campaigns have been created to reduce the occurrence of new infections, it is still a 

massive challenge to battle transmission, especially in adolescents [4]. According to WHO, the 

number of countries allowing HIV self-testing increased about ten-fold from 2015 to 2018. Self-

testing implies that an individual is able to test itself using a commercial test. It is however 
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advisable to consult a health employee to confirm infection status. The united nations Program 

on HIV/AIDS aimed at achieving the end of AIDS epidemics by establishing very ambitious 

goals grouped in the 90-90-90 campaign: by 2020, 90% of the people living with HIV should 

know their status, 90% of the infected people should receive antiretroviral treatment and 90% 

of those should efficiently suppress the virus [6]. Remarkably, almost 84% of the countries 

belonging to the low or middle-income groups adhered to this campaign to TREAT ALL HIV-1 

infected patients [4, 6]. Unfortunately almost 16 million people living with HIV do not have 

access to treatment [4].  

1.1.2. Update on treatment angles, vaccination strategies and cure 

The first HIV drug, azidothymidine (AZT) was approved in 1987, four years after the discovery 

of the first patient reported with HIV [7]. Attempts to combine two nucleoside-based drugs were 

initially successful but considered later as inefficient as they promoted resistance [8]. The 

Highly active antiretroviral therapy (HAART) was implemented in 1995, with the approval of 

the first protease inhibitor, giving rise to an era of optimism [9]. HAART is composed of a 

minimum of 3 drugs, which should decrease viremia, recover CD4 T-cell counts and prevent 

disease progression [10]. These are nucleoside reverse transcriptase inhibitors (NRTIs), non-

nucleoside reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs), integrase 

inhibitors (INSTIs), fusion inhibitors (FIs) and chemokine receptor antagonists (C-C chemokine 

receptor type 5 - CCR5 antagonists) [11]. Currently, HAART is composed of two NRTIs in 

addition to a ritonavir‐boosted PI, a NNRTIs or an INSTI. The switch to two-drug strategies is 

being comprehensively tested; however, results so far have not shown enough data to justify 

this change. Nevertheless, for patients suffering from major side effects of the three-drug 

treatment, the two-drug treatment is the best alternative [12]. 

Until now, there is no available cure or vaccine for HIV. Since the approval of the first HIV-1 

drug, vaccine candidates have been thoroughly searched and tested. However, very few have 

been completed and none has been satisfactory enough to be used as a vaccine to prevent 

from HIV-1 infection and transmission. The general strategy has been to elicit protective 

humoral responses: e.g., the vaccine VAX003 induced anti-gp120 antibodies but did not 

provide any protection (reviewed in [13]). The “best” vaccine trial so far was the RV144, with 

an efficacy of up to 31.2%, however this did not show long-lasting protection. The efficiency 

was justified by induction of non-neutralizing antibodies against the HIV-1 Envelope V1/V2 

region [14]. Alternative approaches have been proposed to improve vaccine effectiveness, 

such as the use of recombinant Env trimers (SOSIP.664 gp140) from the strain BG505 [15], 

and Env of T/F viruses focused on eliciting specific protection against tier-2 viruses [16]. In 

2016, a clinical trial in Phase 2b/3 initiated based on the RV144 vaccine. HVTN702 is a two 
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based vaccine system, constituting of ALVAC-HIV (a canarypox-vector) and a bivalent clade 

C Env protein [17, 18]. Furthermore, this vaccine is boosted with the MF59 adjuvant which is 

known to elicit a more robust immune response [19]. 

The existence of long-lasting HIV-1 reservoirs makes it problematic to eradicate the virus, even 

with antiretroviral therapy (ART) [20]. Resting cluster of differentiation 4 (CD4) positive (+) T 

cells and cells derived from the myeloid lineage were identified as HIV-1 reservoirs [21]. The 

establishment and maintenance of these reservoirs is multifactorial; hence it is logical that 

targeting them will also be a matter of combined therapies. In ways to eradicate the virus from 

its sanctuaries many approaches have been proposed including the well-known “kick and kill” 

strategy that uses a combination of drugs (e.g., Histone deacetylases - HDAC inhibitors) that 

reverse latency by re-activating HIV transcription, and thus inducing death of infected cells by 

the virus or the host immune system (reviewed in [21]).  

HIV-1 broadly neutralizing antibodies (bnAbs) were first identified in 1991, from an 

asymptomatic infected individual [22]. They are named like this as they neutralize more than 

one HIV-1 strain [23]. bnAbs are gaining focus as they might act as prophylactics or therapy. 

Identifying the binding epitopes of the bnAbs in the HIV-1 Env trimers allows the design of 

proper immunogens and consequently more efficient vaccines [23] (reviewed in [24]). 

Interestingly, it has been proposed that combination of bnAbs with latency-reversing agents 

(LRA) and HAART reduce the number and functionality of latently infected cells, and therefore 

control viral reappearance [25, 26]. Although HIV is a highly mutable virus, researchers are 

joining forces to improve vaccine technology and increase the hope of one day put an end to 

HIV infection and transmission. 

1.1.3. Virion organization and viral replication cycle of HIV-1 

HIV/SIV particles are enveloped and spherical to pleomorphic-shaped. The linear genome of 

about 9.7 kilobase (kb) is composed of 2 copies of single-stranded positive sense ribonucleic 

acid (RNA), which are enclosed in a cone-shaped core constituting the viral capsid (CA). The 

RNA is delimited by the nucleocapsid (NC). Some copies of protease (PR), reverse 

transcriptase (RT), integrase (IN), viral protein R (Vpr), viral infectivity factor (Vif), negative 

factor (Nef) and cellular factors such as transfer RNA-Lysine (tRNA-Lys) are virion 

components. The envelope consists of a lipid membrane acquired from the host cell and 

therefore also harbors cellular proteins, in addition to 7-12 Env trimer complexes [27] (Figure 

1).  
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Figure 1.  Prototypic HIV-1 mature virion structure. HIV-1 is a spherical shaped viral particle of about 100nm in diameter. The 

viral particle encloses two copies of positive-stranded RNA, inside the viral capsid. The HIV-1 genome is constituted of viral 

enzymes such as RT, IN and PR, structural proteins CA, NC, MA and p6. In addition, the accessory proteins Vpr, Vif and Nef are 

virion constituents. Image generated using BioRender and based on [27]. 

In more detail, the HIV genome encodes for three structural polyproteins: Gag, Pol and Env 

proteins (Figure 2A). The viral DNA is flanked by two identical long terminal repeats (LTRs), 

also known to contain the HIV-1 promoter [27]. Gag is proteolytically processed by the viral PR 

during/after virus budding into matrix protein (MA/p17), CA/p24 and NC. MA is primarily 

involved in targeting Gag to the plasma membrane but also has an interesting role in 

incorporating Env into HIV-1 virions, which will be discussed later. The p24-CA exerts its most 

important function by shielding the nascent viral DNA and the proteins that are in the core. 

Moreover, it was shown to be highly important for viral particle maturation. The NC protein 

was, early on, thought to be important for RNA binding and encapsidation but recently other 

functions have been gaining focus such as RNA  dimerization,  Gag–Gag  interactions,  

membrane  binding,  reverse  transcription,  annealing   to   the   primer   binding   site,  and  

stability  of  the  pre-integration  complex (PIC) (reviewed in [28]). Pol is processed into RT, 

PR, IN and p6, all known to be essential for viral replication [29]. The Env polyprotein is 

encoded from a singly spliced mRNA in the rough endoplasmic reticulum (RER). After 

trafficking to the Golgi complex, the Env precursor gp160 is cleaved by the host protease furin, 

into its mature surface (SU) glycoprotein gp120 and transmembrane (TM) counterpart gp41 

[30]. Env is essential for host receptor binding and HIV-1 entry into the host cell [31]. The HIV-

1 genome encodes for two extra regulatory proteins: trans-activating (Tat) protein and and Rev 
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protein. Tat was shown to be involved in increasing viral transcript elongation [32] but also in 

regulating RNA splicing, capping and reverse transcription [33, 34]. Rev mediates the export 

of nuclear unspliced or incompletely spliced HIV-1 mRNA into the cytoplasm, which is essential 

for translation of the structural proteins required for the late phase of the viral replication cycle 

[35]. Additionally, the HIV genome encodes four accessory proteins (Vif, viral protein U (Vpu), 

viral protein r (Vpr) and Nef) which were shown in some cell culture systems to be dispensable 

for viral replication but important for innate immune evasion or hijack of host cellular factors 

[36]. Nevertheless, they were proven to be essential in vivo (reviewed in [37]). In 1987, two 

studies elucidated that Vif is necessary for the efficient production of transmissible virus 

particles in otherwise non-permissive cells [38, 39]. Vpu was shown to promote the 

downregulation of CD4 molecules from the cell surface [40]. Vpu is also able to enhance the 

release of newly assembled viral particles [41], either via formation of ion channels or by 

altering the membrane composition of the producer cell [42, 43]. Vpr was suggested to ease 

the replication of HIV in resting cells and macrophages as it supports the transport of the PIC 

to the nucleus of the host cell [44, 45]. Nef received its name as it was initially thought to impair 

HIV infectivity [46]. Later, studies indicated that Nef is instead required for efficient viral 

replication, for sustaining high viral load and for mediating disease progression [47]. 

Interestingly, Nef is currently known as the most multifunctional protein that HIV encodes. How 

it hijacks host restriction factors and impairs its activity has been a major focus in the field, and 

will be discussed later. Although Nef doesn´t have an enzymatic activity, it is well described 

how it manipulates cellular trafficking and signaling machinery, and therefore enhances HIV 

infectivity. It downregulates CD4 and major histocompatibility complex I (MHC-I) molecules 

from the cell surface, by a clathrin/Adaptor protein 2 (AP2) and clathrin/AP1 mediated 

endocytosis, respectively. This in turn allows HIV to escape immune recognition and killing by 

CD8 positive cytotoxic lymphocytes (CTLs) [48] [49]. In addition, Du and colleagues 

demonstrated that a specific Nef allele from the SIV pbj14 strain was responsible for inducing 

T cell activation by triggering the T-cell receptor signaling and production of interleukin 2 (IL-

2) [50]. Conversely, others showed that Nef has also a role in inhibiting TCR signaling [51], 

leaving the field with many open questions. SIV and HIV-2 encode an identical panel of 

proteins as HIV-1 with exception of Vpu, which is exclusively encoded by HIV-1. Alternatively, 

both encode the viral protein x (Vpx), which is known to improve viral infection in myeloid cells, 

such as macrophages or dendritic cells [52]. 

For HIV-1 to be able to infect a cell, it requires receptor and co-receptor binding. Thus, the 

infection process starts when the viral surface protein gp120 interacts with the host cellular 

receptor CD4, inducing conformational changes in the Env trimer, which allows subsequent 

binding to the co-receptors CCR5 or C-X-C chemokine receptor type 4 (CXCR4). Depending 

on which co-receptor is chosen, HIV-1 viruses are divided into R5, X4 or double R5 and X4 
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tropic viruses, respectively. Binding to the co-receptors induces changes in the HIV-1 

transmembrane protein gp41, which forms a helix bundle with the host cell membrane, allowing 

fusion of the virion with the cellular plasma membrane [53]. The fusion step of the replication 

cycle deserves a detailed explanation as it is essential for viral infectivity. Conformational 

changes in the gp41 protein induce exposure of its amine(N)-terminal end which contains the 

fusion peptide. The latter is constituted of hydrophobic residues that promote binding to the 

host membrane during the fusion event. Interestingly, to form the helix bundle gp41 folds itself 

back by connecting the fusion peptide and its transmembrane domain. The stabilized structure 

characterizes the fusogenic state of Env (reviewed in [54]). It was shown that if the 

transmembrane domain of gp41 does not complete the lipid layer spanning, fusion is impaired, 

giving rise to a process called hemifusion, which inhibits pore formation [55]. After successful 

fusion with the host cell membrane, the viral capsid is released into the host cytoplasm, 

harboring the viral RNA and proteins. Here, the two copies of single stranded RNA are reverse 

transcribed into linearized double-stranded deoxyribonucleic acid (DNA) by the viral RT. The 

RT complex (RTC) includes several viral and host proteins, which facilitate reverse 

transcription as well as nuclear import and integration [56]. Uncoating or disassembly of the 

HIV-1 capsid involves primarily the conversion of the RTC into the PIC [57]. It is still very 

controversial when, where and how this process actually occurs during the replication cycle. 

Some studies have shown that uncoating of the capsid happens occurs after fusion and 

formation of the first copy of the HIV-1 double-stranded DNA [58]. Recent findings suggest that 

the HIV-1 capsid docks at the nuclear pore allowing a more efficient CA disassembly, nuclear 

entry of the viral DNA, integration and therefore improving viral infection [59]. Interestingly, 

some have reported that the capsid can be found in the nucleus and have a role in post-nuclear 

entry steps [60]. Once in the nucleus, the viral IN which is part of the PIC, mediates HIV-1 DNA 

integration by interacting with the host lens epithelium-derived growth factor (LEDGF/p75) 

which might act as a docking factor or a receptor for integration [61]. Once integrated, the viral 

complementary DNA (cDNA) is transcribed by RNA polymerase II [62]. HIV-1 transcription is 

initiated by the proviral promoter [63], as well as the host transcription factors nuclear factor of 

activated T-cells (NFAT) [64] and nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) [65]. Tat enhances transcription efficiency by promoting elongation and therefore 

replication, in a positive transcription elongation factor (p-TEFb) dependent manner [66] giving 

rise to several different mRNAs with three splicing sizes: 1. Full-length unspliced mRNA (9 kb) 

that is either used as genomic RNA (gRNA) or to produce precursors for Gag and Gag-Pol 

polyproteins; 2. The mRNA that is singly spliced (4 kb) that encodes for Env and the accessory 

proteins Vpr, Vif and Vpu; and 3. The fully spliced mRNA (2 kb) which encodes for Rev, Nef 

and Tat [67]. During transcription, the HIV-1 pre-mRNA also undergoes capping of its 5-

prime(´) LTR to allow further splicing and translation [68]. Additionally, the 3´end of the mRNA 
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is also polyadenylated [68], a characteristic shown to be essential for an efficient transcription 

termination and to regulate splicing patterns [69]. Fully spliced RNAs exit the nucleus directly 

using the host mRNA export pathway [67]. In the cytoplasm, fully spliced mRNAs are translated 

first, as Rev is needed for the export of the remaining mRNA species. Conversely, transport of 

unspliced and partially spliced mRNAs out of the nucleus is strictly dependent on Rev, which 

has to bind to the Rev response element (RRE) located in the Env coding sequence; the 

complex Rev-RRE(RNA) further binds to the host exportin 1 (CRM1) and drives their nuclear 

export [70]. Once in the cytoplasm, both unspliced and singly spliced mRNAs are translated 

using the cellular translation machinery [71]. To allow association and binding affinity with lipid 

rafts at the plasma membrane Gag needs to be myristoylated at the N terminus of the MA 

domain [72], which also promotes Gag multimerization, known to be driven by the CA protein 

[73]. Two copies of cytoplasmic gRNA are recruited to the plasma membrane and associate 

with the NC of the Gag protein [74]. Virus assembly starts and Env glycoproteins are recruited 

by the MA protein and accumulate at the site of assembly. Here, it was shown that the gp41 

cytoplasmic tail of the Env protein interacts with the MA protein of Gag in HIV-1 virions [75]. 

Interestingly, the latter is only one of the models that explain Env incorporation into HIV-1 

virions. There are three more models: 1) passive incorporation involves the natural mechanism 

of HIV-1 budding from the cell surface, and incorporating all available membrane-associated 

Env molecules. It was shown that HIV-1 also incorporates host proteins using the same 

randomized model [76]; 2) Env and Gag can be simultaneously recruited to the plasma 

membrane without interacting, enhancing the amount of Env that is incorporated into the 

virions [77]; 3) Lastly, host co-factors have been suggested to equally play a role in targeting 

Gag and Env to assembly sites [78]. α-catenin was shown to interact with gp41 and Env at the 

plasma membrane, suggesting to play a role as a co-factor for targeting both glycoproteins 

assembly sites [79]. When the assembly process is complete, the budding particle needs to 

be separated from the membrane to be released. HIV-1 Gag hijacks the cellular endosomal 

sorting complexes required for transport (ESCRT) machinery to mediate particle release [80]. 

In the newly released particle, Gag and Gag-Pol are proteolytically processed by the viral PR, 

that is packaged in the virion as part of the Gag-Pol polyprotein, initiating the maturation of 

infectious virus particles [81].      



 

 

 33 

 

Figure 3.  HIV-1 replication cycle. HIV-1 enters a host cell through binding of the Env protein to the host CD4 receptor and co-

receptors CCR5 or CXCR4. This interaction induces the fusion of the viral membrane with the host membrane allowing the delivery 

of the capsid containing the viral single stranded RNA. RT then mediates reverse transcription of the viral RNA into double 

stranded DNA. The capsid disassembly process may occur either after fusion, at the nuclear pore or in the nucleus. The pre-

integration compex, which is composed of the viral DNA, the viral IN and some cellular proteins enters the nucleus where the viral 

DNA is integrated into the host DNA. The proviral DNA is then transcribed using the host transcription machinery into multiple 

mRNA copies. Some copies will give rise to the gRNA, some to the Gag and Gag-Pol precursors and others to the regulatory and 

accessory proteins (Tat, Rev, Vif, Vpr, Vpu, Nef). The gRNA and HIV-1 proteins are recruited to the cell surface by multiple ways, 

forming the budding HIV-1 particle. At the end of the replication cycle, the virus particle is budding from the plasma membrane 

and released from the host cell. Proteolytical cleavage of Gag by the viral PR mediates virion maturation and infectivity. Image 

generated based on [82] 

After generation of a fully infectious viral particle, HIV-1 successfully infects other target cells. 

Importantly, due to its evolutionary pressure, HIV-1 has developed strategies to overcome the 

hosts´ defense [83]. 
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1.2. HIV-1 infection: restriction and counteraction 

It was shown that a single transmitted virus can be responsible for infecting an individual. It 

triggers a symptomatic phase that is unspecific but a more generalized viral infection, such as 

fever, lymphadenopathy, weight loss, depression, nights sweats and many more [84]. Since 

HIV-1 was first discovered, researchers have put efforts to tackle the immune phenotype 

underlying HIV-1 infection and progression. It is well established that upon HIV-1 infection, 

CD4+ T cell counts initially abruptly decrease, as a consequence of high viral replication [85], 

followed by a slight recovery phase (acute phase). The chronic phase and AIDS acquisition 

are characterized by a slow decay of the CD4+ T cell counts [86]. The onset of disease 

progression varies between 2 to 15 years, the latter being considered long-term non-

progressors (5% of all infected individuals) as they are able to control viral replication (below 

1000 HIV RNA copies per ml) without taking ART [87]. About 1% of infected individuals are 

able to control viral replication below 50 HIV RNA copies per ml, these are named elite 

controllers [88]. Interestingly, in those individuals where virus infection is controlled, the virus 

is not defective, indicating that host factors might be behind the protection [89].  

1.2.1. Captain immunity and the pirate virus 

1.2.1.1. Lessons from non-human primates 

Many studies with non-human primates allowed the better understanding of the immune 

phenotype caused by lentiviruses. Curiously, the expression of the HIV-1 co-receptor CCR5, 

is very low (around 5% of CD4+CCR5+ T cells) in natural SIV hosts (e.g. African green 

monkeys) but high (almost 20% of CD4+CCR5+ T cells) in those that are considered 

progressors (e.g. rhesus macaque), suggesting that CCR5 expression in CD4+ T cells 

determines if the host develops disease or not [90]. In vivo studies on pigtailed macaques 

infected with SIV derived from red-capped mangabeys revealed a preference to use CCR2 

instead of CCR5 [91]. Interestingly, in natural hosts instead of a reduced CD4+ T cell 

population, a double negative (CD3+CD4-CD8-) memory population was reported, which is 

not infected by SIV, yet retains the CD4+ T cell phenotype, with secretion of IL-2 and 

expression of MHC-II [92]. Preservation of some immune cell types might also explain why SIV 

infection doesn´t lead to disease progression; existence of a pool of T helper 17 (Th17) cells 

was shown to preserve the mucosal surface, known to be disrupted upon HIV-1 infection. 

Moreover, T regulatory cells are characteristic for restraining immune activation and 

proliferation, which is uncontrolled in pathogenic HIV-1 infection leading to T cell exhaustion, 

death and disease progression [93]. Overall, these factors suggest an explanation for the 
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reduced immune response and lack of AIDS progression during natural SIV infection (reviewed 

in [94]).      

1.2.1.2. Innate and adaptive immunity: from sensing to immune response 

Innate immunity is known as the first line of defense against pathogens and consists of 

epithelial cells, complement system, and cells with phagocytic activity (phagocytes and 

macrophages) and antigen presenting capacity (dendritic cells and macrophages). Pathogens 

or Pathogen-associated molecular patterns (PAMPs) are sensed by pattern recognition 

receptors (PRRs) which distinguish self from non-self-molecules and activate the adaptive 

immune system for the latter, as proposed by Charles Janeway Jr. in 1989 [95]. PRRs are 

divided into five families, C-type lectin receptor (CLRs), Toll-like receptors (TLRs), nucleotide-

binding domain, leucine-rich repeat (LRR)-containing (or NOD-like) receptors (NLRs), retinoic 

acid-inducible gene-I (RIG-I)-like receptors (RLRs), and absent in melanoma 2 (AIM2)-like 

receptors (ALRs). TLRs and CLRs are membrane-associated and responsible for sensing 

extracellular pathogens as they can be found at the cell surface or in endosomes; as for NLRs, 

RLRs and ALRs they are in the cytoplasm and can sense intracellular microbes. Interestingly, 

these receptors only operate correctly in the presence of their adaptors, which also define the 

elicited immune response. The recognition process initiates a cascade of events inducing the 

production of pro-inflammatory cytokines and interferons (IFNs) that activate the immune 

response (reviewed in [96]). As HIV does not directly activate the host defense neither induces 

the production of IFN in the target cells, sensing is not easy to measure [97]. Nevertheless, 

during the HIV life-cycle, the viral nucleic acid in the form of single stranded RNA (ssRNA), 

RNA:DNA complexes, ssDNA or dsDNA can be, in theory, sensed by PRRs [98].  

Several host molecules have been reported as PRRs for HIV. Interferon inducible protein 16 

(IFI16) was shown to recognize and interact with the HIV transcribed DNA triggering an IFN 

response in a stimulator of interferon gene (STING) and interferon regulatory factor 3 (IRF3) 

dependent manner [99]. Cyclic-GMP-AMP synthase (cGAS) is a cytosolic PRR which 

recognizes foreign dsDNA and produces cyclic-GMP-AMP (cGAMP). cGAMP binds to STING, 

which dimerizes and induces the tumor necrosis factor (TNF) receptor-associated factor 

(TRAF) family member-associated NF-kappa-B activator (TANK)-binding kinase 1 (TBK1)-

dependent IRF3 activation and subsequent type I IFN response [100]. Several DNA viruses 

were found to activate the cGAS-STING pathway, such as herpes simplex virus 1 (HSV-1) and 

vaccinia virus [101]. Moreover, transcribed HIV dsDNA can serve as PAMP for cGAS sensing, 

as it was shown that treating THP-1 infected cells with RT inhibitors suppresses cGAMP 

production [102]. Additionally, Nazli A. and colleagues demonstrated that HIV-1 gp120 

activates the host immune system through TLR2 and TLR4 in the membrane of human genital 
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epithelial cells [103]. Endosomal TLR7 and TLR8 were shown to promote plasmacytoid 

dendritic cell activation upon encounter with HIV-1 gRNA [104]. Moreover, cytosolic RIG-I was 

shown to bind HIV-1 gRNA and signal through IRF3, activating type I IFN production [105].  

The ultimate step of innate sensing triggers production of type I IFN genes. Depending on 

which PRR is used for HIV-1 sensing, a different signaling cascade will be triggered: for 

example, IFI16 promotes signaling through STING and IRF3 [99, 106], whereas TLR7 induces 

phosphorylation and homodimerization of IRF7 [107]; nevertheless, both promote transcription 

of type I IFN genes. Produced type I IFNs bind to their receptors (IFNARs) on the surface, 

which consist of two types: IFNAR1 (IFN- alpha(α)/beta(β) receptor α chain) and IFNAR2 (IFN-

α/β receptor β chain). Receptor binding induces its heterodimerization and 

autophosphorylation of the Janus kinase (JAK), followed by heterodimerization and 

phosphorylation of signal transducer and activator of transcription 1 (STAT1) and STAT2. IRF9 

is recruited by STAT1-STAT2 heterodimer, forming the IFN-stimulated gene factor 3 (ISGF3) 

complex, which translocates to the nucleus to bind to the IFN-stimulated response element 

(ISRE) and promote transcription of IFN-stimulated genes (ISGs) (reviewed in [108]). The role 

of type I IFN response during HIV-1 infection has been very controversial. It is known to induce 

many host factors, which act at almost all steps of the HIV-1 replication cycle [109]. Early 

production of type I IFN has been shown to be crucial to protect from systemic infection as it 

promotes immune activation and expression of IFN response genes. Interestingly, vaginal 

administration of IFN-β in rhesus macaques which were infected with simian/HIV-1 promoted 

modulation of the local immune phenotype, by inducing immune activation and HIV-1 co-

receptor expression. Yet it also drove the expression of ISGs which reduced the chances of 

acquiring simian/HIV-1 [110]. Conversely, the robust immune activation, in the case of HIV-1 

infection was also associated to impaired CD4+ T cell recovery and advanced disease 

progression [110]. Interestingly, sooty mangabees and African green monkeys do not acquire 

AIDS due to downregulation of ISGs and reduction of immune activation, shortly after acute 

SIV infection [111]. In humans, increased ISG production is associated to depletion of CD4+ 

T cells [112] and upregulation of the CCR5 co-receptor [113]. In fact, HIV-1-infected patients 

revealed high levels of circulating IFN-α, which was associated with reduced CD4 T-cell counts 

[114]. Moreover, production of type I IFNs in pDCs increases the expression of RANTES which 

is a CCR5 ligand, recruiting more target cells and enhancing HIV-1 spread [115]. IFN-α 

produced by pDCs is able to both inhibit neighboring CD4+ T-cell proliferation and promote 

their apoptosis [116, 117]. This knowledge brought many ideas on how to strategically treat 

HIV-1-infected patients with IFN-α, however the results were disappointing; Deeks and 

colleagues showed that IFN can be both beneficial and detrimental, depending on the time-

point of administration during infection. Using humanized mouse models, they could 

demonstrate that inhibiting IFN response early on after infection (acute phase) was detrimental 
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as the mice showed less control of the viremia and less immune response. Conversely, during 

the chronic phase, IFN production is associated to immune activation, poor response to 

treatment, less immune recovery and disease progression [118]. Interestingly, targeting IFN 

during the chronic phase in combination with ART improved immune cell function, suggesting 

a long-term control of the infection [119]. Future work aims at blocking type I IFN response 

during chronic HIV-1 infection, diminishing immune activation and recovering the function of 

CD8+ T cells [118].     

Innate immune activation initiates after sensing of HIV-1 and occurs in both infected and 

neighboring cells, triggering the production and release of pro-inflammatory molecules such 

as, IL-1β, IL-6, IL-18, TNF-α, IL-12, IL-15, and IL-2 [120] [121]. This leads to the activation of 

dendritic cells, macrophages and later on natural killer (NK) cells (reviewed in [122]). Dendritic 

cells are one of the preferred targets of HIV-1 as they are recruited to the site of infection. HIV-

1 binds to dendritic cells via their immune receptor (varies according to the DC subset and 

localization), and is up taken via endocytosis (reviewed in [123]). The major role of the dendritic 

cells during HIV-1 infection is to increase transmission and infection of new target cells by 

presenting (transferring) the virus to CD4+ T cells in secondary lymphoid organs (SLOs) [124]. 

Contrarily, macrophages do not migrate to SLOs, but are more efficient in taking up, 

processing, and presenting HIV-1 to CD4+ T cells through MHC-II [125]. In parallel 

macrophages can also elicit cytotoxic CD8 positive T cells through cross-presentation via 

MHC-I [126]. NK cells were characterized as key innate antiviral cells with effector and 

cytotoxic functions (reviewed in [122]). Efficient NK response to HIV-1 infection requires 

binding of the NK killer immunoglobulin-like receptor (KIR) to human leukocyte antigen (HLA) 

class I which leads to their activation and subsequent antibody-mediated or direct killing of 

infected cells [127] [128]. Furthermore, NK cells express the FcγRIIIA receptor that binds to 

the Fc domain in IgG antibodies. This engagement enables NK cells to be directed to HIV-1 

infected CD4+ cells which have antibodies bound to the epitope of HIV, enhancing their 

effector functions [129]. 

An efficient acquired immunity is characterized by the activation of helper CD4+ T cells through 

the interaction of their T cell receptor (TCR) and MHC-II from a DC carrying the foreign peptide 

(HIV-1). Activated CD4+ T cells release a panel of pro-inflammatory cytokines that recruit other 

immune cells such as neutrophils. Upon HIV-1 infection, as soon as the CD4+ T cell is primed 

and activated it becomes susceptible to infection. CD4+ T cells then express MHC-I molecules 

harboring the HIV-1 epitope, which is presented to CD8+ T cells. In addition, CD8+ T cells are 

primed by DCs via MHC-I to form cytotoxic CD8+ T cells capable of killing infected cells through 

the release of IFN-gamma (IFN-γ), perforins and granzymes [83]. T cell dysfunction during 

HIV-1 infection characterizes the well-known immunopathology caused by HIV. Although HIV-
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specific CD4 and CD8 T cell responses are mounted early on after infection, CD4+ T cells are 

highly impaired after viremia peaks [130]. Late progressors, for example, have very strong 

CD4+ T cell responses during the acute phase, indicating that the strength of response directly 

correlates with the fate of disease outcome [131]. In vitro and infected patient data revealed a 

vigorous specific CD8+ T cell response during HIV-1 infection [132] [133], controlling partially 

viremia [130]. It was shown that CD8+ T cell are indeed essential to control viremia after the 

acute phase [134], as viremia reaches its lowest peak, suggesting a precise, directed and 

effective initial response [135]. As infection progresses to its chronic phase also CD8+ T cells 

persist at high numbers, yet their functionality changes, indicated by the expression of 

programmed cell death protein 1 (PD-1) known to be a negative immunomodulator [136], and 

Basic leucine zipper transcription factor, ATF-like-1 (BATF-1) which impairs cell proliferation 

and cytokine production [137]. In long-term non-progressors, CD8+ T cells proliferate more 

efficiently and produce perforin and granzyme B which mediate a faster and accurate killing of 

infected CD4+T cells, compared to progressors which fail to do so [138]. Here, as CD4+ T cells 

go down as a consequence of increased viremia, CD8+ T cells will no longer be primed nor 

activated and memory CD8+ T cells will be lost, giving rise to a decline of CD8+ T cell 

responses and increase of virus escape mutants. Those CD8+ T cell clones found in chronic 

patients might therefore be a result of cells activated without the “help” of CD4+ T cells. Recent 

studies aim at rescuing more efficiently CD4+ T cell responses and therefore maintaining a 

high pool of functional effector CD8+ T cells (reviewed in [139]).  

B cell function and phenotype are highly affected during HIV-1 infection [140]. In peripheral 

blood of chronically infected patients, B cells are hyperactivated, exhausted and in a terminal 

state of differentiation [141]. Moreover, memory B cells are severely depleted in chronically 

HIV-1 infected patients [142]. Moir and colleagues demonstrated that during the early phase 

of infection mainly plasmablasts and resting memory B cells were found. In contrast during 

chronic infection, only immature or transitional B cells were detected [143], which are known 

to be short-lived due to the low expression of anti-apoptotic proteins [144]. ART treatment 

applied in chronically infected patients only partially recovered B cell function, suggesting that 

early phase control of infection prevents B cell dysfunction [143]. 

Extensive studies provide over the years priceless data which allowed the field to understand 

that the HIV-1-specific innate and adaptive immune response is a success only for very few 

individuals and fails for the majority of infected patients. Countless mysteries remain to be 

explained and it is important to recover and preserve the immune system, using perhaps 

immunotherapy to improve vaccine development [83].  
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1.2.1.3. Strategies for immune evasion 

The intense immune recognition and response lead over time to a viral selective pressure, 

generating viral quasi-species that evolve to escape innate and adaptive immunity. The first 

and poorly understood mechanism of evasion is latency; latently infected cells such as resting 

CD4+ T cells cannot be recognized nor eliminated by the immune system resulting in the 

persistence of the virus (reviewed in [145]). Furthermore, cell-to-cell transmission is believed 

to be the most efficient mechanism to escape immune detection, as virus spreads to other cells 

through virological synapsis enhancing viral propagation in vivo [146] (reviewed in [147]). 

Additionally, the genome of HIV-1 undergoes mutations and recombination events; the RT was 

shown to endure at least one error per 10,000 nucleotides, increasing enormously the variation 

per infection round, resulting in evasion from antibodies and CTLs [148]. One of the challenges 

of vaccine development using antibody responses is to overcome the high glycosylation status 

of the HIV-1 Env variable loop. Chronic infected patients revealed sequences with longer V1-

V2 loops (eighteen N-glycosylations) contrarily to sequences isolated from early infected 

patients (16 N-glycosylations). Moreover, viruses harboring this “fitter” envelope loop were also 

resistant to antibody neutralization [149]. Interestingly, HIV-1 hides its nucleic acids inside the 

viral CA, camouflaging them from initial immune sensing [150]. HIV-1 overcomes the mucosal 

surface by transcytosis [151] or through capture by local epithelial dendritic cells (reviewed in 

[152]). There, it is able to disrupt junction proteins and the epithelium monolayer by inducing 

production of cytokines by mucosal T cells which disturb the membrane permeability [153]. 

One consequence of immune activation is the secretion of characteristic pro-inflammatory 

cytokines (IFN, IL-2). As disease progresses, also the cytokine repertoire changes, towards 

an inhibitory environment, by the production of IL-4, IL-10, IL-1, and IL-6 [154]. Moreover, 

chemokines such as CCL2 or CCL5 are thus released and attract DCs, T/B cells or 

macrophages, increasing the probability of spreading [155]. Remarkably, HIV-1 Tat attracts 

macrophages by “acting” like β-chemokines [156]. Cytoplasmic HIV-1 ssDNA is degraded by 

the host 3 prime repair exonuclease 1 (TREX1), reducing its DNA to a point at which it can no 

longer be sensed [157]. During HIV-1 infection the primary and major producer of IFN are 

plasmacytoid dendritic cells (pDCs); exposure of gp120 to pDCs impairs their activation and 

production through suppression of TLR9, and therefore, reduces intensively their number in 

infected individuals [158]. HIV-1 Nef was reported to downmodulate MHC-I molecules in CD4+ 

T cells; strategically Nef selects only HLA-A and B instead of C and E, as the former are crucial 

for NK activation and functionality, adding one further mechanism of immune evasion [159].   

ART allows control of the viremia and in best cases partial recovery of the immune system, 

however definite cure is still very unlikely to happen.  
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1.2.2. Host factors against viral “accessories”: a first line of defense and the 

force against it 

In addition to the known innate and acquired immunity, mammals developed specific strategies 

to combat pathogens: host intrinsic or induced factors capable of acting alongside the innate 

immune system. Some are expressed constitutively whereas others require a specific stimulus 

to be “activated” (e.g. IFN) (reviewed in [36]). The first intrinsic factor was found against Friend 

MLV-induced leukemia in 1985. Interestingly, the friend virus susceptibility (Fv) loci caused 

resistance to infection, due to an induced replication defect. The Fv1 and Fv4 genes were 

shown to encode for two host proteins that mimicked viral proteins. Fv1 protein resembled the 

Gag of an endogenous retrovirus and impaired the entry step of MLV. The Fv4 protein on the 

other hand resembled the Env protein in a MLV strain-specific manner, impairing the binding 

of MLV to its target cells [160]. Since the first discovery many more have been revealed, 

including those restricting HIV-1. As most of them were found to target specific steps of the 

HIV-1 life-cycle, it is plausible to tackle each step separately.  

Upon infection, HIV-1 enters the cell through fusion with the host membrane; Interferon-

inducible transmembrane proteins (IFITMs) 1-3 are ISGs that inhibit the entry of several 

viruses, such as Influenza A virus (IAV), dengue virus and West Nile virus [161]. IFITM 1 is 

predominantly expressed at the plasma membrane, while IFITM2 and 3 localize to endosomes 

and lysosomes [162]. Lu and colleagues demonstrated that IFITM2 and 3 are able to impair 

HIV-1 fusion, most probably through interference with endocytosis. Moreover, in TZM-bl cells, 

a HeLa-derived CD4-expressing cell line, only the absence of expression of all three IFITM 

proteins enhanced HIV-1 infection, suggesting that they act in synergy [163]. It was suggested 

that IFITM2 and 3 impair HIV-1 infection by interfering with Env processing and incorporation 

into HIV-1 virions [164]. Additionally, the group of Olivier Schwartz elucidated a more 

pronounced role of the IFITM proteins when incorporated into HIV-1 virions, as they trap the 

virions in the hemifusion phase, inhibiting fusion of nascent virions [165]. Up to now there is 

no viral factor known to restrict IFITM proteins, however Ding and co-authors demonstrated 

that specific mutations in HIV-1 Env and Vpu proteins were found upon infection of IFITM1-

expressing cells. They proved that these mutations resulted in viruses with increased cell-to-

cell spread capacity and resistant to IFITM1 [166].  

Although it is well known that the CA shields the HIV-1 viral genome from being degraded and 

sensed, HIV can be sensed, when still encapsidated, by the host factor TRIM5α, resulting in 

impaired uncoating. Moreover, HIV was able to more efficiently infect Old World monkey-

derived cells than SIV. Interestingly, HIV was restricted more productively by the rhesus 

TRIM5α than the human counterpart, suggesting a species-specific block. Authors showed 

that this is due to differences in the ability of TRIM to recognize the viral capsid, proven by the 
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fact that SIV was less susceptible by the block induced by TRIM [167]. Other studies showed 

that the SPla and the RYanodine Receptor (SPRY) domain is responsible for the binding and 

recognition byTRIM5α to the N-terminal domain of the HIV-1 CA [168]. Interestingly, TRIM5 γ, 

epsilon (ε) and delta (δ), all splicing variants of TRIM5, were shown to modulate TRIM5α 

activity, by impairing binding to the HIV-1 CA as most of them lack the SPRY domain [169] 

[170]. Recent studies clarify that the immunoproteasome, present in immune cells and 

harboring different β-subunits, when stimulated by IFNα, induces an acceleration of the 

TRIM5α turnover and therefore reboots it for efficient CA recognition and productive inhibition 

of HIV-1 reverse transcription and infection [171]. As the CA integrity is essential for efficient 

binding, HIV-1 was shown to develop resistant mutations in the CA (valine to methionine in 

position 86) to avoid binding and recognition by TRIM5α. Here, the V86M mutation interfered 

with the binding of the HIV-1 capsid with the human cyclophilin A, and consequently with 

TRIM5α [172]. Recent findings show that interruption of this interaction in primary human blood 

cells leads to the susceptibility of HIV-1 to TRIM5α. Interestingly, authors showed that in 

infected primary human macrophages and CD4+ T cells this interruption, promotes de 

association of TRIM5α with the HIV-1 CA and inhibits viral spread [173]. 

As previously discussed, HIV-1 productively infects CD4+ T cells. Interestingly, dendritic cells 

and macrophages are easily infected by SIV and HIV-2, due to the presence of Vpx [174]. 

Interestingly, insertion of simian Vpx into HIV-1 virions recovered initial steps of the replication 

cycle but did not result in release of progeny virions from resting cells, neither improved 

infection in activated cells [175]. This infection phenotype resulted in the discovery of SAM- 

and HD-domain-containing protein (SAMHD1) as a major HIV-1 restriction factor in dendritic 

and myeloid-derived cells. SAMHD1 was shown to bind to Vpxmac251, derived from sooty 

mangabey monkeys. Remarkably, both Vpxmac251 and Vpx from HIV-2ROD degraded SAMHD1 

[176]. Later on, it was shown that SAMHD1 restricts HIV-1 infection by reducing the host 

deoxynucleotide triphosphate (dNTP) pool, at a level no longer sufficient for HIV-1 reverse 

transcription [177].   

For HIV-1 to establish an effective infection its dsDNA has to integrate into the host DNA. 

KRAB-associated protein-1 (KAP1) also known as TRIM28, was found to form a complex with 

HDACs and bind to acetylated HIV-1 integrase, resulting in its deacetylation and inhibition of 

integration [178]. After integration and transcription of the HIV-1 dsDNA in the cytoplasm, the 

resulting mRNAs need to be translated into their respective polyproteins. The zink-finger 

antiviral protein (ZAP) was identified as a broad antiviral factor against many RNA viruses, 

including for example Ebola virus, Sindbis virus, and HIV-1 [179-181]. ZAP targets multiply but 

no singly spliced HIV-1 mRNA for degradation using the host degradation system. The ZAP 

protein recruits poly-adenine-(poly-A)-specific ribonucleases (PARNs) which will remove the 
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poly-A tail from the viral mRNA, and subsequently gathers the cellular exosome to degrade 

the RNA material from the 3´ end. Moreover, ZAP engages the 5´→3´ exoribonuclease (XRN-

Ɪ) decapping enzyme, to allow removing of the 5´ cap that is protecting the HIV-1 mRNA, and 

to promote its further degradation. Zhu and colleagues also observed that Zap targets nef-

encoding mRNAs to decrease HIV-1 replication efficiency [182]. Interestingly, Schlafen 11 

(SLFN11), an ISG, was also found to inhibit HIV-1 translation. The working group of Michael 

David suggested that SLFN11 impairs the production of viral proteins necessary for the 

generation of infectious particles. Additionally, it was found to bind to tRNAs, rendering them 

unavailable for synthesis of viral proteins [183]. How HIV-1 evades the antiviral response of 

KAP, ZAP and SLFN11 remains to be elucidated, however as they act in similar HIV-1 

replication steps, one of the strategies might be to try to understand their function in a complex 

rather than independently (reviewed in [184]).   

Studies with HIV-1 virions deficient of Vif showed its crucial role for viral infectivity, by 

modulating the quality of released virions [185]. This function is species-specific, reflecting that 

Vif interacts with host factors, instead of viral products, to promote efficient infection [186]. The 

existence of  producer cells non-permissive to HIV-1, which were shown to require expression 

of Vif, suggested presence of a restriction factor in non-permissive cells, which is antagonized 

by Vif [187] (reviewed in [188]). Sheehy et al. first identified apolipoprotein B mRNA editing 

enzyme, catalytic polypeptide-like 3G (APOBEC3G), first known as CEM15, by using a cDNA 

subtraction assay. In non-permissive CEM cells, HIV-1 virions devoid of Vif, were not able to 

successfully infect these cells, compared to permissive HEK293T cells [189]. During the same 

time, other APOBEC3 proteins were identified and shown to promote deoxycytidine-to-

deoxyuridine (dC-to-dU) DNA deamination [190]. Interestingly, analyzed samples from HIV-1-

infected patients revealed sequences with massive G-to-A hypermutations [191]. Three 

independent groups showed, simultaneously, that APOBEC3G incorporates HIV-1 virions, and 

in the new infected cell promotes C-to-U deaminations of the HIV-1 cDNA negative strand 

leading to guanidine-guanidine (GG) to guanidine-alanine (GA) changes, which render the 

cDNA unable to be used for viral reverse transcription [192-194]. Later on, it was demonstrated 

that APOBEC3G is also able to diminish the viral cDNA level by preventing its production, 

without exerting its editing activity [195]. The inhibition of reverse transcription was more 

prominent the later the RT products were measured, indicating that APOBEC3G was impacting 

on the elongation step of the viral transcription [196]. Interestingly, it was also shown that HIV-

1 takes advantage of APOBECs deamination activity to increase its genetic variability, and 

therefore escape the immune system or mount resistance against therapy [197]. Nonetheless, 

HIV-1 has to limit the rate of mutations to non-lethal levels. HIV-1 Vif was shown to bind to 

APOBEC3G, inducing its polyubiquitination and subsequent degradation by the host 

proteasome [198]. Hu et al. showed later on, that during reverse transcription HIV-1 generates 
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an extra DNA flap of 99 nucleotides to alleviate APOBEC3G-induced mutations by limiting its 

exposure to the restriction factor [199]. Future work aims at unraveling the effects of species-

specific sensitivity of APOBEC3G to Vif, and its contribution to zoonotic transmission [200].  

After protein synthesis, HIV-1 particles are assembled in T cells at the plasma membrane, 

contrarily to macrophages where HIV-1 assembles in apparently intracellular virus-containing 

compartments (invaginations of the plasma membrane) [201]. In depletion studies, Vpu was 

shown to be indispensable for productive virion release in non-permissive cells [202]. In the 

absence of Vpu, HIV-1 virions were trapped at the plasma membrane [203]; the host cellular 

factor tetherin was discovered a while later by Neil and colleagues [204]. Tetherin, also known 

as CD317 or BST-2, is encoded by an IFN-α inducible gene. It restricts many enveloped 

viruses, such as Ebola, Lassa virus-like particles (VLPs), HIV-1/2, and other retroviruses 

(reviewed in [205]).  Regarding HIV-1 infection, tetherin was shown to co-localize with Vpu. In 

the absence of Vpu, HIV-1 virions tether to each near the host cell membrane, or directly to 

the cell surface [204]. Furthermore, this restriction was explained by incorporation of tetherin 

into HIV-1 virions, through its integration into the lipid HIV-1 envelope, a process shown to be 

antagonized by Vpu [206]. Furthermore, Vpu was shown to induce tetherin downmodulation 

from the plasma membrane via internalization [207, 208]. Goffinet et al. demonstrated that 

tetherin depletion is not a requirement for the antagonism mediated by Vpu [209]. Additionally, 

Vpu decreases the trafficking of tetherin to the Golgi apparatus and subsequent biosynthesis, 

as well as its recycling rate [210].    

Env processing in the Golgi is very critical for the production of a functional Env polyprotein 

which is recruited to the plasma membrane to make up the HIV-1 assembled particle. 

Guanylate-binding protein-5 (GBP5) belongs to the family of guanosine triphosphatases 

(GTPases) and was identified by McLaren in a genome-wide screen in which genomic 

signatures (sequences) were aligned to sequences of known host factors [211]. GBP5 

interferes with Env processing by impairing its N-glycosylation, essential to cleave gp160 into 

its subunits gp120 and gp40. Additionally, GBP5 diminished Env incorporation into nascent 

virions, resulting in reduced viral production and infectivity. Interestingly, deletion of Vpu from 

HIV-1 virions increased Env expression, resulting in only partial GBP5-mediated restriction, 

yet increasing the susceptibility to tetherin-mediated restriction [212]. Over the past 10 years, 

many novel restriction factors have been found thanks to the knowledge given by depletion 

studies of their antagonists. 
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1.3. SERine INCorporator protein family 

1.3.1. Discovery of an unusual effector protein 

Serine incorporator 1 to 5 (SERINC1-5) proteins were initially described in 2005 by a group 

searching for proteins involved in controlling plasticity of neurons. Differential cloning of rat 

neuronal tissue that was exposed to an excitatory event allowed the authors to detect 

differentially expressed genes. Rat Serinc1 mRNA was expressed in the hippocampus, 

cerebral cortex and the cerebellar granule cell layer. As for Serinc2 the distribution was 

centered in the dentate gyrus of the hippocampus and the cerebellar area, whereas Serinc5 

mRNA was mostly expressed in the cerebellum, and highly downregulated in the 

hippocampus. SERINC (1-5) were found to be induced and to interact with proteins involved 

in neuronal activity modulation [213]. 

1.3.1.1. SERINC functional ambiguity and family members  

The terminology results from the putative role of SERINC in supporting the synthesis of serine-

containing lipids in the plasma membrane, such as phosphatidylserine. Evolutionary studies 

revealed that the SERINC family operates as effector molecules, highly conserved in 

eukaryotes, yet absent in prokaryotes, indicating a specific role for complex organisms [213, 

214]. Simple eukaryotes like Saccharomyces cerevisiae or Drosophila melanogaster have only 

one SERINC gene, whereas complex eukaryotes harbor five copies of the gene, due to 

genome duplication processes observed in vertebrates (reviewed in [215]). Thus, the human 

genome carries five SERINC genes, SERINC1 to SERINC5, which encode five proteins of 

similar topology. The sequence of SERINC proteins contains up to 58% of hydrophobic amino 

acids which are associated in ten predicted span domains. Recent studies have shown that 

deletion of SERINC1 or SERINC5 doesn´t affect the lipidome of the host cell, confronting the 

proposed biological function [213, 216]. Additionally, SERINC2 deletion was shown to diminish 

proliferation, and spread of adenocarcinoma cells [217]. It is to date debated if these are actual 

biological functions of SERINC proteins, however lack of studies characterizes all SERINCs´ 

as genes with unknown function. SERINC3 was identified in a mouse tumor, and later on in 

human leukemia cells derived from patients suffering from promyelocytic leukemia, receiving 

the initial definition of tumor differentially expressed gene (TDE) [218]. In the meanwhile, more 

members were found analyzing tissues from the central nervous system of adult mice, with 

similar structural characteristics, and SERINC members were classified as transmembrane 

spanner (TMS) proteins, owed to the identification of several spanning domains [219]. 

SERINC5 was first isolated from differentiated myelinating oligodendrocytes, while SERINC1 

was shown to be expressed in several human cancers [220, 221]. Moreover, SERINC3 was 
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highly detected in distinct mouse brain compartments, suggesting an unknown but crucial 

function in the central nervous system [220, 222]. Interestingly, although structurally similar, 

each SERINC protein has only partial amino acid homology, ranging from 31 (SERINC3 and 

SERINC4) to 58% (SERINC1 and SERINC3). Thus, SERINC proteins were subdivided into 

two phylogenetic classes according to their close relatedness: 1) SERINC4 and SERINC5 and 

2) SERINC1, SERINC2 and SERINC3 [213].  

1.3.1.2. SERINC isoforms: the carboxyl-end and 10th transmembrane 

domain 

SERINC3 and 4 genes were shown to produce one additional splicing variant, 3B and 4B 

respectively, however no functional studies were performed to unravel their functionality [213]. 

For SERINC2 there is no confirmed information existent regarding its splicing pattern. 

Recently, Zhang and colleagues identified proteins resulting from six splicing isoforms for 

SERINC5, namely SERINC5-001, SERINC5-004, SERINC5-005, SERINC5-008a, SERINC5-

008b, and SERINC5-201. Authors revealed that SERINC5-001 is the longest isoform encoding 

461 amino acids, with one predicted N-terminal end with 36 amino acids, 10 transmembrane 

domains, and one 12 amino acid long carboxyl(C)-terminal end. The other five isoforms 

differed in their C-terminal end and lacked the 10th transmembrane domain. Shortly, SERINC5-

004 with a C-terminal end containing 47 amino acids, SERINC5-005 with 11 amino acids, 

SERINC5-008a with 8 amino acids, and SERINC5-008b and SERINC5-201 with 5 amino acids 

each (Figure 4A). Moreover, this study evidenced that SERINC3 has no splicing variants, 

according to evaluated sequence tags in the Genome Browser of the University of California 

[223]. Interestingly, before SERINC5 proteins were identified by Inuzuka, their full-length cDNA 

was isolated and cloned by another group, naming it at the time C5orf12 gene, due to its 

localization in chromosome 5, open reading frame 12 [224]. All transcript variants could be 

isolated experimentally, with exception of SERINC5-201, which the authors named as “an 

artifact” due to lack of existing full-length cDNA or RNA sequencing data. According to 

Ensembl, the transcript is classified as “transcript support level 5”, which indicates that the 

transcript is not accompanied by an mRNA. mRNA levels, measured in Jurkat cells expressing 

the simian virus 40-derived T antigen(J-TAg), J-TAg-KO cells, HEK293T cells, monocyte-

derived macrophages (MDMs) and peripheral blood mononuclear cells (PBMCs), revealed a 

predominant expression of SERINC5-001 and SERINC3 over the other SERINC5 variants. 

Moreover, J-TAg showed the highest expression of both SERINC5-001 and SERINC3. Using 

several C-terminal end mutants, the authors found that SERINC5-001 protein has higher 

steady-state levels than SERINC5-008a and -005. Moreover, the protein half-life of SERINC5-

001 was about six hours, compared to SERINC5-008a and -005 with only thirty minutes, 

suggesting that SERINC5-001 is more stable than SERINC5-008a and -005. In addition, 
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deletion of its 10th transmembrane domain (ΔX mutant) or the C-terminal end decreased the 

total protein amount of SERINC5-001, suggesting that both sequence regions are crucial for 

SERINC5 expression. Interestingly, but not surprisingly, SERINC5-001 was located at the 

plasma membrane, contrarily to SERINC5-005 and -008a (both lack the 10th transmembrane 

domain) and the ΔX mutant which were detected in the cytoplasm. Flow cytometry analysis 

confirmed this observation, as only SERINC5-001 was detected at the cell surface. This finding 

argues that the 10th transmembrane domain is essential for SERINC5 plasma membrane 

expression [223].  

 

Figure 4: SERINC5 isoforms and predicted topology. A) Putative topology of each SERINC5 splicing isoform (SERINC5-001, -

004, -008a, -008b, -005, -201) according to the public platform “Transmembrane prediction using hidden Markov model (TMHMM)” 

accessible at http://www.cbs.dtu.dk/services/TMHMM/. Briefly, SERINC5-001 is the longest isoform harboring ten spanning 

domains (signaled in blue). The length of each isoform is depicted under their nomenclature. Prediction indicates that SERINC5-

001 has its N-terminal domain and C-terminal end directed to the intracellular layer of the plasma membrane. According to Zhang 

et al. SERINC5-001 has a short C-terminal tail with twelve amino acids (a.a.). The remaining isoforms share similar topology with 

the exception of their C-terminal end length and absence of the 10th transmembrane domain. The a.a. length of each C-terminal 
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end is illustrated below or above each isoforms tail. Each color represents a different length. B) Detailed topology of SERINC5-

001 based on three independent studies from the group of Dias-Griffero, Guateli and Göttlinger. Here, authors predicted that 

SERINC5-001 has five extracellular and four intracellular loops (L). Tagging of this loops and immunostaining revealed that L2, 

L4, L8 and the C-terminal end were detected intracellularly, whereas L7 and L9 were expressed at the cell surface suggesting 

their extracellular localization. Although low expression could not reveal localization of the remaining loops, prediction proposes 

that L1, L3 and L5 should be extracellular, while L6 and the N-terminal tail are directed towards inside the cell membrane. 

SERINC5-001 harbors a N-glycosylation site at position 294 in its 4th extracellular loop or L7. Furthermore, it was demonstrated 

that L8 or 4th intracellular loop (in red) confers sensitivity to counteraction mediated by HIV-1 Nef. Image created using TMHMM 

topology prediction tool and based on [225-227]. 

1.3.2. SERINC5s´ role during pathogenesis 

SERINC5 was identified as a host restriction factors with antiviral activity through studies of 

the well-known HIV-1 accessory protein Nef. As explained in section 1.1.4 “Virion structure 

and viral replication cycle”, Nef is a 27 kilodalton (kDa) protein, with countless functions, both 

pro-virus and contra-host. Studies showed that Nef is prominently required for efficient and 

increased viral infectivity in vivo and in some cell types [47]. Nefs´ impact on virus infectivity 

was set to depend on the cell producing the HIV-1 virions, suggesting an unknown host protein 

which was being antagonized by Nef in non-permissive cells [228]. In addition, Nef decreases 

the levels of CD4 and MHC-I molecules from the cell surface of infected cells, by targeting 

them for degradation [229]. The interaction of Nef with components of the endocytic pathways, 

such as AP2 and dynamin 2, was shown to be crucial for efficient infectivity, proposing once 

again that a membrane protein, with cell-specific expression pattern was being targeted by 

HIV-1 Nef [230, 231].      

1.3.2.1. SERINC3/5 and HIV-1 Nef: architecting a virus with impaired fusion 

capacity 

In 2015, two independent research groups published concordant findings on SERINC5 and 

SERINC3´s antiviral activity against HIV-1, through their common interest on unraveling the 

reasons of Nef-mediated increase of HIV-1 infectivity (reviewed in [215]).  

The group of Massimo Pizzato made use of whole transcriptome data of producer cells that 

required the presence of Nef to promote production of virions with efficient infectivity (high 

responsiveness to Nef) compared to cells that produced virions with infectivity capacity 

independent of Nef (low responsiveness to Nef). RNA sequencing, followed by comparative 

correlations identified SERINC5 as the gene with differential expression and association with 

Nef responsiveness and requirement. Depletion of SERINC5 from J-TAg cells (high Nef 

responsiveness) recovered the infectivity of Nef-depleted HIV-1 virions, which was drastically 

reduced in the presence of SERINC5. Nevertheless, SERINC5 depletion did not increase the 

infectivity of Nef-containing particles. SERINC5 equally reduced the infectivity of Nef-deficient 
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virions in PBMCs. The authors showed that expressing SERINC5 ectopically in 293T cells 

(mild Nef responsiveness) was sufficient to reduce the infectivity of Nef-deficient HIV-1 

particles. Interestingly, increasing amounts of SERINC5 resulted in a nullified effect of Nef, 

suggesting that the capability of Nef to antagonize SERINC5 can be saturated. Deletion of 

SERINC1, SERINC2 and SERINC4 did not rescue the infectivity of virions depleted of Nef, 

whereas SERINC3 partially improved infectivity of ΔNef particles. Furthermore, it was 

demonstrated that Nef-mediated antagonism of SERINC5 is driven by the ability of Nef to 

interact with AP2 and dynamin 2. Authors demonstrated that use of HIV-1 pseudotyped with 

Ebola virus glycoprotein or vesicular stomatitis virus G protein (VSV-G) reverted the sensitivity 

of ΔNef virions to SERINC5, suggesting that the viral entry route regulates the Nef impact on 

HIV-1 infectivity and SERINC5 antagonism. Moreover, using Nef proteins from distinct HIV-1 

subtypes derived from clinical isolates, from HIV-1 laboratory adapted strains and opposing 

SIV lineages revealed a consistent restriction of SERINC5, although at different levels, 

suggesting that Nef exerts a conserved role across human and non-human primate viruses. 

Remarkably, immunoblot analysis of HIV-1 virions revealed presence of hemagglutinin (HA)-

tagged SERINC5 in ΔNef particles, suggesting ability of SERINC5 to incorporate these virions. 

Conversely, WT virions drastically impaired SERINC5 incorporation, which was dependent on 

the type of Env glycoprotein present and on the ability of Nef to bind to AP2. Lastly, SERINC5 

was shown to localize to late endosomes in the presence of Nef, being unable to incorporate 

into newly assembled virions. Lastly, in this study SERINC5 was shown to impair the delivery 

of viral core into the cytoplasm of newly infected cells, most probably due to effects on HIV-1 

fusion [232].  

The Göttlinger laboratory investigated a possible virion-incorporated factor that is counteracted 

by Nef in a cell-type dependent manner, to elucidate the Nef-mediated enhancement of HIV-1 

infectivity. Here, they performed a proteomic analysis of concentrated and purified WT and 

ΔNef HIV-1 particles derived from infected MOLT-3 (T lymphoid) cells (high Nef 

responsiveness). Here, only SERINC3 was found incorporated in Nef-deficient particles. HA-

tagged SERINC3 protein expression was confirmed by immunoblotting of supernatant 

containing ΔNef virions, and shown to be functionally impaired in the presence of HIV-1 Nef 

derived from various HIV-1 isolates belonging to different clades and laboratory-adapted 

strains. As some of the analyzed Nef proteins failed to impair SERINC3 incorporation, the 

authors tested the effect of Nef on other SERINC family members. In agreement with Pizzatos´ 

work, only SERINC3 and SERINC5s´ ability to incorporate virions harboring the Nef protein 

was impaired. They proposed that Nef impairs SERINC5 incorporation by diminishing its 

abundance at the plasma membrane. Interestingly, comparing high, mild and low Nef 

responsive cell lines revealed a correlation between the levels of SERINC5 mRNA and the 

prerequisite of Nef, showing once again that Nef is essential to counteract SERINC5. SERINC5 
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mRNA levels in PBMCs were enhanced compared to Jurkat cells, and were not modulated by 

IFN-α. This study demonstrates as well that SERINC5 is more potent in inhibiting infectivity of 

Nef-deficient virions than SERINC3, and that even low levels of ectopically expressed 

SERINC5 are enough to exert this inhibition. Similar to the first study, late reverse transcribed 

products were reduced and fusion capacity was strongly impaired in ΔNef particles derived 

from cells overexpressing SERINC5. Surprisingly, although minimal amounts of SERINC5 

were sufficient to reduce infectivity of Nef-deficient virions, fusion was only affected when 

higher amounts of SERINC5 were used. SERINC3 and SERINC5 knock out (KO) experiments 

showed that double KO resulted in the production of particles with 5-fold higher infectivity 

compared to those produced by single SERINC3/SERINC5 KO cells [233]. Both studies 

contributed to a better understanding on Nef-mediated enhancement of HIV-1 infectivity, and 

opened a new field of research that aims at understanding the role of a novel sophisticated 

intrinsic host factor in modulating innate immune responses. 

The group of Felipe Diaz-Griffero demonstrated that SERINC5 is localized to lipid rafts, 

characterized as detergent-resistant membranes (DRM). As HIV-1 Env also localizes to DRM, 

they showed that SERINC5 changes the conformation of Env when co-localized, presumably 

affecting HIV-1 fusion. Here, they made use of the “TOPCONS” web server to predict the 

topology of SERINC5, and stated that SERINC5 has indeed ten spanning domains, four 

possible intracellular loops and five extracellular loops (Figure 4B). Surface and intracellular 

protein analysis of epitope Flag-tagged SERINC5 loops (L1-9) demonstrated that the C-

terminal loop was only detectable when permeabilizing the cells, suggesting an intracellular 

localization. Furthermore, in the same way, the 2nd, 4th, and 8th loops were detected 

intracellularly. In contrast, the 7th and 9th loop localized extracellularly. Using this method, the 

1st, 3rd, 5th, 6th and the N-terminal end were not sufficiently detectable to conclude on their 

localization. Additionally, the authors tested the role of each loop to restrict HIV-1 infectivity. 

Authors assumed that a Flag tag would affect the natural function of the loop. Interestingly, 

only L2, L7 and L8 were not affected by the Flag tag and diminished HIV-1 infectivity. 

Conversely, L4 or L9 showed attenuated effect on HIV-1 infectivity, suggesting a role of these 

loops on restricting HIV-1 [227].  

As SERINC5 was thought to have a role in phospholipid synthesis [213], and lipid composition 

and integrity is a key feature to determine HIV-1 infectivity [234], Trautz and colleagues 

analyzed extensively via mass-spectrometry whether SERINC5 was able to disturb the 

lipidome of HIV-1. Neither virus particles derived from SERINC5-expressing cells nor the cells 

themselves showed modifications in overall or specific lipid composition in a SERINC-

dependent manner [216]. Phosphatidylserine (PS) a membrane lipid, was shown by others to 

be essential for HIV-1 entry when exposed at the surface of target cells [235]. Here however, 
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PS did not appear differently exposed on HIV-1 virions neither on cells, but rather fairly 

externalized as expected. Similarly, authors showed that PS is not the key molecule for 

SERINC5 restriction as blocking it by adding PS-receptor competing PS liposomes (should 

block PS receptors and impair virus uptake dependent on PS) didn´t alter the decrease of HIV-

1 infectivity [216]. 

1.3.2.2. How does Nef really counteract SERINC5? Puzzling theories  

After the discovery of SERINC5 as an antiviral factor many efforts have been done to unravel 

the mechanism behind its restriction. Murrell B. examined the evolutionary fingerprints across 

several primate species of SERINC3 and SERINC5 genes and analyzed them for a potential 

relation with restriction factors or genes known to have suffered evolutionary pressure (e.g. 

APOBEC3G or Lysozyme) [236]. Using hierarchical clustering to link relatedness, they found 

that three clusters could be formed: 1) evolutionary arms race which contains all the genes 

that were shown to constantly “fight” through evolution with pathogens (APOBEC3G and 

TRIM5-α); 2) genes that definitely underwent positive selection in primates, such as SAMHD1 

and Lysozyme; 3) no apparent positive selection markers, to which SERINC3 and SERINC5 

belong to. It is curious that a gene that restricts HIV-1 and is antagonized by the Nef protein 

has escaped evolutionary pressure. There are some logical possible explanations for it: 

SERINC (1-5) unknown biological functions which blocks positive selection; the sequence 

regions that undergo positive selection are so few that it hides it from being detected; perhaps 

other features have to be analyzed, than codons, to unravel the truth on positive selection 

[236]. Interestingly, although SERINC5 has 6 isoforms, only isoform 5-001 was identified as 

exerting HIV-1 antiviral activity due to the presence of the 10th transmembrane domain, high 

expression and stability, compared to the other variants [223]. The next sub-chapters will 

exemplify the theories proposed to associate the predicted topology, localization and proposed 

function of SERINC5 to its role on Nef counteraction and fusion inhibition.  

1.3.2.2.1. Theory 1: topology chimaeras 

One critical hallmark of Nef-mediated restriction of SERINC5 involves its exclusion from HIV-

1 virions through removal from the cell surface. A recent study identified a conserved N-

glycosylation site, N294 (Figure 4B). The same group claims that the high-molecular-weight 

species of SERINC5 is predominantly incorporated into virions, which corresponds to the 

predicted molecular weight of SERINC5 (~51kD). Moreover, authors showed that this species 

is N-glycosylated. Although N294 was shown to be important for the stability of SERINC5 at 

steady-state levels, it did not improve SERINC5s´ antiviral activity nor its sensitivity to Nef 

[226]. It was demonstrated that Nef proteins from different HIV-1 strains counteract SERINC5 

at variable levels [233]. A parallel investigation from the Göttlinger group elucidated that the 
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4th intracellular loop of SERINC5 confers sensitivity to HIV-1 Nef-mediated antagonism. 

Interestingly, transfer of the 4th intracellular loop derived from a Nef-sensitive SERINC5 to a 

SERINC3 that is resistant to a specific NefSF2 (HIV-1 group M, subtype B), turned SERINC3 

sensitive to Nef antagonism [225]. Further studies revealed the existence of a conserved amino 

acid sequence (EDTEE) in the 4th intracellular loop, that conferred resistance to HIV-1 Nef, 

through possible binding to AP1 and AP2 [237]. 

1.3.2.2.2. Theory 2: the Env paradox 

It was explained previously that exchanging the envelope glycoprotein of HIV-1 with the one 

from VSV or Ebola reverts SERINC5 sensitivity to Nef [232, 233]. Usami Y. found that the 

V1/V2/V3 Env trimer conferred the Nef responsiveness and Nef sensitivity to antibody 

neutralization [238]. This could be used as an explanation for SERINC5 restriction: Beitari et 

al. validated that specific HIV-1 strains were resistant to SERINC5 restriction, in a Nef-

independent manner. Interestingly, replacing the envelope V3 region from sensitive HIV-1 with 

a resistant V3 loop was sufficient to grant resistance of HIV-1 to SERINC5. This phenomenon 

appeared to be true for all the sensitive HIV-1 viruses, which became resistant to SERINC5. 

Intriguingly, virions from sensitive and resistant viruses had similar amounts of incorporated 

SERINC5, suggesting that HIV-1 resistance to SERINC5 derives from Env conformation [239]. 

Another group showed similarly that laboratory-adapted viruses were sensitive to SERINC5 

restriction, whereas HIV-1 isolates resisted inhibition by the host factors. Authors propose that 

SERINC5 disrupts the trimeric structure of Env derived from sensitive viruses, hypothesizing 

that Env conformation is required for Nef sensitivity to SERINC5 [240]. Furthermore, 

Melikyans´ group showed that SERINC5 impairs the fusion pore formation between ΔNef HIV-

1 virions and target cells, yet exclusively by virions expressing sensitive Env proteins. 

Interestingly, HIV-1 virions pseudotyped with distinct Env proteins harboring SERINC5 were 

more prone to be neutralized by antibodies compared to those lacking SERINC5, due to 

increased exposure of gp41. Overall, SERINC5 may impair an early fusion event by either 

inactivating sensitive Env glycoproteins through conformational modification or by postponing 

the refolding of gp41, which in consequence leads to a delayed or impaired viral fusion [241].  

1.3.2.2.3. Theory 3: Endocytosis 

Shi and colleagues tried to unravel the mechanism to which Nef antagonizes SERINC5. 

Previous work from Pizzato and Göttlinger showed that SERINC5 is excluded from HIV-1 

virions, through downregulation of SERINC5 from the cell surface [232, 233]. The use of 

several Nef mutants allowed the authors to show that Nef downregulates SERINC5 through 

the use of its di-leucine motif which promotes the binding to AP2 and clathrin, inducing the 

internalization of SERINC5. The authors claim to detect an interaction between Nef and 
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SERINC5 via a bimolecular fluorescence complementation (BiFC) assay, however until now a 

direct physical interaction of Nef and SERINC5 is still to be confirmed. Polyubiquitinated 

SERINC5 was detected in early, late and recycling endosomes, when “complexed” with Nef, 

later being directed to lysosomes for degradation [242].  

A recent study has explored how the presence of SERINC5 or SERINC3, in certain cell lines, 

affects Nef-mediated enhancement of HIV-1 infectivity. In Jurkat T cells, known to express high 

levels of SERINC5, Nef mediates SERINC5 counteraction, to permit a successful HIV-1 

infection. Here, glycoGag from MLV complemented the absence of Nef, and enhanced the 

infectivity of HIV-1 virions. Yet, in cells such as MOLT-3 T lymphoid cells or primary human T 

cells, glycoGag was unable to substitute Nef in enhancing viral infectiousness, regardless of 

absence of SERINC5 or SERINC3. These findings elaborate on a new theory for Nef-mediated 

increase of HIV-1 infectivity, independent of SERINC5/ SERINC3 antagonism, yet 

hypothesizing existence of a new, more potent host factor, that is counteracted by high 

SERINC-resistant HIV-1 Nef [243]. 

1.4. Cellular glycoprotein 90K: much more than kilodalton  

90K, also known as galectin-3-binding protein (LGALS3BP), was originally named after its 

molecular weight of 90 kD. It was characterized as a secreted glycoprotein, expressed in body 

fluids such as tears, breast milk, semen and in the blood [244, 245]. Apart from being 

expressed in body fluids, 90K was detected in several epithelial tissues, including breast 

cancer or lung carcinoma cells [246, 247]. To achieve its secreted form, 90K traffics through 

the secretory pathway via its signal peptide (SP) located in the N-terminus. In the endoplasmic 

reticulum, 90K undergoes several N-glycosylation events and is transported by the cellular 

leguminous-type lectin ER-Golgi intermediate compartment (ERGIC)-53 to the Golgi apparatus 

[248]. Structurally, 90K can be divided into four domains: 1) scavenger receptor cysteine-rich 

(SRCR) domain, 2) broad-complex, tramtrack and bric à brac/poxvirus and zing finger 

(BTB/POZ) domain, 3) BTB and C-terminal Kelch (BACK) domain and 4) a C-terminal domain 

[249]. Its BTB domain was shown to promote dimerization [250], and oligomerization which 

resulted in the formation of ring structures containing between five to eight 90K dimers [249, 

251]. 

1.4.1. Cellular functions 

90K was initially recognized as a tumor associated antigen, due to its detection in patients 

diagnosed with breast and lung cancer, as well as lymphoma [247, 252] [253]. Interestingly, 

90K oligomeric ring structure was proposed to be crucial for it to function as a cell adhesion 

factor [250]. Later on, the secreted form of 90K was found to bind to distinct ligands in the 
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extracellular layer of the plasma membrane; in vitro studies suggested the binding to 

fibronectins, collagens and β-integrins, whereas in vivo it could only be shown to interact with 

galectin-3 [251, 254]. The latter was shown to be crucial for cell-to-cell and cell-to-extracellular 

layer interactions as it increased cell aggregation, features known to be critical for tumor growth 

and spread [255] [256] [257]. 90K is an interferon stimulated gene [258, 259], shown to be 

upregulated in breast cancer cells and ovarian carcinoma cells stimulated with IFN-α2 [260, 

261]. Moreover, upregulation of 90K in oncogenic cell lines promoted the production of pro-

inflammatory cytokines, such as IL-2, suggesting a possible function as an immunomodulator 

[245]. PBMCs stimulated with secreted 90K and concanavalin A (ConA), produced higher 

levels of IL-2, IL-1, IL-6, TNF-α and granulocyte-macrophage colony-stimulating factor (GM-

CSF). However, the effect of 90K was shown to be indirect, as 90K alone did not induce 

cytokine production. Alternatively, this cytokine production induced activation of neighboring 

cells, which resulted in the release of more cytokines and expression of adhesion molecules 

required for activation of T cells and NK cells [245, 262]. Recent studies elucidated the role of 

90K on inducing innate immune responses in the context of a viral infection. 

1.5. 90K role during pathogenesis 

As an interferon-stimulated gene, it was no surprise to find 90K expression enhanced during 

different viral infections. Acute Hantavirus infection enhanced 90K mRNA and protein levels in 

Vero E6 cells and in primary human endothelial cells. Here, 90K was detected at high levels 

in the serum of macaques infected with hantavirus [263]. 90K was detected in serum samples 

from patients infected with chronic hepatitis B (HBV) and C (HCV) viruses. Presence of 90K 

was associated to disease severity and persistence and high levels of 90K in HCV-positive 

patients were associated with non-responders to IFN-α treatment [264]. Recent studies 

elucidated the role of 90K on inducing innate immune responses in the context of a viral 

infections. 90K expression was found to be upregulated in response to Influenza A virus (IAV) 

and Herpes Simplex 1 virus (HSV-1) infection [265]. Interestingly, it was shown that 90K could 

act as a scaffold/adaptor protein by binding to the TNF-receptor associated factor 6 (TRAF6) 

and TRAF3, inducing their auto-ubiquitination. Recruitment of mitogen-activated protein kinase 

kinase kinase 7 (TAK1) and TBK1 induced targeting of NF-κB, IRF3 and IRF7 to the nucleus 

and promoted the production of IFN and release of pro-inflammatory cytokines [265]. Current 

studies have shown association of 90K expression in bacterial infection. Observations state 

that 90K binds to certain bacterial effector proteins, exerting somehow an alert function to 

activate the innate immune system [266].  
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1.5.1. 90K during HIV-1 infection: beyond HIV-1 infectivity defect 

In 1993, three independent studies showed that 90K detection could be associated to disease 

progression in HIV-1 infected patients. Natoli and colleagues demonstrated that 90K serum 

levels were higher in HIV-1-infected patients that progressed to AIDS compared to non-

progressors [267]. One study of the Iacobeli group added that 90K was increased in serum 

samples of HIV-1-infected individuals which also had hemophilia, compared to individuals that 

don’t have hemophilia. Authors showed here that 90K levels arose as patients progressed to 

AIDS, validating its published role in predicting HIV-1 disease progression [268]. Additionally, 

two cohort studies that included HIV-1-infected men or children, associated at last the 

increased serum 90K levels to low CD4 counts, high β2-microglobulin levels and high IFN 

production, all features of AIDS establishment [269, 270]. Remarkably, 90K was found to be 

one of the upregulated ISGs in HIV-1 infected CD4+ T cells. This upregulation was induced by 

IFN-α, produced by pDCs as a consequence of HIV-1 infection [271]. Lodermeyer et al. [272] 

showed, for the first time, that 90K is an ISG with antiviral activity against HIV-1. 90K was 

shown to decrease infectivity of progeny virions in a dose-dependent manner. Inefficient 

infectivity was correlated to impaired incorporation of gp120 and gp41. HIV-1 producer cells 

expressing 90K revealed impaired gp160 processing, and diminished gp120 surface levels. 

Additionally, no evidence could be generated for 90Ks´ interaction with HIV-1 Env nor trapping 

of gp120 into ER compartments. Interestingly, the cell-associated 90K but not the secreted 

90K form were responsible for its antiviral activity. Furthermore, authors identified the 

BTB/POX and IVR domains as required and sufficient for 90K´s-mediated inhibition of HIV1 

infectivity. Contrariwise, murine 90K (cyclophilin C-associated protein) did not impair HIV-1 

infectivity neither gp120 virion incorporation, proposing a species-specific antiviral activity. KO 

studies validated its role as it increased HIV-1 infectivity, Env virion incorporation and viral 

spread in TZM-bl cells and primary macrophages [272]. 

Both SERINC proteins and 90K were identified as host restriction factors against HIV-1, with 

modes of action not well understood. Ongoing studies open a new era of well-characterized 

novel intrinsic or induced host factors, which will improve the knowledge on one of the most 

studied viruses in the history of virology, HIV-1 
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2. Thesis aims 

The work for this thesis was divided into two main projects, enclosing an in-depth methodical 

analysis of novel identified intrinsic and induced restriction factors which were shown to impair 

HIV-1 infectivity of nascent virions, such as SERINC5 and 90K, respectively.     

Main goal 1: The mechanisms behind SERINC5-mediated reduction of HIV-1 infectivity and 

the antagonism exerted by HIV-1 Nef has been systematically studied by others in the context 

of ectopically expression or genetic knock-out systems, due to the lack of a SERINC5 antibody 

with sufficient sensitivity and specificity. Our group in collaboration with Prof. Winfried Barchet 

generated, via clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 

technology, Jurkat T cells in which we inserted an HA-epitope sequence within exon eight of 

the SERINC5 gene. This enables the endogenous expression of SERINC5 protein that exhibits 

an HA tag exposed in its fourth extracellular loop at the interface E290/H291. To further 

investigate the expression of endogenously expressed SERINC5 and its antiviral role against 

HIV-1, we characterized Jurkat-SERINC5(iHA-knock-in) T cell clones. For this we used three 

clones which harbored the HA-tag in both SERINC5 gene alleles (iHA/iHA), and six clones 

which had the HA-tag in only one allele, whereas the other SERINC5 allele was knocked-out 

(iHA/KO).   

The specific goals of the first aim were: 

1. To assess the gene and protein expression levels and subcellular localization of 

endogenous SERINC5;   

2. To characterize the effect of interferon treatment on endogenous SERINC5 gene 

and protein expression, and its role in modulating SERINC5 localization. 

3. To investigate the role of endogenous SERINC5s´ antiviral activity against HIV-1 

by assessing the fusion capacity of HIV-1 virions and HIV-1 infectivity in the 

presence of endogenous SERINC5 

4. To validate the Nef-mediated antagonism of SERINC5 through examination of 

SERINC5s´ surface levels, internalization rate, degradation state and incorporation 

into virions  

5. To appraise the effect of the SIVcol Nef protein, derived from guereza colobus 

monkeys, in antagonizing endogenously expressed SERINC5 by analyzing its 

surface levels and degradation status 

Main goal 2: Our group showed previously that 90K/LGALS3BP exerts an antiviral activity 

against HIV-1, by reducing its infectivity. This counteraction was corroborated by an impaired 

processing of the envelope precursor gp160 leading to a defect on gp120 incorporation into 
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HIV-1 virions. In this study authors found that murine 90K was not able to counteract HIV-1, 

hypothesizing that 90K might exert a species-specific activity.  

The specific goals of the second aim were: 

1. To evaluated the species-specificity of 90Ks´-mediated decrease of lentiviral 

infectivity by assessing the effect of 90K primate orthologs in the infectivity of HIV-

1 virions and related lentiviruses. 
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3. Results 

3.1. Original paper I 

Characterization of Endogenous SERINC5 Protein as anti-HIV-1 Factor. Passos V*, Zillinger 

T*, Casartelli N, Wachs AS, Xu S, Malassa A, Steppich K, Schilling H, Franz S, Todt D, 

Steinmann E, Sutter K, Dittmer U, Bohne J, Schwartz O, Barchet W, Goffinet C**. J Virol. 2019 

Oct 9. pii: JVI.01221-19. doi: 10.1128/JVI.01221-19. [Epub ahead of print] 

 

SERINC5 has evolved to one of the most searched HIV-1 host antiviral factors, which was 

found to be counteracted by the HIV-1 accessory protein Nef. It is a unique transmembrane 

protein that is conserved within eukaryotes. Heterologous systems revealed that SERINC5 

restriction involves its incorporation into HIV-1 virions, reducing the fusogenicity of Nef-

defective HIV-1 particles with target cells in the next round of infection. Nef counteracts 

ectopically expressed SERINC5 by diminishing its surface levels via targeting the restriction 

factor for lysosomal degradation. How endogenous SERINC5 expression and subcellular 

localization is regulated, and its effect on HIV-1 infection remains unclear. In this study we 

developed a tool using CRISPR/Cas9-assisted gene editing technology to allow the detection 

of endogenous SERINC5. Here, we elucidate the role of endogenous SERINC5 during HIV-1 

infection and its regulation by IFN-α.    

 

Contribution to this study 

I declare that for this work I performed 80% of the practical experiments including Figure 2A, 

C, D, E, F; complete Figure 3, 4 and 5.  
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ABSTRACT When expressed in virus-producing cells, the cellular multipass trans-
membrane protein SERINC5 reduces the infectivity of HIV-1 particles and is counter-
acted by HIV-1 Nef. Due to the unavailability of an antibody of sufficient specificity
and sensitivity, investigation of SERINC5 protein expression and subcellular localization
has been limited to heterologously expressed SERINC5. We generated, via CRISPR/Cas9-
assisted gene editing, Jurkat T-cell clones expressing endogenous SERINC5 bearing an
extracellularly exposed hemagglutinin (HA) epitope [Jurkat SERINC5(iHA knock-in) T cells].
This modification enabled quantification of endogenous SERINC5 protein levels and
demonstrated a predominant localization in lipid rafts. Interferon alpha (IFN-�) treat-
ment enhanced cell surface levels of SERINC5 in a ruxolitinib-sensitive manner in the
absence of modulation of mRNA and protein quantities. Parental and SERINC5(iHA
knock-in) T cells shared the ability to produce infectious wild-type HIV-1 but not an
HIV-1 Δnef mutant. SERINC5-imposed reduction of infectivity involved a modest re-
duction of virus fusogenicity. An association of endogenous SERINC5 protein with
HIV-1 Δnef virions was consistently detectable as a 35-kDa species, as opposed to
heterologous SERINC5, which presented as a 51-kDa species. Nef-mediated func-
tional counteraction did not correlate with virion exclusion of SERINC5, arguing for
the existence of additional counteractive mechanisms of Nef that act on virus-
associated SERINC5. In HIV-1-infected cells, Nef triggered the internalization of SERINC5
in the absence of detectable changes of steady-state protein levels. These findings es-
tablish new properties of endogenous SERINC5 expression and subcellular localization,
challenge existing concepts of HIV-1 Nef-mediated antagonism of SERINC5, and uncover
an unprecedented role of IFN-� in modulating SERINC5 through accumulation at the cell
surface.

IMPORTANCE SERINC5 is the long-searched-for antiviral factor that is counteracted
by the HIV-1 accessory gene product Nef. Here, we engineered, via CRISPR/Cas9 tech-
nology, T-cell lines that express endogenous SERINC5 alleles tagged with a knocked-in
HA epitope. This genetic modification enabled us to study basic properties of en-
dogenous SERINC5 and to verify proposed mechanisms of HIV-1 Nef-mediated coun-
teraction of SERINC5. Using this unique resource, we identified the susceptibility of
endogenous SERINC5 protein to posttranslational modulation by type I IFNs and
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suggest uncoupling of Nef-mediated functional antagonism from SERINC5 exclusion
from virions.

KEYWORDS HIV-1, interferons, antiviral factor, SERINC5, Nef, CRISPR/Cas9, human
immunodeficiency virus

During its replication cycle, HIV-1 needs to overcome and counteract several intracel-
lular restrictions exerted by cellular antiviral restriction factors. The HIV-1 accessory

protein Nef, which is essential for the generation of fully infectious HIV-1 particles,
especially in selected lymphoid T-cell lines (1) and primary T cells (2), antagonizes the
restriction imposed by cellular SERINC5 (3, 4) and, to a lesser extent, SERINC3 (4)
proteins. Murine leukemia virus (MLV) and equine infectious anemia virus (EIAV) have
evolved cognate SERINC5-counteracting factors, glyco-Gag and S2, respectively (3, 5–8),
illustrating the importance of developing antagonistic strategies against SERINC5 dur-
ing virus evolution. The antiviral mode of action of SERINC5 and the mechanisms of
Nef-mediated counteraction have been addressed in several studies using heterolo-
gous expression systems based on transient overexpression and genetic knockout
systems (3, 4, 9–18). In these assays, SERINC5’s ability to reduce the infectivity of HIV-1
Δnef particles is associated with its incorporation into virions, which reduces the
Env-mediated capacity to fuse with target cells during the next round of infection. This
has spurred the concept that SERINC5 interferes quantitatively and/or qualitatively with
the HIV-1 Env-mediated membrane fusion process through inactivation of HIV-1 Env
glycoproteins, resulting in diminished fusion pore formation (11, 12). HIV-1 Nef down-
regulates cell surface levels of ectopically expressed SERINC5 (3, 4, 10) and may target
it for lysosomal degradation (17), thus diminishing quantities of surface SERINC5
protein pools. However, some data also point toward additional modes of counterac-
tion, including inactivation of residual virus-associated SERINC5 molecules (10). The
regulation of the expression and subcellular localization of SERINC5 protein remains
largely unexplored to date. The impact that Nef exerts on physiological levels of
endogenously expressed SERINC5 protein and how these relate to functional counter-
action of antiviral restriction are unclear. Here, by applying a CRISPR/Cas9-assisted
epitope knock-in strategy, we investigate the fate of endogenous SERINC5 protein in
uninfected and HIV-1-infected Jurkat T cells, explore aspects of regulation of SERINC5
protein expression, and probe existing concepts of SERINC5-imposed restriction and
Nef-mediated antagonism of SERINC5.

RESULTS
CRISPR/Cas9-assisted generation of Jurkat T cells expressing HA epitope-

tagged SERINC5 alleles. We set out to epitope tag endogenous SERINC5 gene alleles
in Jurkat T cells, which endogenously express SERINC5 mRNA and represent an estab-
lished model system for investigation of the long-appreciated Nef-mediated HIV-1
infectivity rescue (3, 4). By applying a CRISPR/Cas9-assisted strategy, we inserted the
hemagglutinin (HA)-encoding sequence within exon 8 of the SERINC5 gene (Fig. 1A),
which is expected to result in the expression of endogenous SERINC5 protein displaying
an HA tag within its fourth extracellular loop at the interface of E290 and H291 (Fig. 1B).
This type of insertion has already been conducted in the context of heterologous
expression from a SERINC5-encoding plasmid (4), and we confirmed that HA tagging at
this position preserves the antiviral activity and susceptibility to Nef-mediated coun-
teraction of SERINC5 (Fig. 1C). DNA from individual clones was verified using a PCR
strategy that allows distinguishing the insertion of the HA-encoding sequence in one
and two SERINC5 gene alleles, respectively (Fig. 1D and E). Both SERINC5 alleles were
partially genotyped by Sanger sequencing (Table 1). We obtained two types of Jurkat
clones: SERINC5(iHA/iHA) clones expressed HA in both SERINC5 alleles, whereas
SERINC5(iHA/KO) clones expressed HA in only one allele, while the second allele bore
a frameshift or deletion (Table 1).
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SERINC5, exon 8
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Expression of endogenous SERINC5 mRNA and SERINC5 protein. HA epitope
tagging of endogenous SERINC5 genes did not modulate SERINC5 mRNA expression
levels as assessed by quantitative real-time PCR (Q-RT-PCR) analysis using a primer-
probe assay that amplifies a region common to all three known isoforms (19) (Fig. 2A).
Furthermore, Northern blot experiments using a SERINC5-specific probe revealed the
expression of isoform 1 in parental Jurkat T cells and in SERINC5(iHA/iHA) clones (Fig.
2B), suggesting that HA-encoding SERINC5 mRNAs equal SERINC5 mRNAs of parental
Jurkat T cells in terms of abundance and splicing behavior. HA sequence knock-in
enabled detection of endogenous SERINC5 protein by anti-HA immunoblotting of
cell lysates (Fig. 2C). Parental Jurkat T cells were negative for HA, and lysates from
SERINC5(iHA/iHA) and SERINC5(iHA/KO) clones displayed migration patterns that were
identical to those of lysates obtained from Jurkat T cells and HEK293T cells transduced
with SERINC5(iHA). SERINC5(iHA) presented as two protein species of 51 and 35 kDa,
respectively. The 51-kDa, but not the 35-kDa, species was sensitive to peptide-N-
glycosidase (PNGase) digestion (Fig. 2D), suggesting that it corresponds to the reported
molecular weight of fully N-glycosylated protein (16) and that the 35-kDa species
represents a nonglycosylated albeit still antiviral SERINC5 species (16). Endogenous
SERINC5(iHA) was detectable at the surface of intact cells by flow cytometric analysis of
anti-HA immunostaining (Fig. 2E and F), with a trend toward higher surface levels in
SERINC5(iHA/iHA) clones than in most SERINC5(iHA/KO) clones. Immunofluorescence
microscopy demonstrated presence of endogenous SERINC5(iHA) at the plasma mem-
brane and colocalization with cholera toxin-stainable ganglioside GM1, suggesting an
association with lipid rafts (Fig. 2G). Colocalization with the early endosomal marker
EEA1 was only rarely observed (Fig. 2H).

Type I interferon modulates cell surface expression of endogenous SERINC5
protein in the absence of modulation of mRNA and protein quantities. In line with
previously reported work (3, 4), treatment of SERINC5(iHA/iHA) clones with individual
interferon alpha (IFN-�) subtypes failed to consistently upregulate SERINC5 mRNA
expression, while IFIT1 mRNA expression was induced by 40- to 44,000-fold by all active
IFN-� subtypes, confirming the effectiveness of the IFN-� treatment (Fig. 3A). Of note,
individual IFN-� subtypes have been reported to substantially vary in their antiviral
potencies (20), providing a rationale for testing them individually and side by side.
IFN-�1, which has a comparably low affinity for IFN-alpha/beta receptor (IFNAR) (21),
was largely inactive under these experimental conditions. Additionally, no consistent
changes in total levels of cell-associated SERINC5(iHA) protein were detected upon
IFN-� treatment, arguing against a potential impact of IFN-� on SERINC5 protein
synthesis and overall stability. ISG15 protein levels were upregulated 4- to 23-fold by
individual active IFN-� subtypes (Fig. 3B). Interestingly, amounts of SERINC5 at the
surface of SERINC5(iHA/iHA) T cells increased up to 2-fold upon IFN-� treatment (Fig. 3C
and D). IFN-�-induced enhancement of SERINC5(iHA) surface levels was entirely abro-
gated in the context of cotreatment with the Jak/STAT inhibitor ruxolitinib. As a
reference, within identical samples, the induction of intracellular MXA/B expression,
which is strictly IFN dependent (22), was up to 3.6-fold (Fig. 3C). Immunofluorescence
microscopy of SERINC5(iHA) revealed HA positivity at the surface of both mock-treated
and IFN-�-treated cells (Fig. 3E). Together, these data suggest that the subcellular
localization of SERINC5 is regulated by type I IFNs in the absence of modulation of
mRNA and protein quantities.

HIV-1 Nef-mediated enhancement of particle infectivity may occur in the absence
of exclusion of endogenous SERINC5 from virions. Key concepts of SERINC5’s antiviral
mode of action and of its counteraction by HIV-1 Nef were established mainly in
heterologous expression systems. Here, we aimed at testing these working models in
the context of endogenously expressed SERINC5(iHA) protein. Parental Jurkat T cells
and the SERINC5(iHA/iHA), SERINC5(iHA/KO), and SERINC5(KO/KO) clones shared similar
susceptibilities to infection by the vesicular stomatitis virus G protein (VSV-G)-
pseudotyped, internal ribosome entry site (IRES)-green fluorescent protein (GFP)-
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expressing wild-type (WT) HIV-1 and HIV-1 Δnef mutant, as assessed by analysis of the
percentage of GFP-positive cells at 2 days postinfection (Fig. 4A). Infected parental cells
and the SERINC5(iHA/iHA) and SERINC5 (iHA/KO) clones produced wild-type HIV-1
particles of similar infectivities and shared the requirement of proviral Nef expression
for the generation of fully infectious particles (Fig. 4B). As expected, CRISPR/Cas9-
mediated knockout of both SERINC5 alleles fully rescued the ability of Jurkat T cells to
generate infectious HIV-1 Δnef virions (Fig. 4B). Interestingly, the reduction of HIV-1
Env-dependent, T-20-sensitive fusogenicity (Fig. 4C, left) that accompanied the
SERINC5-mediated reduction of particle infectivity (Fig. 4C, right) was relatively modest,
if even detectable, indicating that additional, postfusion restrictions might be exerted
by SERINC5. In addition, the fusion capabilities of HIV-1 wild-type and HIV-1 Δnef virions
were very similar, suggesting that functional counteraction of SERINC5 by Nef does not
occur at the level of virus-cell fusion. Immunoblotting of sucrose cushion-purified virus
followed by quantitative infrared-based imaging revealed an association of the 35-kDa,
but not of the 51-kDa, protein species of endogenous SERINC5(iHA) protein in HIV-1
Δnef particles derived from all Jurkat HA knock-in clones (Fig. 4D). In contrast, virions
derived from Jurkat T cells and HEK293T cells that had been retrovirally transduced with
SERINC5(iHA) presented exclusively and predominantly the 51-kDa species, respectively
(Fig. 4D), in accordance with previously reported results (4, 16). Surprisingly, proviral
Nef expression appeared to not reduce SERINC5 virion incorporation in all HA knock-in
clones (Fig. 4D and E). Virion-associated levels of SERINC5(iHA) were significantly
reduced by 50 to 60% in wild-type HIV-1 particles (compared to HIV-1 Δnef particles)
derived from the SERINC5(iHA/iHA) clones P1E8 and P2G3, the SERINC5(iHA/KO) clones
P1A2 and P1A8, and Jurkat T cells transduced with SERINC5(iHA). In contrast, levels of
SERINC5(iHA) were unaffected or even enhanced by Nef in virions derived from the
SERINC5(iHA/iHA) clone P2B1 and the SERINC5(iHA/KO) clones P1B6, P1B12, P1C1, and
P3A1 (Fig. 4D and E). The fact that proviral HIV-1 Nef neither modulated SERINC5(iHA)
incorporation into virions generated by SERINC5(iHA)-transduced HEK293T cells nor
counteracted the SERINC5-imposed restriction at the infectivity level (WT average,
100% [standard error of the mean {SEM}, 26.8%]; Δnef average, 95.6% [SEM, 20.5%] [not
significant]) is probably due to the saturating expression levels of SERINC5. Importantly,
supernatants from uninfected or pVSV-G-transfected SERINC5(iHA/iHA) clones did not
display HA positivity (Fig. 4D), arguing against an accumulation of SERINC5(iHA) in
extracellular vesicles that may have cosedimented in our virus particle preparations
(23). These results suggest that endogenous SERINC5 protein, at least the low-
molecular-weight form, which has been suggested to exert antiviral activity (16), is
incorporated into HIV-1 Δnef particles at detectable levels. However, Nef expression in
virus-producing cells may not necessarily decrease endogenous SERINC5 protein asso-
ciation into virions despite exerting a strong antagonistic activity at the functional level.

HIV-1 Nef modulates subcellular localization and trafficking of endogenous
SERINC5 protein. We next dissected the impact of HIV-1 Nef on endogenous SERINC5
protein surface localization in virus-producing cells. Flow cytometric analysis of infected
SERINC5(iHA/iHA) and SERINC5(iHA/KO) clones demonstrated the susceptibility of the
endogenous protein to downregulation by HIV-1 Nef (Fig. 5A and B). The magnitude of
reduction from the plasma membrane ranged between 25 and 47% in individual clones

FIG 2 Legend (Continued)
and GAPDH-specific probes. Shown are data from one representative experiment out of two independent experiments. (C) Lysates from the indicated
cell lines and clones were subjected to anti-HA and anti-MAPK immunoblotting. Shown are data from one representative experiment out of three
independent experiments. (D) Lysates from the indicated cell lines and clones were loaded either directly (input [ø]) or following mock digestion (�)
or PNGase digestion (�) in glycoprotein-denaturing buffer. (E) The indicated cell lines and clones were immunostained for HA surface expression and
analyzed by flow cytometry. Shown are representative histograms from one experiment out of three independent experiments. (F) Quantification of
the mean fluorescence intensity (MFI) of SERINC5(iHA) surface expression. Error bars indicate SEM from three experiments, including the one shown
in panel D. (G) The indicated clones were stained with CTX-FITC, followed by anti-CTX antibody and anti-HA antibody staining. Cells were then PFA
fixed and analyzed by confocal microscopy. Shown are data from one representative experiment out of three independent experiments. (H) The
indicated clones were PFA fixed, permeabilized, and immunostained with anti-HA and anti-EEA-1 antibodies. Shown are data from one representative
experiment out of three independent experiments.
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FIG 3 Type I interferon modulates cell surface expression of endogenous SERINC5 protein in the absence of modulation of mRNA and protein
quantities. (A) Q-RT-PCR analysis of SERINC5 and IFIT1 mRNA expression in SERINC5(iHA/iHA) Jurkat clones 48 h after treatment with the indicated
IFN-� subtypes (10 ng/ml) or mock treatment. SERINC5 and IFIT1 mRNA expression levels in mock-treated cells were set to a value of 1. Error bars
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(Fig. 5B). Furthermore, HIV-1 Nef increased the rate of internalization of endogenous
surface SERINC5 in a kinetic endocytosis assay in all SERINC5(iHA/iHA) clones (Fig. 5C).
Infection of cells at a high multiplicity of infection (MOI), however, failed to result in
detectable quantities in both SERINC5(iHA) protein species (Fig. 5D and E), arguing
against Nef-induced degradation of the antiviral factor. These results establish that
proviral HIV-1 Nef modulates the cell surface expression and the rate of internalization
of endogenous SERINC5 protein in the absence of an alteration of steady-state protein
levels.

DISCUSSION

Functional studies in genetically modified T cells have shed light on the importance
of SERINC5 in HIV-1 restriction and the ability of Nef to antagonize this antiviral factor
(3, 4). However, due to the current unavailability of an anti-SERINC5 antibody of
sufficient sensitivity and specificity, we lack a good understanding of endogenous
SERINC5 protein expression and subcellular localization. Concepts of its antiviral mode
of action and of its counteraction by viral antagonists were derived, to a large extent,
from experiments in which SERINC5 was ectopically expressed. However, knowledge
gained through the heterologous expression of cellular factors does not necessarily
reflect key aspects of the endogenous protein. This can be attributed to the absence of
a natural gene expression context and/or to nonphysiological expression levels. Previ-
ous studies reported aberrant effects resulting from SERINC5 overexpression and
stressed the importance of expressing SERINC5 at low levels using plasmids from which
SERINC5 expression is driven by a low-activity promoter (4) in order to attain physio-
logical expression levels.

Our work establishes predominant cell surface expression of endogenous SERINC5
with a high degree of association with lipid rafts. Steady-state intracellular SERINC5
expression was detectable but did not display consistent colocalization with the early
endosomal marker EEA1, suggesting that the natural recycling pathway of SERINC5
does not involve early endosomes. Functional inactivation of one SERINC5 allele,
resulting in SERINC5 expression exclusively from the second, remaining allele, did not
significantly alter SERINC5 expression levels and, thus, did not modulate the antiviral
capacity of Jurkat T cells, suggesting that the loss of one functional allele is compen-
sated for by the other, functional, allele. Interestingly, type I IFN increased the abun-
dance of surface SERINC5 in an entirely Jak/STAT inhibitor-sensitive manner without
augmenting mRNA and whole-cell-associated protein quantities. This suggests that
type I IFN treatment induces a relocalization of intracellular SERINC5 to the plasma
membrane and/or stabilizes cell surface SERINC5 by impairing or retarding its endocy-
tosis or recycling. Although the magnitude of enhancement of surface SERINC5 levels
by type I IFN was lower than that of the induction of MXA/B protein expression, it may
suffice to limit the efficiency of Nef-mediated antagonism. However, due to the
multitude of IFN-stimulated antiviral genes that are induced by IFN treatment and that
decrease the efficiency of several steps of the HIV-1 replication cycle, including tetherin-
mediated retention of virus particles (24, 25) and 90K-mediated reduction of particle
infectivity (26), experiments aiming at testing of this hypothesis have been inconclusive

FIG 3 Legend (Continued)
indicate SEM of data from three independent experiments. (B) Parental cells and the indicated SERINC5(iHA/iHA) clones were treated with the
indicated IFN-� subtypes (10 ng/ml) or mock treated. Lysates were then subjected to anti-HA, anti-ISG15, and anti-MAPK immunoblotting.
Numbers indicate fold changes in levels of the indicated proteins. For each cell line, one representative immunoblot from two to three
independent experiments is shown. (C) Parental cells and the SERINC5(iHA/iHA) clone P1E8 were treated for 18 h with ruxolitinib (10 �M) or mock
treated, followed by treatment with the indicated with IFN-� subtypes (10 ng/ml) or mock treatment for an additional 48 h. Cells were then
immunostained with anti-HA for surface SERINC5(iHA), PFA fixed, permeabilized, and immunostained for intracellular MXA/B. Numbers indicate
mean fluorescence intensities for SERINC5(iHA) (green) and for MXA/B (red). Shown are representative dot plots from one experiment out of six
independent experiments. (D) Quantification of relative cell surface SERINC5(iHA) protein expression in the indicated SERINC5(iHA/iHA) clones.
Error bars indicate SEM of data from two to six independent experiments, including the one shown in panel C. Statistical analysis refers to each
individual interferon subtype in the absence and presence of ruxolitinib. (E) The SERINC5(iHA/iHA) clone P1E8 was treated for 48 h with IFN-�2a
(250 U/ml), labeled with CellTracker red CMTPX dye, and immunostained with anti-HA. Cells were then PFA fixed and analyzed by confocal
microscopy. Mock-treated parental cells are shown as a specificity control.
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so far. To our knowledge, this is the first example of an antiviral factor whose subcellular
localization is modulated at the posttranslational level by type I IFNs, and future studies
deciphering the IFN-induced interactome of endogenous SERINC5 are required to
delineate the underlying mechanism.

Previous work suggested that SERINC5’s antiviral activity is largely driven by its
association with virions, thereby modifying them in a manner that results in inefficient
Env-mediated membrane fusion with target cells. However, the SERINC5-imposed
reduction of Env-mediated fusion of BlaM-Vpr-containing viruses to target cells was
relatively low (up to 3-fold) compared to the reduction of HIV-1 infectivity (up to 50-fold
in the parallel infectivity assay). This observation has already been made in heterolo-
gous assays in which SERINC5-encoding plasmids were expressed at doses anticipated
to approach physiological expression levels (3, 4) and is consistent with the possibility
of additional, postfusion restrictions exerted by SERINC5.

Exclusion of SERINC5 from virions is supposed to be a consequence of its Nef-
mediated downregulation from the cell surface (3, 4) and potentially its degradation in
intracellular compartments (17). Indeed, endogenous SERINC3 has been shown to be
excluded from virion incorporation in a Nef-dependent manner in a mass spectrometry-
based approach (3). Here, we demonstrate that SERINC5 is susceptible to Nef-mediated
downregulation from the cell surface and internalization in all tested clones. Nef-
mediated reduction of surface levels of endogenous SERINC5 in infected T cells was
statistically significant but �2-fold, which again appears to be relatively mild when set
in relation to the much more pronounced, up to �250-fold enhancement of infectivity
of released viruses. While targeting to lysosomal degradation by Nef has been sug-
gested by others using heterologous expression systems (17), steady-state levels of
endogenous SERINC5 remained unaltered in infected cells, irrespective of the Nef
expression status. Furthermore, we demonstrate HA positivity associated with HIV-1
Δnef virions, suggesting viral incorporation of SERINC5, as expected. HA positivity in
virions was associated with a band of 35 kDa, and we failed to detect the high-
molecular-weight SERINC5 species in virus preparations. In contrast, the exclusive and
predominant incorporation of the 51-kDa species in virions generated by Jurkat T cells
and HEK293T cells expressing transduced SERINC5(iHA) demonstrates that our assay
displays sufficient sensitivity to detect this SERINC5 species in general and reproduces
previously reported findings (4, 16). Along this line, SERINC5 clearly presented as two
distinct species in cell lysates in our assay. Therefore, it is conceivable that the
virus-associated HA signal derived from Jurkat SERINC5(iHA knock-in) clones represents
impartially glycosylated SERINC5 species (16). In the context of heterologous expres-
sion, it has been suggested that a glycosylated species of SERINC5 with a molecular
weight of 55 kDa is specifically incorporated into virions, whereas a low-molecular-
weight form of SERINC5 of �40 kDa predominates in cell lysates and corresponds to a
nonglycosylated protein (16). The same study showed that N-glycosylation of SERINC5
at residue N294 stabilized its steady-state levels and prevented otherwise rapid target-
ing for proteasomal degradation. Importantly, the nonglycosylated, low-molecular-
weight form of SERINC5 maintained its antiviral capacity and its susceptibility to
Nef-mediated counteraction. Whether SERINC5, when expressed from its endogenous
promoter and under physiological conditions, is susceptible to N-linked glycosylation
with efficiencies and kinetics similar to those of heterologously expressed SERINC5
remains an interesting question whose answer might help to reconcile the apparently
divergent results obtained in heterologous and endogenous expression systems in the
future.

While proviral Nef expression was uniformly required for particle infectivity rescue in

FIG 4 Legend (Continued)
HIV-1 fusion, normalized to that of WT HIV-1, of clone B1; (right) corresponding relative HIV-1 infectivity. Shown are SEM from two to three independent
experiments. (D) Concentrated supernatants from infected, uninfected, and pVSV-G-transfected cells were subjected to immunoblotting with the indicated
antibodies. (E) Relative levels of HIV-1 p24-associated SERINC5(iHA) protein were quantified by Odyssey infrared-based imaging. Shown are SEM from three
independent experiments.
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FIG 5 HIV-1 Nef modulates the subcellular localization and trafficking of endogenous SERINC5. (A) Parental Jurkat T cells and the indicated clones were
infected with the indicated VSV-G-pseudotyped viruses. At 2 days postinfection, intact cells were immunostained for surface HA prior to PFA fixation and
analyzed for SERINC5(iHA) surface expression by flow cytometry. In the dot plots, the SERINC5(iHA) surface levels are plotted against GFP. Numbers inside
the gates indicate the MFI of the surface SERINC5(iHA) signal. Shown are representative dot plots from one experiment out of three independent
experiments. (B) Relative level of SERINC5(iHA) surface expression. The MFI for cell surface-expressed SERINC5(iHA) was quantified on GFP-positive cells in
the R3 gate relative to the MFI of GFP-negative cells in the R2 gate. Values obtained for cells infected with the HIV-1 Δnef mutant were set to 100%. Error
bars indicate SEM from three experiments. (C) HIV-1 Nef enhances the rate of endocytosis of endogenous SERINC5(iHA). Shown are kinetics of the decrease
of surface-exposed SERINC5 in SERINC5(iHA/iHA) clones infected with WT HIV-1 or the HIV-1 Δnef mutant. The values at time zero were set to 100%. Error
bars indicate SEM from three experiments. (D) Parental cells and the indicated clones were infected with the indicated VSV-G-pseudotyped HIV-1 at a high
MOI. The percentage of GFP-positive cells is indicated. At 2 days postinfection, cell lysates were subjected to immunoblotting with anti-HA, anti-HIV-1
p24CA, and anti-MAPK antibodies. Shown is one representative blot from one experiment out of three independent experiments. (E) Relative levels of
cell-associated SERINC5 protein in infected cells were quantified by Odyssey infrared-based imaging. Shown is the quantification of the total HA signal,
of the 51-kDa band only, and of the 35-kDa band only. Error bars indicate SEM from three independent experiments.
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all SERINC5-expressing clones, it reduced virus-associated HA positivity in particles in
only four out of nine clones. Clone-specific properties at the genetic or transcriptional
level that specifically modulate the susceptibility of SERINC5 to Nef-mediated exclusion
from virions may cause this heterogeneity. Indeed, transcriptome sequencing (RNA-
seq) analysis revealed a set of genes that are differentially expressed in the two
phenotypic groups of clones. Regardless of the underlying reason, the apparent
dispensability of Nef-mediated exclusion of endogenous SERINC5 from virions for
infectivity rescue provides evidence for the presence of additional counteractive mech-
anisms of Nef, directed against virus-associated pools of SERINC5, as has been postu-
lated by another group (10).

Together, data from this study establish CRISPR/Cas9-assisted epitope tagging of
endogenous alleles of SERINC5 as a useful technology that enabled us to investigate key
aspects of SERINC5 antiviral restriction and HIV-1 Nef-mediated antagonism. A similar
approach in other cell types in the future might reveal the extent to which our findings
can be extrapolated in more physiologically relevant, primary T cells and macrophages.
Future studies using this resource may help to advance our understanding of both
SERINC5 restriction and viral counteraction and its physiological function.

MATERIALS AND METHODS
Cell lines. HEK293T cells and Jurkat T cells were purchased from the ATCC and cultured as

recommended. TZM-bl cells were obtained from the NIH AIDS Reagent Program. For the generation of
SERINC5(KO/KO) cell lines, Jurkat T cells were electroporated with 100 �g/ml of a plasmid expressing
Cas9-2A-enhanced GFP (EGFP) and U6-driven chimeric guide RNA (SERINC5 target sequence GCTGAGGGAC
TGCCGAATCC[TGG]) using the Neon transfection system (Thermo Fisher Scientific, Darmstadt, Germany) at
1,500 V for 30 ms, with 1 pulse. EGFP-positive cells were sorted on a BD FACSAria cell sorter and clonally
expanded. Individual clones were genotyped by Sanger sequencing (SeqLab, Göttingen, Germany) of the
PCR-amplified genomic locus (forward primer TGCTGTGTTGACCAGGCTAA and reverse primer GGCATT
GGATCCTGGAAAGC). Individual alleles were deduced using the Poly Peak Parser tool (27) and, where
applicable, allocated based on peak strength. SERINC5(iHA/iHA) and SERINC5(iHA/KO) Jurkat clones were
generated by coelectroporation of 1.8 �M Cas9 RNPs (Alt-R Cas9 protein, trans-activating crRNA
(tracrRNA), and CRISPR-RNA (crRNA) [target sequence, TTCAAGTTCTAGATGAACAT{GGG}]; IDT, Leuven,
Belgium) and 5 �M single-stranded DNA (ssDNA) repair oligonucleotide (ACTTTGTTTTTTCTTTTCAAGTTC
TAGATGAATACCCATACGATGTTCCAGATTACGCTCATGGGAAAAATGTTACAATCTGTGTGCCTG [the HA tag
is underlined]) using the Neon transfection system (1,500 V for 10 ms, with 3 pulses). Single-cell clones
were screened by PCR (for PCR 1, for the presence of the HA tag, HA forward primer TACCCATACGAT
GTTCCAGATTA and HA reverse primer AGTTCACGCTCTTCGCCTTT; for PCR 2, for insert size, forward
primer CTTCTGTGCGTTACAACTGGCC and reverse primer TAGTCACCAAGTTTTCATCTCTGTACAGG), fol-
lowed by Tris-borate-EDTA (TBE)-PAGE (7.5%), and genotyped by Sanger sequencing of the PCR-
amplified genomic locus (forward primer TGGCACTGAGCTGGAATCTG and reverse primer AGTTCACGCT
CTTCGCCTTT).

Plasmids, lentiviral vectors, and virus. The retroviral vector pQCXIP.SERINC5(iHA) was generated
by subcloning SERINC5(iHA) from pBJ5-SERINC5(iHA) (kindly provided by Heinrich Göttlinger) (4) into
pQCXIP using NotI and AgeI restriction sites. Transduced cells were maintained as bulk cultures and
expressed SERINC5 stably. The proviral DNAs pNL4.3 WT IRES-GFP and pNL4.3 Δnef IRES-GFP (28) were
kindly provided by Frank Kirchhoff. pVSV-G was kindly obtained by Oliver Keppler.

Reagents. IFN-�2a (Roferon) (used in Fig. 3E) was purchased from Roche. IFN-� subtypes were
produced and purified as previously mentioned (20). Fluorescein isothiocyanate (FITC)-conjugated
cholera toxin (CTX) was purchased from Sigma-Aldrich. T-20 was obtained from the NIH AIDS Reagent
Program. Ruxolitinib was purchased from InvivoGen. CellTracker red CMTPX dye was purchased from
Thermo Fisher Scientific.

Quantitative RT-PCR. Total RNA extraction from cells and DNase treatment were performed with a
Maxwell LEV simplyRNA purification kit (Promega), followed by cDNA synthesis (NEB, Invitrogen).
Quantification of relative SERINC5 and IFIT1 mRNA levels was performed with the 7500 Fast real-time PCR
system (Applied Biosystems) using TaqMan PCR technology with premade primer-probe kits (Applied
Biosystems). Relative mRNA levels were determined using the ΔΔCT method, with human RNASEP mRNA
(Applied Biosystems) as an internal reference. Each sample was analyzed in triplicates. Data analysis was
performed using Applied Biosystems 7500 Fast system software.

Northern blotting. RNA extraction, gel electrophoresis, blotting, and detection with a radiolabeled
probe were performed as described previously (29) but with the following adjustments. Ten micrograms
of total RNA for each cell line was loaded onto the gel. The probes were labeled with the DecaLabel DNA
labeling kit (Thermo Fisher Scientific), and the membrane was exposed to Amersham Hyperfilm MP (GE
Healthcare) for 8 days (in the case of the SERINC5-specific probe) or for 8 h (glyceraldehyde-3-phosphate
dehydrogenase [GAPDH]-specific probe) at �80°C. The SERINC5-specific probe of 870 bp was prepared
by digestion of a plasmid bearing the SERINC5 cDNA with XbaI and NotI. For the loading control, a
GAPDH plasmid (a gift from K. Habers, Heinrich-Pette-Institut, Hamburg, Germany) was digested by
EcoRI, generating a 1.3-kbp GAPDH-specific probe.
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Immunoblotting. Cells were lysed with radioimmunoprecipitation assay (RIPA) buffer containing a
protease inhibitor cocktail (Sigma). Virus particles were concentrated by ultracentrifugation through a
20% sucrose cushion and lysed using 1% Triton. Laemmli sample buffer was added to cell and virus
lysates before loading. Proteins were run on a 10% SDS-PAGE gel and transferred onto nitrocellulose
using a semidry transfer system (Biometra). Blocked membranes were incubated with the following
primary antibodies: rabbit anti-mitogen-activated protein kinase (MAPK) (Santa Cruz), mouse anti-HA
(clone HA-7; Sigma), mouse anti-p24 (ExBio), rabbit anti-HIV-1 p24CA (ExBio), mouse anti-interferon-
stimulated gene 15 (ISG15) (clone F-9; Santa Cruz Technologies), and mouse anti-VSV-G (Santa Cruz) (a
kind gift from Hanna-Mari Baldauf). Secondary antibodies conjugated to Alexa Fluor 680/800 fluorescent
dyes were used for detection and quantification with the Odyssey infrared imaging system (Li-Cor
Biosciences).

PNGase treatment. Cells were lysed with RIPA buffer containing a protease inhibitor cocktail
(Sigma). Cell lysates were either left untreated (input) or pretreated with 1� Glycobuffer 2 (New England
Biolabs) and 1% NP-40 buffer (New England Biolabs), in the presence or absence of 500 U of PNGase F
(New England Biolabs). The mixture was incubated for 1 h at 37°C. Laemmli sample buffer was added to
lysates before loading for immunoblotting.

Immunofluorescence microscopy. In order to visualize rafts together with SERINC5(iHA) (Fig. 2G),
parental cells or SERINC5(iHA) clones were incubated with 25 �g/ml of FITC-conjugated CTX in 0.1% fetal
bovine serum (FBS)–phosphate-buffered saline (PBS) buffer for 30 min on ice. Cross-linking was then
performed by incubation with anti-CTX antibody at a 1:200 dilution for 30 min at 4°C and for 10 min at
37°C. Cells were then stained with anti-HA antibody (clone 3F10; Roche) at a 1:100 dilution, followed by
an anti-rat Alexa Fluor 647-conjugated antibody, and fixed with 4% paraformaldehyde (PFA) for 5 min.
To visualize the SERINC5(iHA) intracellular localization and the early endosomal compartment (Fig. 2H),
cells were first fixed with 4% PFA for 5 min. Anti-HA and anti-EEA1 (clone 1G11; EBioscience) antibodies
were diluted 1:300 and 1:100, respectively, in 0.1% FBS– 0.05% saponin–PBS buffer, and cells were stained
for 30 min at 4°C. Cells were then washed, specific secondary antibodies were diluted in the same
staining buffer, and cells were colored for 30 min at 4°C. At the end of the staining procedures, cells were
seeded onto poly-L-lysine-coated coverslips and mounted using a mounting medium containing 4=,6-
diamidino-2-phenylindole (DAPI). For analysis, images were obtained with a confocal laser scanning
microscope (LSM 700 upright; Leica). All images were processed by using the Fiji-ImageJ Magic Montage
plug-in. In order to visualize SERINC5 surface expression upon IFN-� treatment, cells were incubated with
CellTracker red CMTPX dye (1 �M) in Dulbecco’s modified Eagle’s medium (DMEM) for 15 min at 37°C.
Cells were then washed and immunostained with anti-HA (clone 16B12; BioLegend) in PBS for 20 min at
4°C. After washing, cells were stained with the secondary antibody Alexa Fluor 647-conjugated goat
anti-mouse IgG (Invitrogen) in PBS for 20 min at 4°C. After PFA fixation, cells were spinoculated in
poly-L-lysine-coated 8-well chamber slides (Ibidi) for 5 min at 500 � g. Agarose (0.8%) in Fluorobrite
DMEM was added carefully. For analysis, images were obtained with a confocal spinning-disk Ti-E
microscope (Nikon/Andor). All images were processed by using the Fiji-ImageJ Magic Montage plug-in.

SERINC5(iHA) surface staining and intracellular MXA/B staining. Cells were immunostained with
the primary mouse anti-HA antibody (clone 16B12; BioLegend), followed by secondary staining with
Alexa Fluor 647-conjugated goat anti-mouse IgG (Invitrogen). After surface HA staining, cells were PFA
fixed and analyzed for surface HA and GFP by flow cytometry. In selected experiments, surface HA
staining was followed by Triton-mediated permeabilization and intracellular MXA/B staining using rabbit
anti-MXA/B (Santa Cruz Biotechnology) as a primary antibody and Alexa Fluor 488-conjugated goat
anti-rabbit IgG (Invitrogen). Flow cytometry analysis was performed using a FACSCalibur system with BD
CellQuest Pro 4.0.2 software (BD Pharmingen) and FlowJo V10 software (FlowJo).

TZM-bl infectivity assay. The virus-containing supernatant was transferred to TZM-bl cells stably
expressing long terminal repeat (LTR)-driven luciferase. Forty-eight hours later, cells were washed once
with PBS and lysed using cell culture lysis buffer (Promega), and the Tat-dependent increase of luciferase
enzyme activity in cell lysates was determined with a luciferase assay system (Promega). Luminometric
activity was analyzed with a Centro LB 960 microplate luminometer and Ascent software 2.0.

BlaM-Vpr fusion assay. Jurkat T cells were electroporated (250 V at 1,000 �F) using GenePulser Xcell
(Bio-Rad) with 9 �g pNL4.3 WT or pNL4.3 �nef proviral DNA, 3 �g BlaM-Vpr DNA, and 1 �g pAdvantage
(30). The virus-containing supernatant was collected at 48 h postelectroporation, ultracentrifuged
through a sucrose cushion, and used for spinoculation of TZM-bl cells (1 h at 32°C). Following an
additional 4 h at 37°C, cells were washed with CO2-independent medium (Sigma-Aldrich) and loaded
with CCF2-AM dye (LiveBLAzer FRET-B/G loading kit) prepared as indicated by the manufacturer. Briefly,
each sample was loaded with a 100-�l solution containing 0.2 �l CCF2-AM dye (Thermo Fisher Scientific),
0.8 �l solution B (Thermo Fisher Scientific), 1 �l of probenecid (2.5 mM; Thermo Fisher Scientific), and
98 �l CO2-independent medium. Cells were incubated in the dark at room temperature overnight. The
percentage of cells undergoing fusion with BlaM-Vpr-containing virus particles was monitored by
analysis of the change from green (520 nm) to blue (450 nm) fluorescence, using the fluorescence-
activated cell sorter (FACS) LSRIII system with DIVA software, and analyzed using FlowJo V10 software
(FlowJo).

Internalization assay. Infected T cells were immunostained on ice with the primary anti-HA
antibody (clone 16B12; BioLegend). Cells were then shifted to 37°C for the indicated durations, placed
back on ice, and immunostained on ice with secondary Alexa Fluor 647-conjugated goat anti-mouse IgG
(Invitrogen), followed by PFA fixation. Flow cytometry analysis was performed using the FACSCalibur or
FACS Accuri system with BD CellQuest Pro 4.0.2 software (BD Pharmingen) and FlowJo V10 software
(FlowJo).
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Data presentation and statistical analysis. If not otherwise stated, bars and symbols show the
arithmetic means from the indicated number of repetitions. Error bars indicate standard deviations (SD)
from one representative experiment out of at least three or SEM from the indicated number of individual
experiments. Significance values were calculated using the 2-tailed Student t test and are indicated in the
figures (*, P � 0.05; **, P � 0.01; n.s., not significant).
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3.2. Research paper III 

SIVcol Nef counteracts SERINC5 by promoting its proteasomal degradation but does not 

efficiently enhance HIV-1 replication in human CD4+ T cells and lymphoid tissue. Kmiec D, 

Akbil B, Ananth S, Hotter D, Sparrer KMJ, Stürzel CM, Trautz B, Ayouba A, Peeters M, Yao Z, 

Stagljar I, Passos V, Zillinger T, Goffinet C, Sauter D, Fackler OT, Kirchhoff F**. PLoS Pathog. 

2018 Aug 20;14(8):e1007269. doi: 10.1371/journal.ppat.1007269 

 

Shortly after the discovery of SERINC5 as an HIV-1 antiviral factor, another group showed that 

SERINC5 is also able to antagonize several SIV strains, independent of the species. These 

findings revealed that SERINC5 potency might have dictated the ability of primate lentiviruses 

to efficiently transmit within and across primate species. Interestingly, the Nef protein of 

colobus SIV appeared to counteract SERINC5 by other mechanisms. Our findings elucidated 

that SIVcol Nef counteracts SERINC5 via a single tyrosine region, instead of the known di-

leucine domain. Here we show that SIVcol Nef counteracts SERINC5 through its proteasomal 

degradation, suggesting at least one possible antagonistic mechanism.   

 

Contribution to this study 

I declare that for this work I provided the cells developed in the manuscript presented in section 

3.1. Our cells were included in experiment Figure 6C, which provided us with additional 

conclusions for the thesis.    
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Abstract

SERINC5 is a host restriction factor that impairs infectivity of HIV-1 and other primate lentivi-

ruses and is counteracted by the viral accessory protein Nef. However, the importance of SER-

INC5 antagonism for viral replication and cytopathicity remained unclear. Here, we show that

the Nef protein of the highly divergent SIVcol lineage infecting mantled guerezas (Colobus

guereza) is a potent antagonist of SERINC5, although it lacks the CD4, CD3 and CD28 down-

modulation activities exerted by other primate lentiviral Nefs. In addition, SIVcol Nefs decrease

CXCR4 cell surface expression, suppress TCR-induced actin remodeling, and counteract Col-

obus but not human tetherin. Unlike HIV-1 Nef proteins, SIVcol Nef induces efficient proteaso-

mal degradation of SERINC5 and counteracts orthologs from highly divergent vertebrate

species, such as Xenopus frogs and zebrafish. A single Y86F mutation disrupts SERINC5 and

tetherin antagonism but not CXCR4 down-modulation by SIVcol Nef, while mutation of a C-

proximal di-leucine motif has the opposite effect. Unexpectedly, the Y86F change in SIVcol Nef

had little if any effect on viral replication and CD4+ T cell depletion in preactivated human CD4+

T cells and in ex vivo infected lymphoid tissue. However, SIVcol Nef increased virion infectivity

up to 10-fold and moderately increased viral replication in resting peripheral blood mononuclear

cells (PBMCs) that were first infected with HIV-1 and activated three or six days later. In conclu-

sion, SIVcol Nef lacks several activities that are conserved in other primate lentiviruses and uti-

lizes a distinct proteasome-dependent mechanism to counteract SERINC5. Our finding that

evolutionarily distinct SIVcol Nefs show potent anti-SERINC5 activity supports a relevant role

of SERINC5 antagonism for viral fitness in vivo. Our results further suggest this Nef function is

particularly important for virion infectivity under conditions of limited CD4+ T cell activation.
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Author summary

The accessory protein Nef promotes primate lentiviral replication and enhances the path-

ogenicity of HIV-1 by mechanisms of immune evasion and enhancing viral infectivity

and replication. Here, we show that the evolutionarily most isolated primate lentivirus

SIVcol lacks several otherwise conserved Nef functions. Nevertheless, SIVcol Nef potently

antagonizes SERINC5, a recently discovered inhibitor of viral infectivity, by down-modu-

lating it from the cell surface and inducing its proteasomal degradation. We identified

Y86 in SIVcol Nef as a key determinant of SERINC5 antagonism. Efficient counteraction

of SERINC5 did not increase HIV-1 replication in preactivated CD4+ T cells and in ex
vivo infected lymphoid tissue but had modest enhancing effects when resting PBMCs

were first infected and activated six days later. Evolution of high anti-SERINC5 activity by

SIVcol Nef supports a relevant role of this antagonism in vivo, for instance by enhancing

virion infectivity under conditions of limited T cell activation.

Introduction

The accessory nef gene is present in the genomes of all primate lentiviruses that infect at least

forty different African monkey species as well as great apes and humans. Nef performs a strik-

ing number of activities [1,2] and is required for efficient viral replication and pathogenicity of

HIV-1 and SIVmac in humans and experimentally infected rhesus macaques, respectively [3–

5]. Some Nef functions are conserved in the vast majority of primate lentiviruses. These

include down-modulation of the CD4 receptor and class I major histocompatibility complex

(MHC-I) from the cell surface [6], enhancement of virion infectivity [7] by counteraction of

the antiviral factor SERINC5 [8–10], modulation of the actin skeleton [11,12] and T cell signal-

ing and migration [13,14], as well as stimulation of NF-κB activity. The Nef proteins of HIV-2,

which originated from several cross-species transmissions of SIVsmm found in sooty manga-

beys, and most SIVs additionally down-modulate CD3 from the cell surface to suppress stimu-

lation of virally infected CD4+ T cells and antiviral gene expression [6,15–17]. In contrast, this

Nef function was lost in most primate lentiviruses encoding a vpu gene, i.e. HIV-1, its direct

simian precursors SIVcpz and SIVgor from chimpanzees and gorillas, respectively, and some

closely related SIVs infecting several Cercopithecus species [6,18]. These primate lentiviruses

are unable to block TCR-CD3-mediated T cell activation and instead use Vpu to suppress anti-

viral gene expression by inhibiting activation of the transcription factor NF-κB [19,20]. Most

primate lentiviruses lacking Vpu as well as SIVcpz, SIVgor and HIV-1 group O also use Nef to

antagonize the restriction factor tetherin to allow efficient release of viral particles from

infected cells [21–24]. Finally, many HIV-2, SIV and (to a lesser extent) HIV-1 Nef proteins

down-modulate CD28 and CXCR4 from the cell surface [14,25,26]. Thus, the multifunctional-

ity of lentiviral Nefs highlights the importance of this accessory protein but also poses a chal-

lenge for dissecting its effects on viral replication and pathogenicity.

Previous studies suggested that the Nef protein of SIVcol infecting mantled guerezas (Colo-
bus guereza) is functionally distinct from all other primate lentiviral Nefs. SIVcol is highly

divergent from other primate lentiviruses with average amino acid identities of only 40 to 50%

for Gag and Pol and about 25% for Nef [27]. To our current knowledge, SIVcol Nef proteins

show little if any activity in a variety of functions that are otherwise conserved, i.e. down-mod-

ulation of CD4, CD28 and CD3 [20,28]. However, SIVcol Nef is highly active in downmodu-

lating CXCR4 [28] and efficiently antagonizes SERINC5 to enhance virion infectivity [10,29]
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which makes it a unique and useful tool for studying the relevance of these functions. In essen-

tially all primate lentiviral Nef proteins, an ExxxLL-based AP interaction domain is critical for

down-modulation of CD4, CD28 and CXCR4, as well as for counteraction of SERINC5

[10,30,31]. SIVcol Nef contains a YxxxLL motif at this location and neither reconstitution of

ExxxLL nor alteration of LL to AA affected its anti-SERINC5 function [10]. Here, we identified

a single tyrosine residue (Y86) as a critical determinant of the ability of SIVcol Nef to antago-

nize SERINC5 and Colobus tetherin. We further show that SIVcol Nef counteracts SERINC5

by a unique mechanism that involves efficient proteasomal degradation of this restriction fac-

tor. Despite potent anti-SERINC5 activity, SIVcol Nef hardly promoted HIV-1 replication and

cell-to-cell spread in preactivated CD4+ T cells. In comparison, SIVcol Nef significantly

enhanced viral replication and CD4+ T cell depletion in ex vivo infected human lymphoid tis-

sues and in PBMC cultures that were first infected and stimulated with PHA six days later.

However, only the latter effect was dependent on Nef’s activity against SERINC5. Our finding

that the highly divergent SIVcol Nef that lacks several established Nef activities counteracts

SERINC5 by a distinct mechanism supports an important role of this antiviral factor in vivo.
However, the effect of Nef to promote virus replication in activated human CD4+ T cells was

largely independent of SERINC5 counteraction suggesting that this Nef function might mainly

be relevant at limited levels of T cell activation.

Results

SIVcol Nef proteins show distinct functional properties

Previous analyses of full-length viral genomes showed that SIVcol represents the evolutionarily

most isolated primate lentivirus known to date [27]. In agreement with long-term independent

evolution, Nef amino acid sequences from SIVcol form a distinct clade that is only distantly

related to all other primate lentiviral Nefs including those of SIVolc and SIVwrc infecting olive

and western red colobus monkeys (Procolobus verus and Piliocolobus badius, respectively) (Fig

1A). Expanding the results of previous studies [20,28], we found that SIVcol Nefs show no sig-

nificant activity in down-modulating CD4, CD28 and TCR-CD3 from the surface of virally

infected human CD4+ T cells (Fig 1B). This is not just due to species-specific differences in the

Nef target sequences since the cytoplasmic domains of human and colobus monkey CD4 are

identical and SIVcol Nef also fails to down-modulate surface proteins carrying the CD3z chain

derived from colobus monkeys [20]. SIVcol Nefs are also inactive in up-modulating the invari-

ant chain (Ii) associated with immature MHC-II molecules (Fig 1B). This Nef function is usu-

ally conserved among different primate lentiviruses [32] and might allow them to suppress

effective CD4+ helper T cell responses [33]. In comparison, SIVcol Nefs showed some, albeit

modest, activity in decreasing human MHC-I cell surface expression. However, SIVcol Nefs

efficiently down-modulated CXCR4 from the surface of Jurkat T cells and strongly enhanced

the infectivity of viral particles produced in transfected HEK293T cells (Fig 1B). Importantly,

these unusual functional properties were shared by SIVcol Nef proteins derived from three dif-

ferent animals (CM243, CM1437 and CGU1) [20,34] and are thus representative for the highly

divergent SIVcol lineage.

Y86 is critical for efficient SERINC5 antagonism by SIVcol Nef

In contrast to other primate lentiviral Nef proteins, SIVcol Nef does not require an ExxxLL

motif in its C-terminal flexible loop for effective counteraction of SERINC5 [10]. Alignment of

Nef amino acid sequences revealed that the ExxxLL adaptor protein (AP) binding site is gener-

ally changed to YxxxLL in SVcol but preserved in essentially all other HIV and SIV Nef pro-

teins (Fig 2A). In addition, an SH3-binding motif (PxxP) and the di-arginine (RR) residues in

SERINC5 antagonism by SIVcol Nef
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the central core are absent or altered in SIVcol Nefs but conserved in other primate lentiviruses

(Fig 2A). Furthermore, SIVcol Nefs contain a truncated C-terminus that shows no sequence

similarity to other Nef proteins and contains a stretch of basic amino acids in combination

with some hydrophobic residues (VxIxM). Notably, this sequence motif in SIVcol Nef consti-

tutes a predicted linear MAP kinase docking domain [35] that might compensate for the lack

Fig 1. Phylogenetic position and functional activity of SIVcol Nef proteins. (A) Phylogenetic relationship of Nef amino acid

sequences from different primate lentiviruses. Stars on branches indicate�90 percentage estimated posterior probabilities. The

length of a branch indicates the phylogenetic distance to its origin. (B) Modulation of various receptors and viral infectivity

enhancement by SIVcol Nefs. To measure receptor modulation, human PBMCs, Jurkat (for CXCR4) or THP-1 cells (for Ii) were

transduced with HIV-1 NL4-3 IRES-eGFP constructs containing the indicated nef alleles. The mean channel numbers of red

fluorescence obtained for cells transfected with the nef-defective HIV-1 construct were divided by the corresponding numbers

obtained for cells infected with viral constructs coexpressing Nef and eGFP to calculate n-fold down- or up-modulation,

respectively. The lowest panel shows the β-galactosidase activity (RLU/s) obtained after infection of P4-CCR5 cells with virus stocks

containing 5 ng p24 antigen produced by transfection of HEK293T cells. Results show mean values (+SEM) derived from six to eight

measurements in at least two independent experiments. �, p< 0.05; ��, p< 0.01; ���, p< 0.001.

https://doi.org/10.1371/journal.ppat.1007269.g001
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Fig 2. Y86 is critical for SERINC3/5 antagonism by SIVcol Nef. (A) Alignment of the amino acid sequences of HIV and SIV Nef proteins. Dots indicate gaps.

Functional amino acid motifs are highlighted. Y residues in SIVcol Nef that were mutated for functional analyses are indicated in green. (B) TZM-bl (left) or

P4-CCR5 (right) indicator cells were infected with HIV-1 NL4-3 constructs containing the indicated HIV and SIV nef genes or a defective nef allele. Infections

were performed in triplicate with three different virus stocks. Shown are mean values of the nine measurements +SEM. (C) HEK293T cells were co-transfected

with HIV-1 NL4-3 constructs encoding indicated Nef and SERINC5 (left) or SERINC3 (right) or control plasmid. Shown are the mean levels of infectious virus

production by the respective IMCs in the presence of transient SERINC5 or SERINC3 expression (+SEM; n = 9) relative to those obtained in cells transfected with

the control vector (100%). Results were derived from three experiments, each using triplicate infection of TZM-bl cells to determine infectious virus yield. P-values

represent reduction of infectious virus yield by SERINC expression or differences in susceptibility between wt and nef-defective HIV-1 IMCs. �, p< 0.05; ��,
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of the proline-rich domain, which has also been reported to interact with MAP kinases

[36,37]. The above mentioned unusual Nef amino acid sequence features are also found in two

additional SIVcol strains from Kibale National park in Uganda [38]. In comparison, the N-ter-

minal myristoylation motif (MGxxxS), an acidic cluster (EEEE) and a stretch of seven amino

acids (KEKGGLE) corresponding to the polypurine tract (PPT, on RNA genome level) are

conserved in all primate lentiviral Nef proteins including those of SIVcol.

To identify residues critical for anti-SERINC5 activity, we generated a set of HIV-1 NL4-

3-based constructs containing the parental or mutant SIVcol CGU1 nef alleles harboring alter-

ations in various tyrosine (Y) residues (Fig 2A). We focused on these Y residues since some of

them resemble potential tyrosine-based sorting motifs (YxxF) that might compensate for the lack

of the dileucine-based motif in the C-terminal loop of Nef. Infection of TZM-bl and P4-CCR5

reporter cells with these viral constructs showed that mutation of Y86F alone or in combination

with Y87F strongly impaired the ability of SIVcol Nef to enhance virion infectivity, whereas alter-

ations in Y residues at positions 28, 30, 46, 64, 80 and 87 had no significant effect (Fig 2B). Thus,

tyrosine 86 plays a key role in the ability of SIVcol Nef to enhance virion infectivity.

To test whether Nef-dependent differences in infection of indicator cell lines (Fig 2B) were due

to differential efficacies in SERINC5 antagonism, we cotransfected HEK293T cells with proviral

HIV-1 NL4-3 constructs containing various nef alleles, as well as SERINC5 expression or control

plasmid and measured infectious virus production two days later. As expected from published

data [8,9], SERINC5 coexpression reduced infectivity of the nef-defective control HIV-1 construct

by *20-fold and MLV glycoGag potently counteracted this inhibitory effect (Fig 2C). The Y86F

mutation disrupted the high anti-SERINC5 activity of SIVcol CGU1 Nef, while Y87F had no sig-

nificant effect. In agreement with previous reports [8,9], human SERINC3 had only modest inhib-

itory effects that were counteracted by wt NL4-3 and SIVcol Nef proteins but not by SIVcol Y86F

or SIVmac239 Nef (Fig 2C). Western blot analyses showed that the Y86F mutation disrupts the

ability of SIVcol Nef to counteract SERINC5 without altering Nef expression levels (Fig 2D).

SIVcol Nef potently counteracts fish and frog SERINC5

In contrast to other antiviral restriction factors, SERINC5 is highly conserved and orthologs

from various vertebrate species display antiretroviral activity [10]. Recently, however, it has

been shown that frog SERINC5 is resistant to HIV-1 Nef and further demonstrated that the

sensitivity is governed by the intracellular loop 4 (ICL4) of the restriction factor [39]. We con-

firmed these previous findings for HIV-1 NL4-3 Nef, as well as the finding that SIVmac239

Nef is broadly active and capable of counteracting frog SERINC5 (Fig 3). Strikingly, SIVcol

CGU1 Nef potently contacted all SERINC5 proteins investigated including the orthologs from

both zebrafish and Xenopus frog. In agreement with this broad activity, exchanges of ICL4 and

substitutions of L350 and I352 to alanines did not affect SERINC5 sensitivity to CGU1 Nef

antagonism. In comparison, SIVcol 1437 and 243 Nefs were active against zebrafish but only

to a lesser extent against frog SERINC5, while SIVmac239 Nef showed the opposite phenotype

(Fig 3). Regions both in and outside of ICL4 seem to contribute to the diminished activity of

1437 and 243 Nef against frog SERINC5. Substitution of Y86F disrupted the effect of SIVcol

CGU1 Nef on all SERINC5 variants analyzed, while substitution of Y87F had negligible effects.

Substitution of LL/AA slightly attenuated the anti-SERINC5 activity of SIVcol CGU1 Nef,

especially against the frog variant (Fig 3, lower). Thus, our results show that the SIVcol Nef is

not only a highly potent but also a very broad antagonist of vertebrate SERINC5 proteins.

p< 0.01; ���, p< 0.001. (D) Expression of HIV-1 and SIVcol Nef proteins. Western blot analysis of cell lysates following transfection of HEK293T cells with pCG

vectors expressing AU1-tagged versions of the indicated Nef proteins. Actin and eGFP are shown as loading and transfection controls, respectively.

https://doi.org/10.1371/journal.ppat.1007269.g002
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Y86 is critical for species-specific tetherin antagonism by SIVcol Nef

Many primate lentiviruses use Nef to counteract the restriction factor tetherin [21–24]. This

effect is frequently species-specific and the cytoplasmic domain of Colobus guereza tetherin

targeted by Nef differs at several positions from those of other primate tetherin orthologs (Fig

4A). To determine the anti-tetherin activity of SIVcol, we measured p24 release and infectious

virus yield from HEK293T cells following cotransfection of a vpu-deleted (Δvpu) HIV-1 provi-

ral construct with different nef alleles and tetherin expression plasmids. Our data showed that

SIVcol Nef increases p24 release (Fig 4B, left) and infectious virus yield (Fig 4C, left) in the

presence of Colobus (COL) tetherin. As anticipated, SIVcol Nef did not efficiently counteract

the human tetherin ortholog (Fig 4B and 4C) that differs from COL tetherin by six residues

and a five amino acid deletion in the cytoplasmic part (Fig 4A). The activity of SIVcol Nef

against Colobus tetherin was disrupted by the Y86F substitution (Fig 4B and 4C). It has been

shown, that the ExxxLL motif is critical for recruitment of AP-2 adaptor protein complexes

and counteraction of tetherin by SIVmac Nef [24]. In contrast, mutation of the two leucines

(YxxxLL to YxxxAA) did not impair the anti-tetherin activity of SIVcol Nef (Fig 4B and 4C).

SIVcol Nef suppresses T cell migration and actin remodeling

To further define the determinants of SIVcol Nef function, we transduced human peripheral

blood mononuclear cells (PBMCs) with HIV-1 NL4-3 based IRES-eGFP constructs containing

different nef alleles and performed flow cytometric analysis to determine CXCR4 surface

Fig 3. Effect of SIVcol Nef on antiviral activity of vertebrate SERINC5 proteins. Infectious virus yield from HEK293T cells co-transfected with proviral

HIV-1 NL4-3 IRES eGFP constructs encoding the indicated nef alleles and pBJ5 SERINC expression or control plasmid. Shown are the mean levels of

infectious virus production by the respective IMCs in the presence of transient SERINC5 expression (+SEM; n = 9) relative to those obtained in cells

transfected with the control vector (100%). The results were derived from three independent experiments, each using triplicate infection of TZM-bl cells to

determine infectious virus yield.

https://doi.org/10.1371/journal.ppat.1007269.g003
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expression (Fig 5A). All three parental SIVcol Nefs efficiently down-modulated CXCR4 in pri-

mary human cells (Fig 5B). This effect was disrupted by mutation of YxxxLL to YxxxAA in the

C-terminal region of SIVcol CGU1 Nef but hardly affected by substitution of Y86F or Y87F

(Fig 5B). All SIV Nef proteins down-modulated CXCR4 from the cell surface without signifi-

cantly altering the overall levels of CXCR4 expression (Fig 5C). Thus, in contrast to counterac-

tion of SERINC5 and tetherin, down-modulation of the CXCR4 chemokine receptor by

SIVcol Nef involves a dileucine motif, a feature that is shared by other primate lentiviruses

[14]. It has been shown that Nef-mediated down-modulation of CXCR4 inhibits migration of

virally infected T cells to the chemokine stromal derived factor 1 (SDF-1) [14]. We confirmed

that potent down-modulation of CXCR4 from the surface of Jurkat T cells (Fig 5D) was associ-

ated with strongly inhibited cellular migration towards SDF-1α (Fig 5E). Both effects were

attenuated but not fully disrupted by the Y86F mutation.

HIV and SIV Nefs induce intracellular accumulation of the Src kinase Lck [40]. To deter-

mine whether SIVcol Nef also exerts this activity, we stained Jurkat-TAg T cells transiently

transfected with Nef expression constructs for endogenous Lck (Fig 5F, left). Analyses of�100

cells per construct showed that SIVcol Nef promotes retargeting of Lck to the perinuclear

region almost as efficiently as HIV-1 Nef, and this activity was not affected by the Y86F change

(Fig 5F, right). Finally, we analyzed whether SIVcol Nef suppresses the polymerization of actin

into a circumferential ring (F-actin ring) upon TCR-CD3 triggering, as reported for HIV-1

Fig 4. Anti-tetherin activity of SIVcol Nef. (A) Alignment of tetherin amino acid sequences from humans (HUM), chimpanzees (CPZ), rhesus macaques

(MAC) and colobus monkeys (COL). Amino acid identity is indicated by dots and gaps by dashes. Differences between COL and other tetherins in the TM

domain are highlighted by yellow boxes. Some known domains, the serine GPI anchor site (red box), and two potential glycosylation sites (underlined) are

indicated. (B, C) Release of p24 capsid antigen (B) and infectious virus yield (C) from HEK293T cells following transfection with a ΔvpuΔnef proviral HIV-1

NL4-3 construct, SIVcol Nef or GFP only (nef�) expression constructs, and varying amounts of plasmids expressing human or Colobus tetherin. Virus release

was determined by ELISA of cell-free and cell-associated p24 antigen and infectious virus was determined by infection of TZM-bl indicator cells. Both are

shown as percentages of those detected in the absence of tetherin (100%) and all values were derived from triplicate experiments ± SEM.

https://doi.org/10.1371/journal.ppat.1007269.g004
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and SIV Nef proteins [11,41]. Although SIVcol Nefs lack the CD3 down-modulation function

[20] they inhibited F-actin ring formation with high efficiency (Fig 5G). The Y86F change

attenuated this activity but mutant SIVcol Nef still remained as active as HIV-1 NL4-3 Nef.

Thus, although SIVcol Nefs lack a variety of T cell modulatory functions exerted by other Nef

proteins, such as down-modulation of CD3, CD4 and CD28, they are capable of interfering

with T cell migration, actin polymerization and Lck distribution.

Fig 5. Modulation of T cell properties by SIVcol Nef variants. (A) Human PBMCs were transduced with VSV-G pseudotyped HIV-1 NL4-3 constructs

coexpressing the indicated nef alleles and eGFP and assayed for surface expression of CXCR4 two days later. The mean APC fluorescence intensity values used

to calculate receptor modulation are indicated. (B, C) Quantitative assessment of surface (B) and total (C) cellular levels of CXCR4 in infected PBMCs. Values

give means + SEM derived from four donors. (D) Cell surface CXCR4 expression and chemotaxis (E) of Jurkat T (CCR7) cells. CXCR4 modulation was

calculated in transfected GFP expressing cells for each condition to their respective untransfected cells (100%). Chemotaxis was determined in a transwell

system (5μm pore size) towards SDF-1α (10 ng/mL) for 2 h after starvation in hunger medium (0.5% FCS). The percentage of migrated cells was calculated

from % GFP expressing cells after migration relative to % GFP expressing cells given as input per condition. Shown are mean values with standard error mean

of three independent experiments each performed in duplicates. (F) Representative widefield images and frequency of Lck retargeting assay in transient Nef

expressing Jurkat-TAg T cells and control. Cells were plated onto coverslips, fixed, permeabilized and stained for endogenous Lck. The frequency of cells

showing retargeting of Lck to the perinuclear region was determined by counting at least 100 cells per condition. (G) Representative widefield images and

quantification of peripheral F-actin ring formation by Jurkat-TAg T cells upon activation on anti-CD3 coated coverslips. The right panel shows quantification

of samples shown in the images counting at least 100 cells per condition. (�) Asterisks indicate GFP-positive cells. Bar diagrams show mean values with standard

deviation of three independent experiments. Scale bar = 5 μm. �, p< 0.05; ��, p< 0.01; ���, p< 0.001.

https://doi.org/10.1371/journal.ppat.1007269.g005
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SIVcol Nef induces proteasomal degradation of SERINC5

SIVcol CGU1 Nef is more active in counteracting SERINC5 than other primate lentiviral Nef

proteins and seems to use a distinct mechanism that involves Y86 but not the dileucine motif

in the C-proximal region [10]. To further characterize the underlying mechanism(s), we exam-

ined the effect of SIVcol Nef on SERINC5 expression and virion incorporation. Western blot

analyses showed that wt SIVcol Nef not only reduced virion incorporation but strongly dimin-

ished the cellular protein levels of SERINC5 (Fig 6A). Mutation of Y86F but not of YxxxLL to

YxxxAA (LL/AA) impaired this effect. In contrast to SIVcol Nef, the HIV-1 NL4-3 Nef

enhanced virion infectivity without affecting SERINC5 expression levels (Fig 6A). Quantitative

analyses revealed that wt SIVcol Nef reduced virion incorporation of SERINC5 by 75%,

whereas NL4-3 and SIVmac239 Nefs only achieved 40% and 60% reduction, respectively (Fig

6B). The Y86F mutation significantly abrogated the ability of SIVcol Nef to prevent degrada-

tion, virion incorporation and down-modulation of SERINC5 (Fig 6A–6C). Addition of

MG132, an inhibitor of cellular proteasome activity but not the lysosomotropic agent NH4Cl

diminished SIVcol Nef dependent reduction of SERINC5 expression levels (Fig 6C) suggesting

that this Nef enhances virion infectivity at least in part by inducing proteasomal degradation

of SERINC5.

Confocal microscopy analyses confirmed that HIV-1 and SIVcol Nef relocalized GFP-

tagged SERINC5 from the cell surface to intracellular structures (Fig 7A) and this effect was

strongly attenuated by the Y86F mutation (Fig 7B; supplemental S1–S4 Movies). Although

HIV-1 and SIVcol Nef proteins both removed SERINC5 from the plasma membrane, only

HIV-1 Nef induced accumulation of LAMP-1 positive vesicles and showed significant colocali-

zation with this lysosomal marker (Fig 7A and 7C). In contrast, wt SIVcol Nef but not the

Y86F mutant or HIV-1 NA7 Nef induced significant colocalization of SERINC5 with PSMA5,

a component of the 20S core proteasome complex (Fig 7D and 7E). Recruitment of SERINC5

to the proteasome was examined in the presence of MG132 (Fig 7D) since SIVcol Nef induced

a drastic reduction of the SERINC5 signal in the absence of this inhibitor of proteasomal deg-

radation (Fig 7F). It has been previously reported that SERINC5 downmodulation from the

cell surface by HIV-1 Nef involves the autophagy/lysosomal pathway [42]. Our results clearly

demonstrate that SIVcol Nef counteracts SERINC5 by a distinct mechanism involving protea-

somal degradation.

To clarify whether the Y86F mutation affects binding of SIVcol Nef to SERINC5, we used

the mammalian-membrane two-hybrid assay (MaMTH) allowing to detect even transient

interactions between membrane proteins in living human cells [43]. SIVcol Nef and SERINC5

reporter fusions were efficiently expressed (Fig 7G). Coexpression of wt SIVcol Nef and SER-

INC5 resulted in marked Gaussia luciferase reporter activity compared to controls indicating

interaction of both proteins. Signal intensity was significantly reduced by the Y86F mutation

(Fig 7G) suggesting that this residue is required for efficient interaction between SIVcol Nef

and SERINC5 at cellular membranes.

SERINC5 antagonism does not enhance viral replication in preactivated

CD4+ T cells

To assess whether the ability of Nef to counteract SERINC5 enhances viral replication, we

transduced pre-activated CD4+ T cells with HIV-1 NL4-3 expressing wt or Y86F SIVcol or

control HIV-1 and SIVmac nef alleles. Pseudotyping with the VSV-G envelope protein allowed

to achieve similar infection rates during the first round of infection as it bypasses the effect of

Nef on virion infectivity [44]. We found that recombinant viruses containing intact HIV-1

NL4-3 or SIVmac239 nef genes spread with higher efficiency and accelerated kinetics than the
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nef-defective virus (Fig 8A, upper left). In contrast, SIVcol nef genes did not enhance viral rep-

lication in human CD4+ T cells. Similarly, HIV-1 and SIVmac strongly enhanced infectious

virus production by infected CD4+ T cell cultures, while SIVcol Nefs had only marginal effects

(Fig 8A, lower left). Thus, the ability of Nef to enhance virion infectivity by counteraction of

SERINC5 was not associated with increased viral replication in pre-activated primary human

T cells.

It has been established that cell-to-cell viral transfer through the formation of virological

synapses between donor and target cells is the predominant mode of HIV spread and

Fig 6. Effect of SIVcol Nef on SERINC5 expression and virion incorporation. (A) The upper panel shows the infectivity of HIV-1

particles produced in HEK293T cells relative to the nef-defective control vector (100%). The lower panel shows Western blot analysis of

lysates of the corresponding producer cells and purified virions. (B) Quantification of SERINC5 levels in virions determined by

densitometry of Western blot analysis. Depicted are means (+SEM) from at least four independent experiments. (C) Surface and total

cellular SERINC5 levels in Jurkat T cells containing an HA-coding sequence in exon 8 of the serinc5 alleles (corresponding to the

predicted fourth extracellular loop of SERINC5) introduced by CRISPR/Cas9-assisted gene editing infected with NL4-3 IRES eGFP

expressing the indicated Nef proteins. Cells were left untreated or treated with MG132 or ammonium chloride, which inhibit proteasomal

and lysosomal degradation, respectively. Protein levels were determined at 2 days post-infection. Shown are means of four experiments

(+SEM). �, p< 0.05; ��, p< 0.01; ���, p< 0.001.

https://doi.org/10.1371/journal.ppat.1007269.g006
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Fig 7. SIVcol Nef relocalizes SERINC5 to the proteasome by an Y86 dependent mechanism. (A) Representative Laser scanning confocal microscopy

images of JTAg SERINC3/5 knock-out cells transfected with SERINC5–GFP (S5-GFP; green) alone or together with the indicated AU1-tagged Nef

proteins (red). Endogenous lysosomes were stained with an anti-LAMP1 antibody (blue). (B) Quantification of internal SERINC-GFP fluorescence versus

surface SERINC-GFP fluorescence from (A) displayed as means of n = 5 (+SD). (C) Quantification of the pixel area of LAMP1 staining from (A) in

triplicates (+SD). (D) Representative Laser scanning confocal microscopy images of JTAg SERINC3/5 knock-out cells transfected with SERINC5–GFP

(green) together with indicated AU1-tagged Nef (red) and endogenous proteasomes (anti-PSMA5, blue). Insets show magnifications of the highlighted

areas. Size bar, 2 μm. (E) Calculation of Pearson’s co-localization coefficients using Costes thresholds for PSMA5 (proteasome) and SERINC5-GFP for

images in (D). Displayed as means of triplicates (+SD). (F) Representative Laser scanning confocal microscopy images (left) and quantitative analysis

(right) of JTAg SERINC3/5 knock-out cells transfected with SERINC5–GFP (green) together with AU1-tagged SIVcol Nef wt (red) and either treated
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replication [45,46]. To determine whether SERINC5 counteraction might affect viral spread

under conditions of reduced cell-to-cell virus transmission, we maintained the infected CD4+

T cell cultures under continuous agitation as previously described [46]. In agreement with

published data [45,46], reduced cellular contacts strongly delayed virus spread and infectious

virus production compared to experimental conditions allowing effective cell-to-cell viral

transmission (Fig 8A, right panels). Expectedly, significant viral spread and infectious virus

production were observed in cultures infected with viruses expressing HIV-1 or SIVmac Nef

proteins. In contrast, lack of Nef expression or expression of wt or Y86F mutant SIVcol Nef

proteins was associated with lack of viral replication if cells were agitated. Thus, cell-free virus

with MG132 (10 μM for 3 h) or mock treated. Nuclei are stained with Hoechst (blue). (G) HEK293T B0166 MaMTH reporter cells were co-transfected

with 25 ng Bait (Nef) and 25 ng Prey (SERINC5) DNA. After 24 h, protein expression was induced by adding 0.5 μg/ml tetracycline and 40 h post-

transfection,Gaussia luciferase luminescence (left) was measured in three independent experiments, each using triplicates of transfection (+SEM) to

determine the level of protein interaction as compared to positive control (transcription factor only, Gal4) and EGFR/SHC1 proteins known to interact

with each other. Negative control cells co-transfected with each Nef Bait with Pex7 Prey were used to substract non-specific background interaction

signal. Western blot (right) shows the expression of V5-tagged SIVcol Nef Baits (WT or Y86F) and FLAG-tagged SERINC5 Prey (S5) constructs in

HEK293T B0166 cells. Mo = mock cells. �, p< 0.05; ��, p< 0.01; ���, p< 0.001.

https://doi.org/10.1371/journal.ppat.1007269.g007

Fig 8. SERINC5 antagonism does not enhance viral replication in primary human CD4+ T cell cultures. (A) Stimulated primary

CD4+ T cells were transduced with equal p24 amounts of VSV-G pseudotyped NL4-3 viruses carrying the indicated HIV/SIV nef gene or

mutant thereof. Cells were maintained in culture for up to 10 days post-transduction under static conditions (left panel) or with agitation

(right panel) to limit cell-to-cell viral spread. Every 2 days, samples of cell culture medium from triplicate wells were harvested to

determine infectious virus yield by TZM-bl reporter cell assay and CD4+ T cell infection rates were assessed by intracellular p24 staining

followed by flow cytometric analysis. Data shown represents measurements obtained from 3 donors (mean ±SEM). (B) Correlation

between the infection rates of TZM-bl and primary CD4+ T cells infected with HIV-1 IRES-eGFP nef recombinants produced in the

presence of transiently expressed SERINC5 in HEK293T cells. (C) The infectious virus and p24 antigen yields at 4, 6 and 8 days post-

infection in the standard CD4+ T cell infection experiments shown in panel A were determined by TZM-bl infection and p24 antigen

ELISA, respectively. Virion infectivity normalized for p24 content is shown relative to the nef-defective HIV-1 construct (100%). Shown

are average values obtained at three time points for the three blood donors (+SEM). �p< 0.05; ��p< 0.01.

https://doi.org/10.1371/journal.ppat.1007269.g008
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replication seems to be even more dependent on functional Nef expression than cell-to-cell

virus spread.

To further determine why SERINC5 antagonism failed to significantly enhance HIV-1 rep-

lication in these settings, we examined whether the effects of this restriction factor and its

antagonism on virion infectivity might be less pronounced in PHA-stimulated human CD4+

T cells than in TZM-bl indicator cells. To assess possible target cell dependencies, we cotrans-

fected HEK239T cells with recombinant HIV-1 NL4-3 proviral constructs containing a broad

spectrum of nef alleles and a SERINC5 expression vector. Nef proteins that efficiently enhan-

ced virion infectivity for TZM-bl cells by counteracting SERINC5 also potently promoted

infection of primary CD4+ T cells (Fig 8B). To assess whether SERINC5 affects the infectious-

ness of viral particles produced by infected primary CD4+ T cells, we determined infectious

virus and p24 yield in the supernatant of the cultures shown in Fig 8A. The presence of nef
alleles capable of counteracting human SERINC5 was associated with increased infectiousness

of HIV-1 particles produced by CD4+ T cells (Fig 8C). However, the enhancing effect of func-

tional HIV-1, SIVmac and SIVcol Nef proteins on HIV-1 particle infectivity was weaker

(about 2- fold) compared to the up to 100-fold increase achieved in transient HEK293 T trans-

fection assays and in Jurkat T cells (e.g. Fig 2C) [8–10].

SERINC5 antagonism promotes HIV-1 infectivity under conditions of

limited T cell activation

It has been shown that Nef is most effective in enhancing viral replication if primary PBMC

cultures are first infected and stimulated several days later [47,48]. In addition, it has been

reported that resting PBMCs express higher levels of SERINC5 than PHA-activated cells

[49]. To determine whether Nef-mediated counteraction of SERINC5 might be more rele-

vant under conditions of limited activation, we isolated PBMCs from five donors and

infected them prior to or after PHA activation. The HIV-1 NL4-3 and SIVmac239 Nef pro-

teins efficiently increased infectious HIV-1 yield, while expression of the SIVcol CGU1 and

LL/AA Nefs was associated with substantially delayed kinetics in prestimulated PBMCs and

cultures that were first infected and stimulated three days later (Fig 9A, upper). Notably, the

SIVcol CGU1 and LL/AA Nefs that counteract SERINC5 moderately increased infectious

virus yield compared to the Y86F Nef during later time-points. When the PBMC cultures

were stimulated 6 days post-infection, the CGU1 and LL/AA SIVcol Nefs resulted in a phe-

notype intermediate between wt and nef-defective HIV-1, while the Y86F Nef had only mar-

ginal effects (Fig 9A, upper right). The impact of functional Nef on infectious virus yield

was more pronounced than on RT activity in the culture supernatants (Fig 9A, lower). To

assess the effect of the various Nef proteins on virion infectivity, we divided the infectious

virus yield by the corresponding RT activities. In agreement with the results obtained in

transient transfection assays and in purified CD4+ T cells, the NL4-3, SIVmac239, SIVcol

CGU1 and LL/AA Nefs Nefs significantly enhanced virion infectivity, while the SIVmac239

LL/AA and SIVcol Y86F Nefs had little if any effect (Fig 9B). Notably, the magnitude of

enhancement compared to the nef-defective control HIV-1 construct was less pronounced

in pre-activated PBMCs (~3-fold) than in cells stimulated after virus infection (7-15-fold).

We found that the levels of SERINC5 mRNA expression in PBMCs are significantly reduced

by PHA-stimulation (Fig 9C). Altogether, these results suggest that SERINC5 has stronger

inhibitory effects on virion infectivity in CD4+ T cells that are not fully activated and might

express higher levels of SERINC5. Furthermore, our data show that Nef activities other than

antagonism of SERINC5 also contribute to viral spread and replication in primary human

cells.
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SIVcol Nef promotes viral spread in lymphoid tissue independently of anti-

SERINC5 activity

It has been shown that HIV-1 Nef promotes viral replication and cytopathicity in ex vivo
infected human lymphoid tissue (HLT) [50]. This experimental system is based on tonsillar

explants and maintains the mixed cell populations characteristic of lymphoid tissues, the

major site of viral replication in HIV-1-infected individuals. Notably, ex vivoHLT supports

Fig 9. Effect of SERINC5 antagonism on HIV-1 replication in PBMC cultures. (A) Human PBMC were transduced with equal p24 amounts of

VSV-G pseudotyped NL4-3 viruses carrying the indicated HIV/SIV nef gene or mutant thereof. Cells were activated with IL-2 and PHA either 3

days prior to transduction (preactivated) or 3 days and 6 days post infection (dpi). Every 3 days, samples of cell culture medium from triplicate

wells were harvested to determine infectious virus yield and RT activity. (B) Relative infectivity of virions produced in PBMCs. Results were

calculated by dividing infectious virus yield values obtained from TZM-bl reporter infectivity assay by corresponding RT activity values measured

by RT radioactivity-based assay of the cell culture supernatants from day 12. (C) SERINC5 mRNA levels in PBMCs cultured in the presence of

2 μg/ml PHA and/or 10 ng/ml IL-2. Gene expression was measured through qRT-PCR and the values were normalized to internal GAPDH

control as well as unstimulated PBMCs (CTRL) of the corresponding donor. Data shown represents measurements obtained from 4 donors (mean

±SEM). ��, p< 0.01; ���, p< 0.001.

https://doi.org/10.1371/journal.ppat.1007269.g009
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productive HIV-1 infection in the absence of exogenous stimulation and may thus allow detec-

tion of Nef effects on T cell activation that are missed under experimental conditions requiring

prior stimulation. In agreement with published data [50], disruption of the nef gene signifi-

cantly reduced HIV-1 replication and CD4+ T cell depletion (Fig 10A–10C). We found that

SIVcol Nef resulted in a phenotype intermediate between nef-defective and wt HIV-1 infection

(Fig 10A–10C). On average, however, the levels of p24 production and CD4+ T cell depletion

did not differ significantly between the wt and Y86F SIVcol Nef constructs (Fig 10A–10C).

Thus, SIVcol Nef modestly increased viral replication and cytopathicity in HLT, independently

of its anti-SERINC5 activity.

The result that SERINC5 antagonism did not significantly affect HIV-1 replication in

human T cells or ex vivo lymphoid tissues may seem surprising but is in agreement with previ-

ous data showing that the ability of Nef to down-modulate CD4 rather than to enhance virion

infectivity correlates with its potency in stimulating viral replication in primary T cells [51,52].

SIVcol Nef is unable to down-modulate CD4 from the cell surface and promoted HIV-1 repli-

cation only in ex vivoHLT, but not in prestimulated CD4+ T cells. Thus, we examined whether

SIVcol Nef might modulate the activity of transcription factors known to play key roles in viral

gene expression. Indeed, SIVcol Nef significantly increased the activity of NF-κB (by about

30%), although this enhancing effect was weaker than the one observed for other primate

Fig 10. Effect of SIVcol Nef on viral replication in ex vivoHLT and NF-κB or NF-AT activity. (A) Replication kinetics of HIV-1 constructs containing

the indicated nef alleles in blocks of human lymphoid tissues ex vivo. Panels A to C show mean values (±SEM) obtained using tissues from seven different

donors. (B) Cumulative virus production over 15 days of infection by the indicated HIV-1 constructs (see panel A) relative to the replication of the HIV-1

construct containing the NA7 nef allele (100%). (C) Levels of CD4+ T cell depletion in the tissue blocks (left) and cells that migrated in the gel foams (right)

at the end of culture at 15 days post-infection. (D) HEK293T cells were cotransfected with a firefly luciferase reporter construct under the control of three

NF-κB binding sites, a Gaussia luciferase construct for normalization, and expression vectors for a constitutively active mutant of IKKβ and the indicated

Nef variants. Luciferase activity was determined 40 h post-transfection. The mean value of 9 transfections + SEM is shown. (E) Jurkat cells stably transfected

with an NF-AT-dependent luciferase reporter gene were transduced with the indicated HIV-1 Nef-IRES-eGFP variants. The levels of luciferase activity were

determined at 16 h post-stimulation. Shown are average values (+SD) derived from triplicate transductions relative to the nef-defective control HIV-1

construct (100%). Similar results were obtained in two independent experiments. �, p< 0.05; ���, p< 0.001.

https://doi.org/10.1371/journal.ppat.1007269.g010
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lentiviral Nef proteins (Fig 10D) [19]. Similarly, both wt and Y86F SIVcol Nefs promoted the

activity of NF-AT, albeit less effectively than the HIV-1 NA7 Nef (Fig 10E). These results sug-

gest that the SIVcol Nef might be able to moderately increase HIV-1 replication in ex vivo
HLT by enhancing NF-κB and NF-AT activity.

Discussion

In the present study, we show that SIVcol Nef proteins derived from naturally infected man-

tled guerezas lack the ability to down-modulate CD4, CD28 and CD3 but are highly potent in

modulating CXCR4, suppressing TCR-induced actin remodeling, impairing T cell chemotaxis

towards SDF-1α, counteracting Colobus tetherin, and enhancing viral infectivity by counter-

acting SERINC3 and 5. These results expand previous studies [10,20,28] suggesting that Nef

proteins from SIVcol are functionally distinct from all other known primate lentiviral Nef pro-

teins. SERINC5 counteraction by SIVcol Nef was highly efficient and involved surface down-

modulation as well as effective proteasomal degradation of this restriction factor. In addition,

our results show that SIVcol Nefs are broad-spectrum antagonists of vertebrate SERINC5 pro-

teins and fully active against orthologs from humans, zebrafish and frogs. These effects were

disrupted by a single point mutation of Y86F allowing us to analyze the relevance of potent

anti-SERINC5 antagonism by Nef for viral replication and cytopathicity. Although the conser-

vation and apparent independent evolution of this Nef function suggest a relevant role in vivo,
efficient SERINC5 counteraction did not significantly enhance viral spread and replication in

preactivated human CD4+ T cells or in tonsillar lymphoid tissue cultures in the absence of

endogenous stimulation. More pronounced effects of SERINC5 antagonism on infectious

virus yield and virion infectivity were observed when human PBMC cultures were first HIV-1

infected and then PHA-activated six days later probably because activation reduces expression

of this restriction factor [49].

It has been reported that knockdown of SERINC3 and SERINC5 in the human JTAg T cell

line increases the infectivity of progeny nef-deficient HIV-1 virions by two orders of magni-

tude and that these restriction factors are highly expressed in primary human HIV-1 target

cells [9]. Thus, our finding that potent antagonism of SERINC3/5 by SIVcol Nef did not

enhance viral replication in activated CD4+ T cells and ex vivo infected tonsillar tissue may

seem surprising. However, this does not contradict the data of Usami and colleagues [9] who

examined the effects of SERINC3/5 in human macrophages that presumably contribute only

little to the efficiency of viral replication in tonsillar tissues. Notably, potent antagonism of

SERINC5 enhanced the infectivity of virions produced in pre-activated CD4+ T cells only 2-

to 3-fold (Fig 8) but had up to 10-fold effects when PBMCs were stimulated several days after

infection (Fig 9). Thus, the efficiency of SERINC5 restriction seems to be more efficient in pri-

mary T cells that are not fully activated. Our finding that SERINC5 antagonism did not

enhance HIV-1 replication in ex vivo infected tonsillar tissues in the absence of exogenous

stimulation (Fig 10) may seem unexpected. Possible reasons for this are that strongly activated

CD4+ T cells might be the main producers of HIV-1 in this experimental system and/or that

SERINC5 antagonism is less critical in lymphoid tissues where CD4+ T cells are densely

packed and the virus may mainly spread via direct cell-to-cell transfer. Our results are in agree-

ment with previous data showing that the ability of Nef to promote viral replication in cultured

human cells and tissues correlates with the efficiency of Nef-mediated down-modulation of

CD4 rather than enhancement of virion infectivity [51–53]. The fact that SIVcol Nef entirely

lacks the CD4 down-modulation activity that is otherwise highly conserved among primate

lentiviral Nef proteins thus provides a plausible explanation for its inability to promote viral

spread and replication in prestimulated primary CD4+ T cells.
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Our results suggest that the effects of Nef on HIV-1 replication in human lymphoid tissues,

that do not require exogenous stimulation to allow productive viral replication, are more com-

plex. It is well established that Nef modulates the responsiveness of virally infected T cells to

stimulation and the activity of transcription factors such as NF-κB and NF-AT [19,54,55]. We

found that SIVcol Nef moderately increases the activity of NF-κB in transiently transfected

HEK293T cells and of NF-AT in HIV-1 infected Jurkat T cells. While further studies in pri-

mary human tissues are required to obtain more definitive proof, stimulatory effects on the

activity of these transcription factors are a plausible explanation for the ability of SIVcol Nef to

moderately enhance viral replication of HIV-1 in human tissues independently of SERINC3/5

antagonism and CD4 down-modulation.

Primate lentiviral Nef proteins show high sequence diversity. Some functional motifs, how-

ever, such as the N-terminal myristoylation site required for Nef’s association with cellular

membranes, an acidic domain involved in MHC-I down-modulation, a proline-rich motif that

mediates interactions with signaling molecules and an ExxxLL motif critical for interaction of

Nef with adaptor protein (AP) complexes and sorting into clathrin-coated pits are usually con-

served [56]. Of these, only the N-myristoylation site and the acidic cluster are preserved in

SIVcol Nefs. It has been shown that the ExxxLL AP2 interaction site is critical for Nef’s ability

to down-modulate CD4 and CD28 [25,30], as well as SERINC5 antagonism [8,10] but dispens-

able for down-modulation of MHC-I and TCR-CD3 [57–59]. In SIVcol Nefs, this motif is gen-

erally altered to YxxxLL and mutation to YxxxAA did not significantly affect its anti-SERINC5

activity [10]. Although the lack of the CD4, CD28 and Ii modulation functions suggests that

SIVcol Nefs might lack a functional AP interaction site in their C-terminal loop region, muta-

tion of YxxxLL to YxxxAA disrupted the CXCR4 down-modulation function (Fig 4B). Poten-

tially, phosphorylation of Y204 in the YxxxLL motif, as previously reported for serine or

threonine residues [60], might generate a functional AP interaction site. Notably, all SIVcol

Nefs contain an aspartic acid (D) adjacent to the Y residue constituting a DxxLL motif that

might potentially interact with GGA adaptor proteins [61]. Thus, the role of the YDxxLL motif

in SIVcol Nef warrants further investigation. It also remains to be fully elucidated how Y86

allows SIVcol Nefs to counteract various SERINC proteins with high potency. Reduced signal

intensity in mammalian-membrane two-hybrid assay (Fig 8B) suggests that Y86 might be

directly involved in the interaction of SIVcol Nef with its SERINC target.

Nef proteins from SIVcol strongly down-modulated CXCR4. It has been shown that Nef-

mediated down-modulation of this entry cofactor might help some primate lentiviruses to pre-

vent superinfection [28,62]. However, the efficiency of Nef-mediated down-modulation of

CXCR4 does not correlate with the coreceptor tropism of primate lentiviruses, e.g. the Nef

proteins of CXCR4-tropic HIV-1 strains are poorly effective while several SIVs that use CCR5

and alternative coreceptors but not CXCR4 down-modulate this receptor with high efficiency

from the cell surface [14]. It has been suggested that these primate lentiviruses might down-

modulate CXCR4 to inhibit migration of T cells towards the SDF-1 chemokine and hence to

impair proper lymphocyte trafficking thought to play an important role in the antiviral

immune response [14]. In fact, previous studies suggest that primate lentiviral Nef proteins

target cellular trafficking by several distinct mechanisms [11,12,63]. Our finding that CXCR4

down-modulation and suppression of T cell migration are conserved functions of SIVcol Nefs

that lack several otherwise conserved activities supports an important role of these activities

for viral replication in vivo. For example, effects of Nef-mediated down-modulation of CXCR4

on T cell trafficking to lymphoid tissues might clearly attenuate the efficiency of the antiviral

immune response without exerting direct effects on viral replication.

The results of the present study add to the emerging evidence that SIVcol is not only evolu-

tionarily isolated but also functionally distinct from other primate lentiviral lineages. Lack of
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some Nef activities might help explaining why the reported prevalence of SIVcol in the wild

(on average 22.6%) is lower than that of other SIVs encoding Nef proteins that are potent SER-

INC5 antagonists [10]. However, the possibility that SIVcol exerts some activities in a species-

specific manner or that some functions are exerted by distinct mechanisms cannot be dis-

missed. For example, it has recently been shown that SIVcol uses Vpr to suppress NF-κB-

mediated immune activation while HIV-1 uses Vpu and many other primate lentiviruses Nef-

mediated down-modulation of CD3 to achieve this [20]. Furthermore, HIV-1 uses three of its

proteins (Env, Vpu and Nef) to down-modulate CD4 cell surface expression [64] and it will be

of interest to examine whether SIVcol, which lacks a vpu gene and encodes a Nef that is inac-

tive against CD4, has evolved alternative mechanisms to counteract inhibitory effects of this

receptor. Similarly, some primary HIV-1 strains not only use Nef to counteract SERINC5 but

also express Env proteins capable of evading this restriction factor [65,66]. It is not known

whether SIV Envs may also confer resistance against SERINCs. Notably, only Nef but not Env

prevents incorporation of SERINC5 into HIV-1 particles thereby reducing viral susceptibility

to neutralizing antibodies and inhibitory peptides [65,66]. Finally, it is interesting that the

highly divergent C-terminus of SIVcol Nef contains a putative MAP kinase docking domain

[35] that might compensate for the lack of the proline-rich (PxxP) motif that mediates interac-

tion with the SH3 domains of various kinases in the case of HIV-1 Nef proteins [36]. Alto-

gether, our current knowledge suggests that SIVcol has evolved mechanisms different from

other HIV and SIV strains to evade antiviral immunity and manipulate its host cell for efficient

replication.

It is conceivable that increased virion infectivity should provide a selection advantage for

the virus in vivo. However, the contribution of this specific Nef function to virus spread and

replication remains to be determined. Previous studies in the SIVmac/macaque model are

in agreement with a significant contribution of Nef-mediated infectivity enhancement to

viral replication in vivo but come with the caveat that other Nef functions, such as CD4

down-modulation, were also affected [15]. The efficiency of Nef-mediated SERINC5 antag-

onism did not significantly affect HIV-1 replication in pre-activated CD4+ T cells and in ex
vivo infected lymphoid tissues but correlates with the reported prevalence of SIV in their

natural non-human primate hosts in the wild [10]. Thus, it is tempting to speculate that

SERINC5 counteraction is more important for virus transmission than for replication

within an infected individual. One plausible explanation would be that yet-to-be-identified

cells expressing relatively high levels of SERINC5, such as incompletely activated CD4+ T

cells or macrophages, might shed virus particles into genital fluids. In addition, SERINC5

antagonism is most likely important for viral evasion of the humoral immune response

since virion incorporation of SERINC5 increases sensitivity to neutralizing antibodies

[65,66]. Notably, the wild-type and Y86F SIVcol Nefs represent useful tools to examine the

relevance of SERINC5 counteraction for viral replication in vivo, e.g. in humanized mouse

or rhesus macaque model.

Materials and methods

Ethical statement

Experiments involving human blood, CD4+ T cells or tonsillar tissue, were reviewed and

approved by the Institutional Review Board (i.e. the Ethics Committee of Ulm University).

Individuals and/or their legal guardians provided written informed consent prior to donating

blood or tonsillar tissues. All human-derived samples were anonymized before use. The use of

established cell lines (HEK293T, TZM-bl and Jurkat cells) did not require the approval of the

Institutional Review Board.
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Proviral constructs

Proviral HIV-1 NL4-3-IRES-eGFP constructs containing an internal ribosome entry site

(IRES) and the gene encoding the enhanced version of the green fluorescent protein (eGFP)

were generated as described [32]. Overlap-extension PCR was used to replace the NL4-3 nef in

wt or IRES-eGFP HIV-1 constructs by different primate lentiviral nef genes as described [6].

The integrity of all PCR-derived inserts was confirmed by sequencing. The control HIV-1

NL4-3-IRES- eGFP constructs expressing the NL4-3, NA7, and SIVmac239 Nefs or containing

a disrupted nef gene have been reported previously [7].

Expression vectors

Cloning of nef alleles into the bi-cistronic CMV promoter-based pCG expression vector co-

expressing the enhanced green fluorescent protein (eGFP) or blue fluorescent protein (BFP)

was described previously [6,67]. In brief, nef genes were amplified by PCR with flanking prim-

ers introducing XbaI and MluI restriction sites for cloning into the pCG IRES eGFP or BFP

vectors. Mutant Nef variants (SIVcol Y86F, Y87F Nef) were generated by mutating TAT

(Tyr86) to TTC (Phe) and TAC (Tyr87) to TTC (Phe). Sequence of tetherin from Colobus guer-
eza kikuyuensis was obtained from the public database and synthesized. Internal Mlul restric-

tion site was removed without changing the protein amino acid sequence (GCG to GCC).

Colobus tetherin was cloned into pCG expression vector co-expressing BFP as described [60]

and confirmed by sequence analysis. Human tetherin pCG expression vector was used previ-

ously [17]. MaMTH Nef N-Bait and SERINC5 C-Prey vectors were generated using Att recom-

bination site-based Gateway cloning technology (Invitrogen). The original Prey and Bait

expression vectors have been described [43,68], and all expression constructs were confirmed

by sequence analysis. The pBJ6 vector expressing HA-tagged SERINC5, pBJ5 vector expressing

HA-tagged MLV glycoGag as well as the pSERINC-GFP vectors have been previously reported

[8]. Human SERINC5 mutants L350A and I352A, as well as frog and zebrafish orthologs and

frog/human SERINC5 chimeras were described before [39].

Cell culture and transfection

Human Embryonic Kidney (HEK) 293T cells (obtained from the American Type Culture Col-

lection (ATCC)) were first described by [69]. TZM-bl reporter cells (kindly provided by Drs.

Kappes and Wu and Tranzyme Inc. through the NIH AIDS Reagent Program [70] were used

to determine infectious virus yield. Both cell lines were cultured in Dulbecco’s Modified Eagle

Medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS), 2 mM

L-glutamine, 100 units/ml penicillin and 100 μg/ml streptomycin. TZM-bl cells express CD4,

CCR5 and CXCR4 and contain the β-galactosidase genes under the control of the HIV-1

promoter [70,71]. HEK293T B0166 Gaussia luciferase reporter cells [43] maintained in Dul-

becco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated fetal calf

serum (FCS) and antibiotics. Jurkat T (obtained from the American Type Culture Collection

(ATCC)) were generated by Schneider et al. [72] and cultured as described previously [73,74].

Jurkat T-cell clones expressing an HA-coding sequence in exon 8 of serinc5 alleles were gen-

erated using CRISPR/Cas9-assisted gene editing, resulting in the expression of endogenous

SERINC5 protein displaying an HA epitope in its predicted fourth extracellular loop at the

interface of E290/H291.

Peripheral blood mononuclear cells (PBMCs) from healthy human donors were isolated

using lymphocyte separation medium (Biocoll separating solution; Biochrom), stimulated for

3 days with phytohemagglutinin (PHA; 2 μg/ml), and cultured in RPMI 1640 medium with

10% fetal calf serum and 10 ng/ml interleukin-2 (IL-2) prior to infection (dx.doi.org/10.17504/
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protocols.io.r7cd9iw) or first infected and then cultured in medium only until stimulation

with PHA at day 3 or 6. CD4+ T cells from healthy human donors were isolated using Rosette-

Sep Human CD4+ T Cell Enrichment Cocktail (Stemcell) and lymphocyte separation medium

(Biocoll separating solution; Biochrom), stimulated for 3 days with phytohemagglutinin (2 μg/

ml), and cultured in RPMI 1640 medium with 10% fetal calf serum and 10 ng/ml interleukin-2

(IL-2) prior to infection (dx.doi.org/10.17504/protocols.io.r7ad9ie). Transfection of Jurkat T

cells was performed using the DMRIE-C reagent (GibcoBRL) following the manufacturer’s

instructions.

Western blot

To examine the expression of primate lentiviral Nef proteins, HEK293T cells were transfected

in 6-well dishes with 5 μg DNA of pCG IRES eGFP vectors expressing AU1-tagged Nefs. Two

days post-transfection, cells were lysed with Co-IP buffer (150 mM NaCl, 50 mM HEPES, 5

mM EDTA, 0.10% NP40, 0.5 mM sodium orthovanadate, 0.5 mM NaF, protease inhibitor

cocktail from Roche) and reduced in the presence of β-mercaptoethanol by boiling at 95˚C for

10 min. Proteins were separated in 4 to 12% Bis-Tris gradient acrylamide gels (Invitrogen),

blotted onto polyvinylidene difluoride (PVDF) membrane, and incubated with anti-AU1

(MMS-130P; Covance), anti-GFP (ab290; Abcam), and anti-β-actin (ab8227; Abcam) antibod-

ies. Subsequently, blots were probed with anti-mouse and anti-rabbit IRDye Odyssey antibod-

ies (cat.no. 926–32210 and 926–32221; LI-COR), and scanned using a LI-COR Odyssey

reader. Western blot analysis of cell-associated and virion levels of SERINC5 and HIV-1 Gag

was conducted as previously described [75].

Flow cytometry

CD4, MHC-I, CD28, CD3 and GFP reporter molecules in PBMCs and CXCR4 surface levels

in Jurkat T cells transduced with HIV-1 NL4-3 constructs coexpressing Nef and GFP were

measured as described previously [73]. Up-modulation of Ii cell surface expression was mea-

sured on THP-1 cells. The following phycoerythrin-conjugated antibodies were used: anti-

human CD4, anti-human CD3 and anti-LeuTM-28 (BD Biosciences), anti-CD74/R-PE

M-B741 (Ancell), anti-HLA-ABC Antigen/RPE (DAKO), mouse anti-human HLA-DR

TUE36 (Caltag laboratories) and L243 (BD Biosciences). Nef-mediated down- or up-regula-

tion of cellular receptors was quantitated as described [6]. To determine CXCR4 modulation

by Nef, pre-stimulated human PBMCs were transduced with NL4-3-based IRES-eGFP viral

constructs. Surface expressed CXCR4 was stained 3 days post-transduction using CXCR4 APC

(BD, cat. no. 555976) conjugated antibody. To determine total cellular CXCR4 levels, trans-

duced PBMCs were permeabilized using Fix&Perm kit (MUBio, cat.no. GAS-002-1) prior to

CXCR4 staining. CXCR4 down-modulation was calculated by dividing the mean fluorescence

intensity (MFI) values obtained for cells transduced with viruses co-expressing Nef by the MFI

of cells transduced with the nef-defective control construct. To determine SERINC5 surface

downmodulation and degradation, Jurkat cells engineered to express endogenous SERINC5

with HA tag in the predicted fourth extracellular loop were transduced with VSV-G pseudo-

typed NL4-3 IRES eGFP viruses encoding indicated nefs or mutants thereof. After 40h, cells

were treated for 6h with 10 μM MG132 proteasomal inhibitor, 10 mM NH4Cl or medium only

(untreated). To measure total cellular SERINC5 levels, the cells were permeabilized using

FIX&PERM Cell Fixation and Permeabilization Kit and stained with anti-HA antibody conju-

gated to Alexa Fluor 647 (BioLegend #682404). To measure surface SERINC5 levels, unper-

meabilized cells were stained in the same manner before fixation with 2% PFA. As a negative
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staining control, cells were treated with Alexa Fluor 647 Mouse IgG1 Isotype Control antibody.

Levels of Alexa Fluor 647 and eGFP were determined by flow cytometry.

Virus stocks

To generate virus stocks, HEK293T cells were co-transfected with the proviral HIV-1 NL4-3

constructs encoding containing various nef alleles and a plasmid (pHIT-G) expressing VSV-G

to achieve comparably high infection levels for flow cytometric analysis and replication kinet-

ics. Two days post-transfection, supernatants containing infectious virus were harvested. The

amount of HIV-1 capsid protein was quantified by p24 antigen ELISA as described [76] for

normalization of the virus dose.

Viral infectivity

Virus infectivity was determined using P4-CCR5 and TZM-bl cells as described previously [7].

Briefly, the cells were sown out in 96-well dishes in a volume of 100 μl and infected by over-

night incubation with virus stocks, containing 1 ng of p24 antigen, produced by transfected

HEK293T cells. Three days post-infection, viral infectivity was detected using the Gal-Screen

kit from Applied Biosystems as recommended by the manufacturer. β-galactosidase activity

was quantified as relative light units per second using the Orion microplate luminometer.

SERINC antagonism

To measure Nef-mediated SERINC3 and SERINC5 counteraction, HEK293T cells were co-

transfected using calcium phosphate with 3 μg of HIV-1 NL4-3 IRES GFP reporter proviral

constructs containing various nef alleles and 2.5 μg pBJ6-SERINC5-HA expression plasmid or

pBJ6-empty vector (6-well format). The HIV-1 NL4-3 nef- construct was used as negative con-

trol and viral particles produced by co-transfection with 500 ng HA-tagged MLV glycoGag

served as positive control. To measure Nef-mediated counteraction of SERINC5 mutants, chi-

meras and orthologs, HEK293T cells were co-transfected using polyethylenimine (PEI) with

0.9μg HIV-1 NL4-3 IRES GFP reporter proviral constructs containing various nef alleles and

0.1μg pBJ5 SERINC (24-well format). The HIV-1 NL4-3 nef- construct was used as negative

control and viral particles produced by co-transfection with 0.1μg HA-tagged MLV glycoGag

or pHIT-G vector expressing VSV-G served as positive controls. Two days post-transfection,

cell supernatants were harvested and infectious HIV-1 yield was quantified by TZM-bl infec-

tion assay [7].

Tetherin antagonism

To measure SIV-col Nef-mediated human and Colobus tetherin counteraction, HEK293T cells

were co-transfected using calcium phosphate method with 4 μg HIV-1 NL4-3 provirus lacking

Nef and Vpu expression (ΔnefΔvpu), 1 μg Nef expression vector or empty vector as well as

increasing amounts of human or Colobus tetherin DNA (0–0.25 μg). Two days post-transfec-

tion, supernatants and cells were harvested. Infectious HIV-1 yield was quantified by a 96-well

TZM-bl infection assay whereas p24 concentration was determined by p24 ELISA quantifica-

tion of cell free (CF) and cell associated (CA) capsid p24 antigen. Release was calculated as the

percentage of CF p24 out of total (CF + CA) produced p24 antigen.

T cell migration

Chemotaxis of Jurkat T (CCR7) cells towards SDF-1α (10 ng/ml) was determined in a trans-

well system (5 μm pore size) for 2 h after starvation in hunger medium (0.5% FCS).
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Percentages of migrated cells were calculated from % GFP expressing cells after migration rela-

tive to % GFP expressing cells given as input per condition.

Lck retargeting

Jurkat-TAg T cells transiently expressing Nef or control cells were plated onto coverslips,

fixed, permeabilized and stained for endogenous Lck essentially as described previously

[77,78].

Actin ring formation

Effects of Nef on the actin skeleton were analyzed essentially as described previously [77,79].

Briefly, microscope cover glasses were coated with anti-CD3 antibody diluted in TBS (10 μg/

ml) for 3 h at 37˚C. After being washed with TBS, the cover glasses were stored in TBS at 4˚C.

Cells were added in a volume of 50 μl onto the glasses, incubated for 5 min at 37˚C, fixed by

direct addition of paraformaldehyde and subsequently analyzed by widefield microscopy.

Confocal microscopy

JTAg SERINC3/5 KO cells (a gift from M. Pizzato) were electroporated in 0.4 cm gap cuvettes

(250 V, 950 μF in PBS containing 1% DMSO) with 15 μg p_SERINC5-GFP and 15 μg

pCG-Nef-AU1 expression plasmids, using Xcell Gene pulser (Bio-Rad) and incubated for 40h.

Cells that were later to be stained with proteasomal markers were treated with 10 μM MG132

for 3h or left untreated prior to harvesting. Cells were washed, fixed in 2% PFA, permeabilized

and blocked using 5% BSA, 0.2% TritonX in DPBS. Nef was stained using mouse monoclonal

AU1 (MMS130R, Covance, 1:500), followed by anti-mouse APC (Invitrogen, A-865, 1:1000).

Lysosomes were stained with rabbit anti-LAMP (abcam, ab24170, 1:500) and proteasome was

stained with rabbit anti-PSMA5 (ThermoFisher, PA5-17295, 1:250) followed by anti-rabbit

AlexaFluor568 (Invitrogen, A10042, 1:1000). Hoechst stain was used to detect nuclei. Cells

were mounted in Glycerol Mounting Medium in IBIDI microslides. Laser scanning micros-

copy was performed using a Zeiss LSM 710.

Image processing and analysis

Raw image stacks were deconvoluted using a calculated point spread function in Huygens Pro-

fessional (Scientific Volume Imaging) and further analyzed and displayed using both ImageJ

and Huygens Professional. Pearson correlation coefficient per individual cell was calculated

using Huygens Professional (Scientific Volume Imaging) with Costes automatic thresholding.

Pixel area of immunofluorescence staining was determined in ImageJ by using automatic

thresholding and quantifying the extracted stained pixels per individual cell.

Viral replication kinetics in CD4+ T cells

CD4+ T cells pre-stimulated with phytohemagglutinin (2 μg/ml) were transduced with VSV-G

pseudotyped virus stocks containing normalized quantities of p24 antigen. Four hours post-

transduction, cells were washed three times in PBS, split into multiple wells of a 96-well plate

for each used donor (5 x 105 cells/well) and resuspended in RPMI 1640 medium with 10%

heat-inactivated FCS, 2 mM L-glutamine and antibiotics. Transduced cells were cultured with

or without agitation (650 rpm) for up to 10 days. Every second day, 80% of the culture super-

natant was harvested for determination of infectious virus and p24 yield by TZM-bl infection

or p24 antigen ELISA, respectively. In addition, the percentage of HIV-1 infected p24+ T cells

was determined by intracellular staining using Fix&Perm kit (MUBio, cat.no. GAS-002-1) and
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a FITC-conjugated p24 antibody (Beckman Coulter, clone KC57) followed by flow cytometric

analysis.

Viral replication kinetics in PBMCs

A total of 7 x 105 PBMCs/well were transduced in triplicates with VSV-G pseudotyped virus

stocks containing normalized quantities of p24 antigen. Six hours post-transduction, cells

were washed with PBS and resuspended in RPMI 1640 medium containing 10% heat-inacti-

vated FCS, 2 mM L-glutamine and antibiotics. Cells were stimulated with 2 μg/ml phytohe-

magglutinin and 10 ng/ml IL-2 either 3 days prior to transduction, 3 days after transduction,

or 6 days after transduction and maintained in RPMI 1640 medium with 10% heat-inactivated

FCS, 10 ng/ml IL-2, 2 mM L-glutamine and antibiotics until day 15. Every third day, 80% of

the culture supernatant was harvested for determination of infectious virus yield by TZM-bl

infectivity assay as well as reverse transcriptase activity by radioactivity-based RT assay

described before [7].

qRT-PCR

PBMCs were obtained from the same donors as used in the PBMC kinetic described above.

Cells were cultured for 3 days in RPMI 1640 medium with 10% fetal calf serum and antibiotics,

containing either phytohemagglutinin (2 μg/ml), 10 ng/ml interleukin-2 (IL-2) or both. RNA

was isolated using RNeasy Plus Mini Kit (Qiagen 74136) and reverse transcribed with Prime

Script RT reagent kit (Takara #RR037A). Gene expression was measured using TaqMan Fast

Universal PCR Master Mix (ThermoFisher #4352042) and the following TaqMan probes: SER-

INC5 (ThermoFisher #Hs00968169_m1) and as a normalization control, GAPDH (Thermo-

Fisher #Hs99999905_m1). Ct data was processed relative to the GAPDH control and further

normalized to control cells cultured in the absence of IL-2 and PHA from the same donor.

SERINC5 and Nef interaction assay

The Mammalian Membrane Two-Hybrid (MaMTH) Assay was performed as described

[43,68]. In brief, HEK293T B0166 Gaussia luciferase reporter cells were co-transfected in

96-well plates with MaMTH vectors including 25 ng Nef Bait and 25 ng SERINC5 Prey DNA

in triplicates using PEI transfection reagent. Gal4 (transcription factor) as well as EGFR Bait

with SHC1 Prey served as positive controls, whereas Nef Bait proteins with Pex7 Prey were

used as negative controls. After 24 h, Bait protein expression was induced by adding 0.5 μg/ml

tetracycline. Supernatants were harvested 40 h post-transfection and the released Gaussia
reporter was measured 1 s after injecting 20 mM coelenterazine substrate using a BMG Omega

Plate luminometer.

NF-AT assay

Jurkat cells stably transfected with an NF-AT-dependent reporter gene vector [54] were either

left uninfected or transduced with HIV-1 IRES eGFP constructs expressing various nef alleles.

Except for those cells used as controls, cultures were treated with PHA (1 μg/ml; Murex).

Luciferase activity was measured and n-fold induction determined by calculating the ratio of

measured relative light units (RLU) of treated samples to that of untreated samples, as

described previously [80].
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NF-κB reporter assay

To determine the effect of Nef on NF-κB activity, HEK293T cells were seeded in 96-well plates

coated with poly-L-lysine and cotransfected with a firefly luciferase reporter construct under

the control of three NF-κB binding sites, a Gaussia luciferase construct under the control of a

constitutively active pTAL promoter for normalization, and expression vectors for different

Nef proteins as described [20]. Two days post-transfection, a dual luciferase assay was per-

formed and the firefly luciferase signals were normalized to the corresponding Gaussia lucifer-

ase control values.

Ex vivo human lymphoid tissue

Human tonsillar tissue removed during routine tonsillectomy and not required for clinical

purposes was received within 5 h of excision. The tonsils were washed thoroughly with

medium containing antibiotics and then sectioned into 2 to 3 mm3 blocks. These tissue blocks

were placed on top of collagen sponge gels in the culture medium at the air-liquid interface

and infected without exogenous stimulation as described [51]. Supernatants were collected at

3 day intervals, and productive HIV-1 infection was assessed by measuring p24 antigen con-

tent. Flow cytometry was performed on cells mechanically isolated from control and infected

tissue blocks, and depletion of CD4+ T cells was quantified as described previously [81].

Phylogenetic analysis

Sequences were derived from the Los Alamos sequence database (http://hiv-web.lanl.gov).

Phylogenetic tree construction was done with the Phylogenetic analysis tool: “Phylogeny.fr”

[82].

Statistical methods

The mean activities were compared using Student’s t-test. Similar results were obtained with

the Mann Whitney test. The software package StatView version 4.0 (Abacus Concepts, Berke-

ley, CA) was used for all calculations.

Supporting information

S1 Movie. Localization of SERINC5. Jurkat SERINC3/5 K.O. cells were transfected with SER-

INC5-GFP (green). Nuclei were stained with Hoechst (white). Z-stacks were taken using Zeiss

LSM710 laser scanning microscope, images were deconvoluted using Huygens Professional

and 3D movies rendered in Imaris.

(MP4)

S2 Movie. Localization of SERINC5 in the presence of HIV-1 Nef. Jurkat SERINC3/5 K.O.

cells were transfected with SERINC5-GFP (green) and HIV-1 Na7 Nef AU1. Cells were stained

for AU1 (red) and endogenous LAMP-1 (blue). Z-stacks were taken and movies generated as

described in the legend to S1 Movie.

(M4V)

S3 Movie. Localization of SERINC5 in the presence of SIVcol Nef. Jurkat SERINC3/5 K.O.

cells were transfected with SERINC5-GFP (green) and SIVcol Nef AU1. Cells were treated

with 10 μM of MG132 proteasomal inhibitor to visualize co-localization. Samples were stained

for AU1 (red), endogenous PSMA5 (blue) and nucleus (Hoechst; white). Z-stacks were taken

and movies generated as described in the legend to S1 Movie.

(M4V)
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S4 Movie. Localization of SERINC5 in the presence of SIVcol Y86F mutant Nef. Jurkat

SERINC3/5 K.O. cells were transfected with SERINC5-GFP (green) and SIVcol Y86F Nef

AU1. Cells were treated with 10 μM of MG132 proteasomal inhibitor to visualize co-localiza-

tion. Samples were stained for AU1 (red), endogenous PSMA5 (blue) and nucleus (Hoechst;

white Z-stacks were taken and movies generated as described in the legend to S1 Movie.

(M4V)
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3.3. Research paper V 

The Antiviral Activity of the Cellular Glycoprotein LGALS3BP/90K Is Species Specific. 

Lodermeyer V*, Ssebyatika G*, Passos V, Ponnurangam A, Malassa A, Ewald E, Stürzel CM, 

Kirchhoff F, Rotger M, Falk CS, Telenti A, Krey T**, Goffinet C**. J Virol. 2018 Jun 29;92(14). 

pii: e00226-18. doi: 10.1128/JVI.00226-18 

 

Unlike SERINC5, 90K is an interferon inducible restriction factor. Previous results showed the 

role of 90K in inhibiting the infectivity of HIV-1 virions by impairing the processing of the HIV-1 

Envelope precursor gp160, and consequently the reduction of gp120 incorporation into HIV-1 

particles. The fact that murine 90K was not able to counteract HIV-1, led us to investigate the 

species specificity of 90Ks´ antiviral restriction. In this study we clarified that the antiviral activity 

of 90K primate orthologues against several lentiviruses is conserved between primate species, 

yet not universal, as 90K derived from rhesus macaque showed no effect on lentiviral 

infectivity.     

 

Contribution to this study 

I declare that for this work I performed experiments for Figure 2F-I and Figure 5D. 

  



The Antiviral Activity of the Cellular Glycoprotein LGALS3BP/
90K Is Species Specific

Veronika Lodermeyer,a George Ssebyatika,b Vânia Passos,c Aparna Ponnurangam,c Angelina Malassa,c Ellen Ewald,c

Christina M. Stürzel,a Frank Kirchhoff,a Margalida Rotger,d Christine S. Falk,e Amalio Telenti,f Thomas Krey,b,g

Christine Goffinetc

aInstitute of Molecular Virology, Ulm University Medical Center, Ulm, Germany
bInstitute of Virology, Hannover Medical School, Hannover, Germany
cInstitute for Experimental Virology, Twincore Centre for Experimental and Clinical Infection Research,
Hannover, Germany

dInstitute of Microbiology, University Hospital Center, University of Lausanne, Lausanne, Switzerland
eInstitute of Transplant Immunology, Integrated Research and Treatment Center Transplantation, IFB.Tx,
Hannover Medical School, Hannover, Germany

fHuman Longevity Inc., San Diego, California, USA
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ABSTRACT Cellular antiviral proteins interfere with distinct steps of replication cycles of
viruses. The galectin 3 binding protein (LGALS3BP, also known as 90K) was previously
shown to lower the infectivity of nascent human immunodeficiency virus type 1 (HIV-1)
virions when expressed in virus-producing cells. This antiviral effect was accompanied by
impaired gp160Env processing and reduced viral incorporation of mature Env glycopro-
teins. Here, we examined the ability of 90K orthologs from primate species to reduce
the particle infectivity of distinct lentiviruses. We show that 90K’s ability to diminish the
infectivity of lentiviral particles is conserved within primate species, with the notable ex-
ception of 90K from rhesus macaque. Comparison of active and inactive 90K orthologs
and variants uncovered the fact that inhibition of processing of the HIV-1 Env precursor
and reduction of cell surface expression of HIV-1 Env gp120 are required, but not suffi-
cient, for 90K-mediated antiviral activity. Rather, 90K-mediated reduction of virion-
associated gp120 coincided with antiviral activity, suggesting that 90K impairs the incor-
poration of HIV-1 Env into budding virions. We show that a single “humanizing” amino
acid exchange in the BTB (broad-complex, tramtrack, and bric-à-brac)/POZ (poxvirus and
zinc finger) domain is sufficient to fully rescue the antiviral activity of a shortened ver-
sion of rhesus macaque 90K, but not that of the full-length protein. Comparison of the
X-ray structures of the BTB/POZ domains of 90K from rhesus macaques and humans
point toward a slightly larger hydrophobic patch at the surface of the rhesus macaque
BTB domain that may modulate a direct interaction with either a second 90K domain or
a different protein.

IMPORTANCE The cellular 90K protein has been shown to diminish the infectivity of
nascent HIV-1 particles. When produced in 90K-expressing cells, particles bear
smaller amounts of the HIV-1 Env glycoprotein, which is essential for attaching to
and entering new target cells in the subsequent infection round. However, whether
the antiviral function of 90K is conserved across primates is unknown. Here, we
found that 90K orthologs from most primate species, but, surprisingly, not from rhe-
sus macaques, inhibit HIV-1. The introduction of a single amino acid exchange into a
short version of the rhesus macaque 90K protein, consisting of the two intermediate
domains of 90K, resulted in full restoration of antiviral activity. Structural elucidation
of the respective domain suggests that the absence of antiviral activity in the rhesus
macaque factor may be linked to a subtle change in protein-protein interaction.
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Mammalian cells express an arsenal of genes which encode antiviral proteins. The
expression of most, but not all, of them is upregulated by type I interferons. CNP

(1), Tetherin (2, 3), and GBP5 (4), proteins of the IFITM family (5, 6), and SERINC5 (7, 8)
block particle assembly, block particle release, or reduce HIV-1 particle infectivity,
demonstrating that late steps of the lentiviral replication cycle can be targeted by host
cell defenses. The cellular glycoprotein LGALS3BP (galectin 3 binding protein, also
known as 90K) is a secreted antiviral protein that has been identified by us (9) and
others (10) to interfere with late steps of human immunodeficiency virus type 1 (HIV-1)
biogenesis, resulting in poor infectivity of released virions. 90K was originally identified
as a tumor antigen, and its expression is also upregulated in the context of HIV-1 and
hepatitis C virus (HCV) infections, reaching secreted protein levels in the microgram-
per-milliliter range in body fluids (11–13). 90K is composed of a scavenger receptor
cysteine rich-like domain of known structure (14), a BTB (broad-complex, tramtrack, and
bric-à-brac)/POZ (poxvirus and zinc finger) domain, an IVR (intervening region) domain,
and a C-terminal part without substantial homology to known protein domains (15).
Upon completion of posttranslational modifications, the highly glycosylated 90K is
secreted in an ERGIC-53-regulated manner (16) and associates with the extracellular
matrices of various tissues, where it oligomerizes to ring-like and linear structures (15,
17, 18). Physiological functions of the extracellular protein may comprise immuno-
modulation and modulation of proliferation, motility, migration, and adhesion of cells
via interaction with cell surface receptors (19). Specifically, 90K-mediated induction of
cell signaling involves upregulation of cytokine production, including interleukin 2
(IL-2), IL-6, granulocyte-macrophage colony-stimulating factor (GM-CSF), and tumor
necrosis factor alpha (TNF-�) (19–21), which may contribute to an antiviral state. We
have shown previously that 90K expressed within HIV-1-producing cells mediates the
antiviral activity against HIV-1, but not exogenously added secreted protein, suggesting
an intracellular mode of antiviral action (9). Inhibition correlated with reduced viral
incorporation of mature HIV-1 gp120 and gp41 glycoproteins and was accompanied by
reduced HIV-1 gp160 Env precursor processing. Importantly, small interfering RNA
(siRNA)-mediated reduction of 90K protein expression increased particle infectivity of
released virions in TZM-bl cell lines by 10-fold and enhanced the spread of HIV-1 Ba-L
in primary macrophages up to 5-fold, indicating that physiological levels of 90K
expression contribute to HIV-1 restriction (9).

Investigating the ability of closely related orthologs of restriction factors to inhibit viral
infections is a valuable approach to identifying domains that determine antiviral activity
and to shedding light on the mode of antiviral action. Here, we address the species
specificity of 90K orthologs to restrict lentiviruses, and we identify functional and structural
determinants of the antiviral activity of 90K.

RESULTS
Species-specific antiviral activity of 90K proteins. The coding sequence of 90K is

highly conserved within primates, with amino acid homologies ranging from 90 to 98%
between individual nonhuman primate 90K proteins and human 90K (Fig. 1A). To
explore the species specificity of 90K’s antiviral activity, we analyzed the infectivity of
HIV-1 particles generated in producer HEK293T cells expressing heterologous, C-terminally
myc-tagged 90K proteins. Importantly, HEK293T cells lack detectable expression of endog-
enous 90K protein (9) and therefore represent a suitable system for heterologous
expression studies. The infectivity of released particles, defined as infectivity per
nanogram of HIV-1 p24 capsid in the culture supernatant, was diminished by 70% by
human 90K-myc (Fig. 1B), confirming our previous data (9). All seven tested nonhuman
90K proteins, with the surprising exception of 90K from rhesus macaques, reduced
particle infectivity to similar extents. Anti-myc immunoblotting confirmed that all
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proteins were expressed (Fig. 1B). These results point toward an evolutionarily con-
served, but not universal, antiviral activity of 90K proteins among primate species that
manifests itself as a decreased infectivity of secreted HIV-1 particles.

90K inhibits HIV-1 by impairing Env incorporation into particles. Human 90K-
mediated reduction of particle infectivity correlates with decreased levels of incorpo-
rated gp120 glycoproteins and is accompanied by lowered Env cell surface expression
and reduced cleavage efficiency of the glycoprotein precursor (9). Here, we investigated
the protein composition of virus particles produced in the presence of primate 90K
proteins and determined the cleavage efficiency of the Env polyprotein precursor
within the respective HIV-1 producer cells by quantitative immunoblotting. Levels of
virus-associated mature gp120 were reduced 54 to 66% by human 90K and the six
active nonhuman primate variants but were not statistically significantly altered in the
presence of rhesus macaque-derived 90K-myc (Fig. 2A). Proteolytic cleavage of the
glycoprotein precursor, however, was impaired by 90K proteins of all the nonhuman
primate species, including the inactive rhesus macaque protein, by 25 to 39%, while
Gag processing remained intact (Fig. 2B). Of note, levels of viral gp120 incorporation
and of mature gp120 expression both correlated positively with the relative particle
infectivity (Fig. 2C and D), and viral gp120 incorporation and gp160 processing corre-
lated positively with each other (Fig. 2E). Similarly to gp160 processing, cell surface
levels of HIV-1 gp120 were reduced by all 90K orthologs by 29 to 47% (Fig. 2F and G).
Importantly, neither expression of human 90K nor expression of rhesus macaque 90K
altered overall protein trafficking and secretion, as evidenced by the fact that extra-
cellular concentrations of migration inhibition factor (MIF), macrophage colony-
stimulating factor (M-CSF), and monocyte chemoattractant protein 1 (MCP-1) remained
stable in the context of 90K expression (Fig. 2H), whereas they were effectively
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decreased by brefeldin A treatment, as assessed by Luminex-based multiplex assays
(Fig. 2I). Taking these findings together, 90K’s ability to interfere with glycoprotein
precursor cleavage and to lower the pool of HIV-1 Env at the plasma membrane may
be required, but not sufficient, for reduction of HIV-1 particle infectivity. Rather, specific
impairment of incorporation of mature gp120 into nascent virions appears to be the
primary mode of action of 90K.

Specificity of anti-lentiviral activity of 90K. We next tested the ability of 90K-myc
proteins to inhibit lentiviruses other than HIV-1. The particle infectivity of HIV-2 was
reduced by all tested primate orthologs, including the rhesus macaque ortholog, albeit
to milder extents than that of HIV-1 (Fig. 3A and B). Simian immunodeficiency virus
from macaques (SIVmac) and SIV from sooty mangabey monkeys (SIVsmm) were inhib-
ited by all tested primate 90K proteins, with the exception of rhesus macaque-derived
90K, which only mildly reduced the infectivity of these SIVs to a level comparable to
that for HIV-2, without, however, reaching statistical significance (Fig. 3C and D). SIV
from African green monkeys (SIVagm) and SIV from chimpanzees (SIVcpz) were suscep-
tible to inhibition by all tested 90K proteins, including the rhesus macaque-derived
factor (Fig. 3E and F). However, due to the lack of availability of antibodies recognizing
SIVsmm, SIVagm, and SIVcpz capsids, we cannot rule out an inhibitory effect of 90K on the
release of these viruses, which potentially contributes to the small amount of infectivity
released into the supernatant. These data indicate that inhibition by human and most
nonhuman primate 90K proteins is not HIV-1 specific but is also directed against other
lentiviruses. Among primate 90K proteins, rhesus macaque 90K is unique in its inability
to diminish the particle infectivity of the tested HIV-1 strain and in its low potency
against SIVmac and SIVsmm strains, despite 89-to-97% amino acid identity with active
primate 90K proteins.

Toward a minimal antiviral 90K variant. We have shown previously that a
shortened version of human 90K-myc, comprising solely domains 2 and 3 [hu 90K(127–
408)], is at least as active as wild-type 90K-myc (9). Starting from this observation, we
aimed at further narrowing down the minimal region required for antiviral activity. For
this purpose, we generated a set of shortened variants of 90K-myc (Fig. 4A). Confirming
our previous results (9), particle infectivity was slightly more efficiently reduced by
90K(127– 408) than by wild-type 90K (Fig. 4B). Further C-terminal truncation [90K(127–
358) and 90K(127–308)] did not curtail the antiviral activity. On the other hand, further
stepwise truncation of the N terminus slightly decreased [90K(157– 408)] or abrogated
[90K(207– 408)] antiviral activity and reversed the gain of antiviral activity introduced by
C-terminal truncation [90K(157–358) and 90K(207–308)]. Finally, domains 2 and 3
expressed individually did not exhibit any antiviral activity (Fig. 4B), suggesting that a
structural entity consisting of both domains is essential for full antiviral potential.

FIG 2 Legend (Continued)
indicate statistical significance (P � 0.05); n.s., not significant. (B) Producer cell lysates were analyzed by immunoblotting for gp160 processing
using anti-gp120 and for Gag expression using anti-p24. Relative gp160 processing was determined by expressing the level of mature gp120
as a percentage of the whole-Env (gp120 � gp160) signal. Band intensities were quantified by infrared-based imaging. The bar diagrams show
mean values from 3 to 7 independent experiments � SEM. (C) Correlative analysis of gp120 Env content per p24 CA and HIV-1 particle
infectivity (infectivity per nanograms of p24) in the supernatants of cells expressing the indicated 90K-myc protein or the vector. (D) Correlative
analysis of HIV-1 particle infectivity and levels of mature gp120 per whole-Env expression in producer cell lysates expressing the indicated
90K-myc protein or the vector. (E) Correlative analysis of levels of gp120 viral incorporation and levels of mature gp120 per whole-Env
expression in producer cell lysates. In panels C to E, symbols represent the values for individual transfections. The Pearson correlation coefficient
r and the corresponding P value were calculated using GraphPad Prism software. (F) HEK293T cells were mock transfected or cotransfected with
the indicated HIV-1 proviral DNAs and constructs. At 48 h posttransfection, intact cells were immunostained for HIV-1 Env surface expression
and analyzed by flow cytometry. In the dot plots, the HIV-1 Env levels are plotted against GFP. Numbers inside the boxes indicate the mean
fluorescence intensity (MFI) of the HIV-1 Env signal in the respective gates. (G) The levels of cell-surface-exposed HIV-1 Env in each sample were
quantified on GFP-positive cells in the R3 gate relative to the MFI of GFP-negative cells in the R2 gate, which serve as an internal reference.
The relative cell surface expression levels of HIV-1 Env are depicted, with values for HIV-1 Env expression in vector-transfected cells set to 100%.
Shown are mean values from six independent experiments � SEM. (H) HEK293T cells were either mock treated or transfected with an empty
vector or 90K-encoding plasmids. Supernatants were harvested at days 1 and 2 posttransfection and were subjected to Luminex-based
multiplex assays according to the manufacturer’s instructions. Secretion into supernatants was analyzed for MIF, M-CSF, and MCP-1 (CCL2); all
concentrations are given in picograms per milliliter. (I) HEK 293T cells were either mock treated or brefeldin A treated for 6 h. Supernatants
were then subjected to Luminex-based multiplex assays as outlined for panel H.
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Expression of authentic 90K and the three highly active 90K versions [90K(127– 408),
90K(127–358), and 90K(127–308)] resulted in secretion of virus particles displaying
�80% reduced amounts of mature incorporated gp120. In contrast, expression of
mildly active [90K(157– 408), 90K(157–358)] and inactive [90K(207– 408), 90K(207–308),
90K(127–250), and 90K(251– 408)] 90K versions resulted in particles with normal gp120
Env (Fig. 4C). Proteolytic processing of the gp160 precursor was diminished by most
shortened 90K versions, including some displaying mild or even absent antiviral activity
(Fig. 4D). Finally, levels of incorporated gp120 and of mature gp120 expression both
correlated positively with the relative particle infectivity (Fig. 4E and F), and levels of
incorporated gp120 and of mature gp120 expression correlated positively with each
other (Fig. 4G). These results reinforce the notions that the antiviral effect of 90K is
mediated primarily via reduction of HIV-1 Env incorporation and that the observed
interference with HIV-1 Env gp160 precursor processing may be required but is not
sufficient.

Genetic humanization renders a minimal version of rhesus macaque 90K
antiviral. Based on interspecies comparison (Fig. 1) and analysis of minimal human 90K
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FIG 4 Toward a minimal antiviral 90K variant. (A) Scheme of the 90K protein domain organization and the analyzed truncated mutants. Numbers
indicate amino acid positions. (B) HEK293T cells were cotransfected with HIV-1 proviral DNA and the indicated 90K constructs. At 48 h
posttransfection, the infectivity of cell-free particles was measured as infectivity per nanogram of p24 capsid antigen in the supernatant. Values
obtained in the absence of 90K were set to 100%. Shown are arithmetic means � SEM from 3 to 8 independent experiments. Asterisks indicate
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variants (Fig. 4), we embarked on a fine-mapping study with the goal of defining single
amino acids that are crucial for 90K’s antiviral activity. A minimal version of 90K from
rhesus macaques, expressing solely domains 2 and 3 [rhe 90K(127– 408)] was inactive,
whereas its human counterpart showed strong antiviral activity (Fig. 5A). The two
orthologs differ by 18 amino acids (aa) dispersed on both domains in this region (Fig.
5B). Chimeric constructs consisting of human domain 2 and rhesus macaque domain 3
or vice versa displayed no antiviral activity (Fig. 5C, blue bars). We then introduced
individual, “humanizing” point mutations into the rhesus macaque portions of these
chimeric constructs. Indeed, selected individual mutations in either rhesus macaque
domain resulted in a gain of antiviral activity, with V142A and F208L in rhesus macaque
domain 2 and L268V in rhesus macaque domain 3 representing the most influential
exchanges in each construct, respectively (Fig. 5C). In order to probe whether selected
amino acid exchanges are sufficient for rescuing the antiviral activity in the context of
the authentic rhesus macaque protein, we transferred them individually into the
full-length protein and into the short version of rhesus macaque 90K-myc [rhe 90K(127–
408)] (Fig. 5D). Interestingly, introduction of V142A, but not L268V, into the short version
of rhesus macaque 90K-myc resulted in a gain of antiviral activity that was in the same
range as the short human version, and coincided with reduced gp120 incorporation
(Fig. 5D). Although V142A introduction into the full-length rhesus macaque protein
decreased the infectivity of virus particles 2-fold, these values did not reach statistical
significance, pointing toward additional determinants in the scavenger receptor
cysteine-rich (SRCR)-like domain and the C-terminal domain of the rhesus macaque
factor that may negatively regulate antiviral activity. In addition, no loss of antiviral
activity in either the full-length or the short version of human 90K was observed after
the introduction of the reciprocal, “simianizing” A142V change (Fig. 5D), suggesting that
other residues in the human context can compensate for V142. Titration of active and
inactive rhesus macaque 90K constructs indicated that active variants can be outbal-
anced by inactive constructs (Fig. 5E).

Crystal structure of the BTB/POZ domain of human and rhesus macaque 90K.
Given that a single amino acid exchange in the BTB/POZ domain of the short version
of rhesus macaque 90K was sufficient to restore antiviral activity, we next set out to
structurally characterize the environment of this residue within the short versions of the
rhesus macaque and human 90K proteins. However, 90K has a tendency to oligomerize
beyond homodimerization by forming ring-like structures of variable size (15), and this
tendency was also observed for a 90K construct encompassing domains 2 and 3 (data
not shown), rendering the structure analysis complicated. Since the individual BTB/POZ
domains of both the human and rhesus macaque 90K proteins do not feature a similar
oligomerization tendency, and given that a single amino acid exchange in the BTB/POZ
domain of the short version of rhesus macaque 90K was sufficient to restore antiviral
activity, we determined the structures of the individual BTB/POZ domains from the
human and rhesus macaque 90K proteins. We expressed modified 90K BTB/POZ
domains that contained three additional residues at the N terminus (aa 124 to 250;
based on secondary structure predictions and comparisons with available structures of
other BTB/POZ domains) in Drosophila melanogaster S2 cells and purified both proteins,
which behaved as a single oligomeric species in solution, to homogeneity. We obtained

FIG 4 Legend (Continued)
statistical significance (P � 0.05); n.s., not significant. Lysates of the producer cells were immunoblotted with anti-myc and anti-MAPK antibodies.
(C) Sucrose cushion-purified progeny virions were analyzed by immunoblotting, and band intensities were quantified by infrared-based imaging.
gp120 incorporation, defined as the ratio of gp120 signal intensity to p24 signal intensity, was calculated from 3 to 6 independent experiments.
Values obtained in the absence of 90K were set to 100%. (D) gp160 processing in cell lysates was determined by immunoblotting using the
indicated antibodies. Band intensities were quantified by infrared-based imaging, and the percentage of mature gp120 from total Env protein
is depicted. The bar diagrams show the arithmetic means � SEM from 3 to 5 independent experiments. (E) Relative levels of gp120 viral
incorporation and particle infectivity, obtained in the presence of the human 90K variants used, are plotted against each other. (F) Levels of
mature gp120 per whole-Env expression in producer cell lysates and relative levels of particle infectivity are plotted against each other. (G)
Relative levels of gp120 viral incorporation and levels of mature gp120 per whole-Env expression in producer cell lysates are plotted against each
other. For these values, the Pearson correlation coefficient r and the corresponding P value are indicated. The open circles depict the values
obtained in the absence of 90K expression.
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crystals of the human protein that diffracted to 2.1 Å (crystallographic statistics are
listed in Table 1) and crystals of the rhesus macaque protein diffracting to 3.3 Å. The
structure of the human ortholog was determined by the multiwavelength anomalous
dispersion (MAD) method as described in Materials and Methods. The human 90K
BTB/POZ domain structure was subsequently used as a search model to determine the
structure of the rhesus macaque ortholog by the molecular replacement method. The
human and rhesus macaque structures contained 1 and 3 homodimers per asymmetric
unit, respectively. For further analysis, the rhesus homodimer comprising all residues
with the lowest mean B value after crystallographic refinement, indicating the highest
degree of order in this part of the structure, was selected.

The experimental electron density maps of both BTB/POZ domains allowed us to
trace the entire molecule comprising residues 129 to 250. The resulting atomic models
revealed tightly intertwined homodimers with the canonical BTB/POZ homodimer fold,
consisting of both �-helices and �-sheets (Fig. 6A and C). As expected from the
sequence alignment, the two BTB/POZ domains are structurally conserved, with a DALI
score of 22.6 and root mean square deviations (RMSD) of �0.6 Å for pairwise compar-

FIG 5 Legend (Continued)
BTB/POZ and IVR domains were aligned using Clustal Omega (41) and ESPript (42). Conserved secondary-structure elements, including �-helices,
310-helices, �-strands, and �-turns taken from the human BTB domain structure, are shown above the alignment (�, �, �, and TT, respectively).
Nonconserved residues are highlighted by a red background; a green background indicates conserved cysteines, and their disulfide connectivity
is drawn in green below the alignment. (C) HEK293T cells were first cotransfected with HIV-1 proviral DNA and constructs encoding the indicated
interspecies chimeras and then processed as for panel A. Shown are arithmetic means � SEM from 3 independent experiments. (D) HEK293T cells
were cotransfected with HIV-1 proviral DNA and the indicated constructs and were processed as for panel A. Shown are arithmetic means � SEM
from 3 independent experiments. (E) HEK293T cells were cotransfected with HIV-1 proviral DNA and combinations of plasmids encoding for short
versions of wild-type rhesus macaque 90K-myc [127-408 (wt)] and of rhesus macaque 127-408 (V142A). Both 90K variants were titrated in the
opposite direction, covering plasmid ratios of 0�4, 1�3, 1.5�2.5, 2�2, 2.5�1.5, 3�1, and 4�0. Transfected cells were processed as for panel A.

TABLE 1 Data collection, phasing, and refinement statistics

Parametera

Value(s) for 90K-BTBb

Human Rhesus macaque

Data collection statistics
Space group P 31 21 I 41 22
Cell dimensions

a, b, c (Å) 70.34, 70.34, 105.51 181.76, 181.76, 173.52
� �, � (°) 90.0, 90.0, 120.0 90.0, 90.0, 90.0

No. of molecules/AU 2 6
Resolution (Å) 50–2.08 (2.21–2.08) 50–3.3 (3.39–3.3)
Rmeas 0.12 (1.591) 0.141 (8.242)
I/� (I) 14.46 (1.42) 21.70 (1.05)
CC1/2 0.99 (0.79) 1.00 (0.39)
Completeness (%) 99.2 (94.9) 100.0 (99.9)
Redundancy 18.6 (17.2) 56.9 (58.7)

Refinement statistics
Resolution (Å) 20.77–2.08 (2.21–2.08) 49.17–3.3 (3.46–3.3)
No. of reflections 18,506 22,100
Rwork/Rfree 0.208/0.243 0.301/0.287
No. of atoms

Protein 1,861 5,546
Solvent 41 0

B factors (Å2), protein 50.62 195.59
RMS deviations

Bond length (Å) 0.010 0.007
Bond angle (°) 1.03 0.93

Ramachandran plotc (%)
Favored 99.2 96.1
Allowed 0.8 3.6
Outliers 0 0.3

aOne crystal was used to collect each of the diffraction data sets used to determine the crystal structures.
AU, asymmetric unit; CC1/2, Pearson correlation coefficient between two random half data sets.

bValues in parentheses are those for the highest-resolution shell.
cRamachandran statistics were calculated with MolProbity.
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isons of 119 structurally equivalent C� atoms. The seven residues that are divergent
between the domains of the two species are distributed over the entire molecule (Fig.
5B and 6B).

Residue 142 (alanine in human 90K, valine in rhesus 90K), the mutation of which
resulted in a gain of antiviral activity in the context of the short variant of rhesus macaque

FIG 6 Crystal structure of human and rhesus macaque BTB. (A and C) Ribbon diagrams of the human BTB homodimer, with one subunit shown in gray and
the other colored in gradations from the N to the C terminus (blue to red) according to the color scales in the bars underneath. Disulfide bonds are shown
as green sticks. (B) Superposition of human BTB and rhesus macaque BTB, with the two subunits displayed in gray (human BTB) and green (rhesus macaque
BTB). Side chains of residues that are divergent between the human and rhesus macaque 90K proteins are shown as sticks and are colored according to atom
type (gray and green for carbon of human BTB and rhesus macaque BTB, respectively; red and blue for oxygen and nitrogen, respectively). (D) Closeup view
of the homodimerization interface of superposed human BTB and rhesus macaque BTB. Side chains of residue 142, which provides a gain of antiviral activity
in the context of the short version of rhesus macaque 90K-myc, and the conserved residue A178, which makes an additional hydrophobic contact with V142

(dashed line), are shown as sticks. (E and F) The molecular surfaces of the human (E) and rhesus macaque (F) 90K BTB domain are displayed in gray and green,
respectively, as in panel B. The surface area corresponding to A142 (human BTB) or V142 (rhesus macaque BTB) is shown in red.
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90K, is located on helix �1 and participates in the homodimer interface. The buried
interface areas of the hydrophobic V142 (rhesus) and A142 (human) residues in the respec-
tive BTB domain homodimer interfaces amount to 40.90 and 34.58 Å2 for the rhesus and
human BTB domains, respectively, suggesting that a V142A mutation does not significantly
modulate homodimer stability. In line with this observation, the calculated binding ener-
gies contributed by these two residues to homodimer formation (0.64 and 0.5 kcal/mol for
V142 and A142, respectively) do not differ significantly, supporting the hypothesis that the
differential antiviral activity of human and rhesus 90K proteins is not related to differential
stability of the homodimer. In contrast, the accessible surface area of residue 142 within the
homodimer (i.e., the area that is accessible at the surface of a dimerized BTB domain) differs
by �15 Å2 (47.66 Å2 and 64.08 Å2 for the human and rhesus BTB domains, respectively),
suggesting that the introduction of valine at this position results in a larger hydrophobic
patch at the surface of the rhesus BTB domain that potentially stabilizes a direct interaction
with either a different protein or another domain of 90K, thereby interfering with antiviral
activity.

DISCUSSION

Given the high degree of sequence conservation between 90K proteins from
primate species, the overall preservation of the antiviral activity of 90K against lentivi-
ruses was expected. However, as a notable exception, 90K protein from rhesus ma-
caques failed to reduce HIV-1, SIVmac, or SIVsmm infectivity, despite sharing 89-to-97%
amino acid identity with its primate counterparts. Interestingly, HIV-2, SIVagm, and
SIVcpz were sensitive to all primate 90K proteins, including the rhesus macaque-derived
protein, arguing against a general misfolding or nonfunctionality of the latter. Although
human 90K is antiviral against all R5 and X4 HIV-1 strains tested, reaching infectivity
reduction ranges between 65 and 96% by heterologously expressed 90K and up to 91%
by endogenous 90K (9), it will be interesting to analyze, in the future, whether different
HIV-1 strains display different species specificity with regard to 90K-mediated inhibition,
and whether this can be modulated by heterologous exchange of Env. Along this line,
analysis of HIV-1–HIV-2 chimeric viruses may help to explain the overall inferior
susceptibility of HIV-2 to 90K-mediated restriction, compared to HIV-1.

Analysis of active and inactive 90K proteins, either derived from different primate
species or engineered by mutation, revealed that modest impairment of HIV-1 gp160
processing and reduction of cell surface pools of HIV-1 Env are conserved between all
tested primate 90K proteins, including the inactive rhesus macaque protein. Further-
more, these features are preserved in most shortened versions of human 90K. We thus
conclude that mere inhibition of gp160 processing and lowering of cell surface HIV-1
Env expression at observed efficiencies do not directly imply reduced infectivity of
virions. In contrast, 90K-mediated reduction of the abundance of mature HIV-1 Env
glycoproteins seems to be the essential parameter directly linked to antiviral activity.
Importantly, protein trafficking and secretion remained intact in cells expressing human
or rhesus 90K, excluding the possibility of a general influence of 90K proteins on the
efficiency of these cellular processes. These data are in line with our earlier notion of
unaltered surface CD4 protein expression (9) and fully maintained metabolic activity (9),
as well as with the lack of modulation of HIV-1 p24 capsid secretion in HIV-1-producing,
90K-expressing cells. Although we favor the idea of a role of 90K in inhibiting gp120
incorporation, we cannot formally exclude the possibility that 90K induces, at least
partially, instability and/or shedding of virus-associated Env.

As one possible conclusion, impairment of gp160 processing and reduction of cell
surface HIV-1 Env amounts may be required, but not sufficient, for mediating the defect
in gp120 incorporation and for exerting antiviral activity. Alternatively, the former
features may represent a “bystander” effect of 90K that is uncoupled from their ability
to impede viral incorporation of mature glycoproteins. From a broader perspective,
these findings suggest that incorporation of HIV-1 glycoproteins may be efficient even
under conditions in which only low numbers of mature Env glycoproteins are being
synthesized. In contrast, reduction of viral incorporation of mature Env glycoproteins to
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levels below the reported amounts of 7 to 14 trimers of HIV-1MN Env per virion (22, 23)
appears to represent a vulnerable point of lentiviral replication and might represent a
target for antiviral drug development in the future.

Interspecies comparison, paired with the analysis of minimal versions of 90K, led to
the finding that “humanization” of the BTB/POZ domain at position 142 in the context
of a minimal version of rhesus macaque 90K, consisting solely of domains 2 and 3 of the
authentic factor [rhe 90K(127– 408)], was sufficient to restore antiviral activity. While we
identified, in total, three amino acid exchanges in the BTB/POZ domain that conferred
antiviral activity on the previously inactive rhesus macaque-human chimera, V142A
represented the most potent exchange. Although this is a conservative amino acid
exchange, documented examples of V-to-A polymorphisms illustrate profound biolog-
ical relevance. These include the V226A exchange in the Chikungunya virus (CHIKV) E1
protein, conferring the ability of the virus to expand its vector usage (24); the acqui-
sition of resistance by HIV-1 Gag to antiviral compounds through an A-to-V change in
the CA/SP1 cleavage site of Gag (25); and the abolishment of signaling by the
ATP-binding cassette transporter A1 through the introduction of A937V (26). The
structures of both BTB/POZ domains showed that residue 142 is located at the edge of
the homodimer interface, but the larger hydrophobic valine side chain results in a
larger hydrophobic patch at the surface of the homodimer. The gain of function
induced by V142A in rhe 90K(127– 408) could originate either from a direct effect of the
mutation (e.g., a direct interaction) or from an indirect effect (e.g., modification of the
90K oligomeric nature affecting protein-protein interactions). It remains elusive
whether the observed effect is due to interaction with a protein partner or with a
different 90K domain. Although previous attempts failed to demonstrate an interaction
of HIV-1 Env and human 90K in coimmunoprecipitation experiments (9), we cannot rule
out the possibility of a weak or transient interaction between Env and 90K, which may
contribute to, or even be crucial for, 90K’s antiviral activity. In the future, it will be
necessary to identify potential species-specific cellular or viral factors which may
interact with 90K in a manner that modulates antiviral activity. A translational perspec-
tive may consist of reinforcing 90K’s antiviral potential in order to render it more
effective, e.g., by specifically increasing its expression levels or by designing cell-
permeant small molecules that stabilize a cellular interaction that is essential for the
antiviral mode of action. Future studies should also elucidate whether HIV-1 can evolve
to full 90K resistance after long-term passage in 90K-expressing cells and should
determine the genomic location of the viral escape mutations, allowing the design of
specific antiviral strategies.

V142A was not sufficient to entirely restore antiviral activity to the full 90K protein
from rhesus macaques, suggesting that yet-to-be-identified determinants within the
N-terminal SRCR domain and the poorly characterized C-terminal domain negatively
regulate the antiviral capacity of rhesus macaque 90K. Adding another layer of com-
plexity, the antiviral 90K proteins from African green monkeys and baboons share V142

with the inactive 90K protein from rhesus macaques (data not shown). In addition, no
loss of antiviral activity was observed for either full-length human 90K or hu 90K(127–
408) after introduction of the reciprocal, “simianizing” A142V exchange, suggesting that
other residues in the human protein context can compensate for V142. Taken together,
our results suggest that a particular quaternary arrangement of 90K domains 2 and 3
is required for antiviral activity. The interface stabilizing this arrangement likely involves
residue 142 within the BTB/POZ domain, and in the rhesus context, a valine at this
position interferes with this functional quaternary arrangement. Of note, the antiviral
activities of 90K proteins from African green monkeys and baboons, as well as that of
“simianized” A142V human 90K, indicate that this interference can be overcome in the
context of other 90K orthologs, likely due to other residues involved in the quaternary
interface. Future studies to elucidate the molecular mechanism of species-specific
antiviral activity should therefore aim for a structural characterization of full-length 90K,
or at least a 90K construct encompassing domains 2 and 3 at atomic resolution.
However, 90K has the tendency to oligomerize beyond homodimerization by forming

Species-Specific Antiviral Activity of 90K Journal of Virology

July 2018 Volume 92 Issue 14 e00226-18 jvi.asm.org 13

http://jvi.asm.org


ring-like structures of variable size (15), rendering structure analysis complicated. This
tendency has also been observed for a 90K construct encompassing domains 2 and 3
(data not shown).

Finally, while our study specifically investigated the species specificity of 90K
regarding the direct interference with HIV-1 particle infectivity, further work is required
to identify or exclude potential species-specific differences regarding interferon (IFN)-
mediated regulation of 90K expression and abilities to induce antiviral and inflamma-
tory cytokines.

In conclusion, we established the species specificity of the antiviral protein 90K, and
species-specific comparison enabled us to obtain important insight into its antiviral
mechanism. Further studies are required in order to characterize 90K’s detailed mode
of action and to elucidate potential evasion strategies that may emerge in virus strains
that are forced to propagate in 90K-expressing cells.

MATERIALS AND METHODS
Cells. HEK293T cells (obtained from the American Type Culture Collection [ATCC]) and TZM-bl cells

(obtained from the NIH AIDS Reagent Program) were cultured as recommended. HEK293T cells were
transfected by calcium phosphate DNA precipitation (Clontech) or with polyethylenimine (PEI) (Polyplus,
Illkirch, France) as a transfection reagent. Brefeldin A was purchased from BioLegend and was used at a
final concentration of 5 �g/ml.

Plasmids. pcDNA6 and pcDNA6.90K-myc plasmids were kindly provided by Ji Hee Lee, South Korea
(27). cDNAs encoding 90K-myc orthologs (cpz, chimpanzee [Pan troglodytes]; ora, orangutan [Pongo
pygmaeus]; agm, African green monkey [Cercopithecus aethiops tantalus]; rhe, rhesus macaque [Macaca
mulatta]; owl, owl monkey [Aotus trivirgatus]; gib, gibbon, [Hylobates lar]; bab, baboon [Papio hama-
dryas]) were amplified by PCR and cloned into the pcDNA6/myc-His vector backbone using BamHI/XbaI
sites. The shortened variants of 90K-myc all contained the authentic signal peptide and were generated
by insertion into the pcDNA6/myc-His backbone using BamHI and XbaI or HindIII and XbaI. Chimeras
were generated by splicing by overhang extension PCR (SOE-PCR) and were inserted in the pcDNA6/
myc-His backbone using BamHI/XbaI sites. For SOE-PCR, first, domains of each species were amplified
using primers with overlaps for the proximate domains of the various species, respectively. In a following
PCR, products with overlaps were amplified to one chimeric product. Single point mutations were
introduced by site-directed mutagenesis (Stratagene). The proviral HIV-1NL4.3 DNA was obtained from
Oliver Keppler. The expression plasmid for proviral HIV-27312A was provided by Beatrice Hahn.

Lentiviral particle infectivity assay. The infectivity of lentiviral particles was assessed by applying a
standardized TZM-bl-based firefly luciferase assay or beta-galactosidase assay. Readouts were obtained
luminometrically (RLU, relative light units). For the calculation of HIV-1 and HIV-2 particle infectivity, lumino-
metric counts were divided by the content of p24, which was quantified by an anti-HIV-1 p24 enzyme-linked
immunosorbent assay (ELISA). For the calculation of SIVmac particle infectivity, luminometric counts were
divided by the content of p27, which was quantified by anti-SIVmac p27 ELISA. Luminometric activity was
analyzed with a Centro LB 960 Microplate luminometer and Ascent 2.0 software.

Anti-p24 and anti-p27 antigen ELISA. For quantification of HIV-1 p24 capsid antigen in the culture
supernatant, a homemade sandwich ELISA was used (28). A commercial ELISA (ABL, Inc.) was used for
detection of SIVmac239 p27 capsid antigen.

Antibodies. The following antibodies/antisera were used for immunoblotting: mouse anti-myc
(provided by Jens von Einem), goat anti-myc (Novus Biologicals), rabbit anti-mitogen-activated protein
kinase (anti-MAPK) (Santa Cruz), mouse anti-HIV-1 p24 (Exbio), and rabbit anti-HIV-1 gp120 (provided by
Valerie Bosch). For HIV-1 Env staining on nonpermeabilized cells, experiments were performed with
anti-gp120 antibody 2G12 or 10-1074 (obtained from the NIH AIDS Reagent Program).

Immunoblotting. Cells were lysed with M-PER Mammalian protein extraction reagent (Pierce), and
virions were prepared from supernatants by ultracentrifugation through a 20% (wt/vol) sucrose cushion.
Proteins were run on a 12.5% or 7.5% SDS-PAGE gel and were transferred to nitrocellulose membranes.
Blocked membranes were incubated with primary antibodies. Secondary antibodies conjugated to Alexa
Fluor 680/800 fluorescent dyes were used for detection by the Odyssey Infrared Imaging System (Li-Cor
Biosciences) with quantification by Odyssey software.

HIV-1 Env surface staining. Upon transient cotransfection with proviral plasmids encoding green
fluorescent protein (GFP) and 90K-myc-encoding constructs, HEK293T cells were harvested after 48 h.
Cells were stained with the primary anti-gp120 antibody (2G12) followed by secondary staining with the
Alexa Fluor 647-conjugated goat anti-human IgG (Invitrogen) (9, 29). After the surface HIV-1 Env staining,
cells were fixed with paraformaldehyde (PFA) and analyzed for surface HIV-1 Env levels. Due to the
disproportional expression of Env inside the cell (high) as opposed to on the cell surface (low) in
provirally transfected HEK293T cells (4, 9), we restricted the analysis to gate R3, which contains cells
driving sufficiently high viral gene expression to yield detectable cell surface Env, and normalized these
signals to the respective R2 gate. Flow cytometry analysis was performed using FACSCalibur with BD
CellQuest Pro 4.0.2 software (BD Pharmingen) and FlowJo V10 software (FlowJo).

Expression and purification of the 90K BTB domains. The cDNA corresponding to the BTB
domains of human and rhesus macaque 90K proteins, comprising residues 124 to 250, was cloned into
a modified Drosophila S2 expression vector described previously, and transfection was performed as
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reported earlier (30). For large-scale production, cells were induced with 4 mM CdCl2 at a density of
approximately 7 � 106 cells/ml for 6 days and were pelleted, and the soluble ectodomain was purified
by affinity chromatography from the supernatant using a StrepTactin XT Superflow column followed by
size exclusion chromatography (SEC) using a Superdex 200 column in 10 mM Tris (pH 8.0), 100 mM NaCl.
For crystallization purposes, the affinity tag was removed by enterokinase digestion (EKMax; Invitrogen,
San Diego, CA, USA) according to the manufacturer’s instructions, followed by removal of uncleaved
protein using Strep-Tactin affinity chromatography and SEC. In addition, human BTB was enzymatically
deglycosylated using endoglycosidase D (New England Biolabs, Frankfurt, Germany) according to the
manufacturer’s instructions, followed by removal of the glycosidase and the cleaved sugar chains by SEC.
Pure protein was concentrated to approximately 6 mg/ml.

Crystallization and structure determination. Crystals of BTB were grown at 293K using the
hanging-drop vapor diffusion method in drops containing 1 �l purified protein (6 mg/ml in 10 mM Tris
[pH 8.0], 100 mM NaCl) mixed with 1 �l reservoir solution containing 29% polyethylene glycol 4000 (PEG
4000), 0.2 M MgCl2, 0.1 M Tris (pH 8.5), and 10% sucrose (for rhesus macaque BTB) or 9% PEG 8000, 0.2
M zinc acetate, and 0.1 M imidazole (pH 6.8) (for human BTB). Diffraction quality rod-like crystals
appeared after 4 to 5 days and were flash-frozen either in mother liquor (for rhesus macaque BTB) or in
mother liquor containing 25% ethylene glycol (for human BTB). Data collection was carried out at PETRA
III (DESY; P14) and the Synchrotron Soleil (Proxima2). Data were processed, scaled, and reduced with XDS
(31), Pointless (32), and programs from the CCP4 suite (33). A multiwavelength anomalous dispersion
(MAD) data set was collected from two independent volumes of a single human BTB crystal around the
K-edge of zinc, and the structure was determined using the Phenix AutoSol Wizard (34). The structure of
rhesus macaque BTB was determined by the molecular replacement method using Phaser (35) with the
human BTB structure as the search model. Model building was performed using Coot (36), and
refinement was done using AutoBuster (37) with repeated validation using MolProbity (38). Analyses of
the relevant interfaces were performed using the jsPISA server (39).

Data presentation and statistical analysis. Unless stated otherwise, bars show the arithmetic
means of results from the indicated number of repetitions. Error bars indicate standard errors of the
means (SEM) from the indicated number of individual experiments. Statistical significance was calculated
by performing a two-tailed Student t test using Excel. Pearson=s correlation analyses were performed
with GraphPad Prism.

Accession number(s). The atomic coordinates and structure factors for two structures have been
deposited in the Protein Data Bank (http://www.pdb.org/) under accession numbers 6GFB (human BTB)
and 6GFC (rhesus macaque BTB).
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4. Discussion and future perspectives 

 

Hosts, including humans have been in constant fight with pathogens such as bacteria and 

viruses. In order to avoid or overcome detrimental infections, cells have evolved to acquire 

host proteins capable of sensing and inhibiting incoming threats. Host restriction factors can 

be intrinsic, as being constitutively expressed in the host, or induced by certain stimuli, such 

as IFN, and therefore classified as ISGs. They act in parallel to the innate immune system to 

provide initial defenses against infections. Viruses such as HIV-1, require the host machinery 

to efficiently complete their replication cycle, on the other hand assuring efficacy by expressing 

viral proteins capable of antagonizing existing cellular factors.  

Most of the restriction factors were identified through study of their antagonists. Well-known 

examples are APOBEC3G, SAMHD1 and tetherin which are targeted for proteasomal 

degradation by Vif, Vpx, and Vpu, respectively. Proteomic and transcriptome analysis lead to 

the discovery of SERINC3/5 as HIV-1 antiviral factors. Here, SERINC5 was shown to reduce 

HIV-1 infectivity in the absence of Nef [232, 233]. Later on, it was elucidated that SERINC5 

impairs the delivery of the HIV-1 core into newly infected cell, affecting its replication cycle 

[227]. Moreover, SERINC5-mediated restriction does not require modulation of the lipidome of 

both cells or virions [216]. Studies performed by the Melikyans´ group elaborated the 

hypothesis that SERINC5 impairs HIV-1 infectivity by interfering with its fusion. Remarkably, 

SERINC5 was able to impair the formation of the fusion pore, necessary for fusion to proceed. 

Here, authors also highlighted the importance of an intact Env conformation for fusion to take 

place [241]. Nevertheless, the exact mechanism used by SERINC5 to counteract HIV-1 in the 

absence of Nef is still unclear. It is highly probable that more than one function operates to 

inhibit such a regulated infection. The hallmarks of Nef-mediated antagonism of SERINC5 are 

starting to be understood, however the exact mode of action remains to be discovered. Nef 

reduces SERINC5 surface levels by targeting it to endosomes and/or lysosomes in a 

clathrin/AP2 dependent manner. This results in exclusion of SERINC5 from nascent virions, 

and enhancement of HIV-1 infectivity [232, 233].  

The knowledge on SERINC5´s antiviral function against HIV-1 and the role of Nef in countering 

SERINC5 were acquired by functional studies using ectopically expressed SERINC5 (in a 

dose-dependent fashion) or knock-out systems (reviewed in [215]). Information on 

endogenous SERINC5 expression has been limited to mRNA levels, due to the absence of a 

good antibody with sufficient specificity and sensitivity. This in turn restricts the understanding 

of SERINC5 in its biological environment, as regards to its function, expression, subcellular 

localization, interactome, and far more important, to its role in shaping the hosts´ defense 
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against pathogens such as HIV-1. Heterologous systems were imperative to decipher initial 

findings on SERINC5 and HIV-1´s arms race, however it is plausible to state that these 

systems do not necessarily reproduce the vital features of endogenous SERINC5 against HIV-

1. Indeed, it is known that ectopically expressed genes, either overexpressed or 

downregulated, influence the gene itself and the surrounding environment, resulting in 

abnormal expression phenotypes and consequently leading to results that might not 

necessarily reflect reality [273]. Ectopic expression of SERINC5 in Jurkat T cells revealed that 

Nef-mediated antagonism of SERINC5 is lost with increasing amounts of expressed SERINC5, 

emphasizing the need to use systems that mimic more physiological conditions. Indeed, using 

a low-active promoter to drive SERINC5 expression to basal levels was a good alternative to 

show the counteraction exerted by Nef in heterologous systems [232].  

In collaboration with the group of Professor Winfried Barchet we engineered, using 

CRISPR/Cas9-assisted gene editing, Jurkat T cells harboring an HA tag in exon 8 of SERINC5 

gene allele (Figure 5, from Fig. 1, original manuscript [274]). This resulted in the endogenous 

expression of SERINC5 with an HA exposed in its 4th extracellular loop. 

 

Figure 5: Predicted topology of SERINC5 created using Potter and indication of the location of the inserted HA tag. Modified from 

Figure 1, original manuscript [273] 

We showed that SERINC5 largely associates with lipid rafts (Figure 6, from Fig. 2, original 

manuscript [274]), a feature established previously by Schulte et al. [227]. 
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Figure 6: (G) Immunofluorescence microscopy of indicated Jurkat(iHA) clones. Subcellular localization of endogenous SERINC5 

(red) and lipid rafts (green) was assessed. (H) Immunolabelling of endogenous SERINC5 and the endosomal marker EEA-1. 

Modified from Figure 2, original manuscript [273] 

This is also in agreement with initial studies, which identified SERINC proteins as membrane 

proteins with apparent role in lipid biosynthesis [213]. Moreover, intracellular SERINC5 did not 

co-localize consistently with the early endosomal marker EEA1, suggesting that SERINC5 

turnover might take another route or is just not detected in this compartment at the time point 

of analysis (Figure 6, from Fig. 2, original manuscript [274]). In the context of HIV-1 infection, 

some have shown that SERINC5 is predominantly localized to the plasma membrane in the 

absence of Nef, but retargeted by Nef to early, late and recycling endosomes [242]. Further 

studies are needed to confirm Nef-mediated relocalization of endogenous SERINC5 to 

endosomes or lysosomes and actual degradation. Perhaps analyzing half-life of endogenous 

SERINC5 in the presence or absence of Nef would give some hints on the degradation status.  

The clones harboring the HA tag in only one allele had a functional inactivation (KO) on the 

other allele, rendering SERINC5 expression solely dependent to one gene allele. Analysis of 

the expression profile (protein level, mRNA level and subcellular localization) revealed that the 

only functional allele compensated for the nullified one as regards to its expression and for 

SERINC5 antiviral activity. This genetic compensation is a common observation in response 

to heterozygous knockouts as a strategy to assure cellular homeostasis and wellness [275].  

Analysis of SERINC5 expression upon type I IFN stimulus unveiled a yet unidentified role of 

IFN-α in modulating SERINC5. We demonstrated that SERINC5 surfaces levels are enhanced 

in the presence of IFN-α, in a JAK/STAT-dependent manner, despite lack of changes at the 

mRNA and protein level (Figure 7, from Fig. 3, original manuscript [274]). Immunofluorescence 
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microscopy confirmed a pronounced presence of SERINC5 at the plasma membrane when 

IFN-α was present (Figure 7, from Fig. 3, original manuscript [274]).  

 

Figure 7: (A) SERINC5 and IFIT1 mRNA levels in Jurkat SERINC5(iHA) clones untreated or treated with IFN-α subtypes. (B) 

Immunoblot of lysates from selected Jurkat SERINC5(iHA) clones untreated or treated with IFN-α subtypes. (C) Exemplary dot 
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plots of Jurkat SERINC5(iHA) clones pre-treated with Ruxolitinib, left untreated or treated with IFN-α subtypes. (D) Relative surface 

levels of endogenous SERINC5 and intracellular levels of MxA/B. (E) Immunofluorescence microscopy of the Jurkat 

SERINC5(iHA/iHA) P1E8 clone untreated or IFN-α2a treated. Modified from Figure 3, original manuscript [273] 

Either IFN-α induces a signaling cascade that increases the trafficking of SERINC5 to the cell 

surface or it stabilizes the protein at the membrane by delaying its natural turnover. As 

SERINC5 is not classical ISG, an ISG that is expressed upon stimulation with IFN-α might be 

modulating this phenotype by interacting directly or indirectly with SERINC5. All ISGs have 

one common function: act against incoming pathogens (reviewed in [276]), thus studies on 

how these ISGs influence protein trafficking and membrane stability are yet to be resolved. 

Current work in our group focuses on investigating the interactome of SERINC5 in the 

presence of IFN-α. In collaboration with Dr. Thilo Bracht (Ruhr-University of Bochum, 

Germany) we developed a protocol to immunoprecipitate endogenous SERINC5 from 

untreated and IFN-α treated cells. Precipitated samples containing SERINC5 and potential 

interactors were sent for mass spectrometry and are awaiting processing and analysis. It is 

hard to judge which interactors are to be expected but the obvious candidates could be 

membrane proteins and proteins associated to the internal and external loops of SERINC5. 

Membrane proteins are involved in many cellular processes such as cell proliferation, 

differentiation and death [277]. Another possible aspirant is the composition of the membrane 

layer itself. One of the most abundant constituents of the plasma membrane are lipids, which 

have among others the role of providing sufficient energy for the ongoing biogenesis of the 

membrane. Depending on the lipid composition, the membrane assumes a more rigid or fluid 

phase. IFNs were found to modulate the membrane lipid composition during viral infection. An 

example is the role of viperin, and ISG, which impairs the synthesis of isoprenoid and 

disruptions of lipid rafts, essential for virus entry and budding [278]. SERINC5 was shown to 

localize to lipid rafts, which are composed of glycosphingolipids and cholesterol. Interestingly, 

due to their location and composition, lipid rafts have been involved in signaling and trafficking 

of proteins or lipids themselves. Normally, lipid rafts assume a rigid form, due to the presence 

of saturated fatty acids. This feature limits the access of proteins that circulate in the cytoplasm. 

However, it was shown that lipid rafts promote the interaction between TCR and antigen 

presenting cell through formation of a supramolecular activation complex, also known as 

immunological synapse. For this to happen, lipid rafts need to reorganize and redistribute 

(reviewed in [279]). Interestingly, IFN-α was found to alter fatty acid composition of T cells 

[280]. Conceivably, IFN-α could change the saturated lipid complex by increasing the amount 

unsaturated fatty acids, therefore modifying both the composition and reorganization of the 

lipid rafts. This might promote the interaction between SERINC5 molecules (not demonstrated 

so far) at the plasma membrane, increasing their surface levels. Obviously, analysis of the lipid 

composition of IFN-stimulated Jurkat-SERINC5(iHA) clones would clarify this theory. Lastly, 

although SERINC5 mRNA and protein levels are not changed upon IFN-α stimulation, it is 
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reasonable to speculate that IFN-α might regulate partially the quality of SERINC5 mRNA 

transcripts. Post-transcriptional regulation of mRNAs is driven by RNA-binding proteins 

(RBPs), which dictate almost all the steps of mRNA biology, such as splicing, polyadenylation, 

transport, localization, translation and even turnover [281]. We know that only the transcript 

variant SERINC5-001 is functional, as all the other variants lack the C-terminal domain which 

confers functionality [223]. Interestingly, RBPs were shown to control alternative splicing of 

various mRNAs, controlling those that can be translated and those that are degraded due to 

mutation acquisition or splicing defects [281]. Moreover, RBPs also influence the transport and 

localization of a given “ready to be translated” mRNA. For an efficient gene expression and 

further protein function, the mRNA needs to be properly placed. An example is given during 

cell division in yeast: the mRNA absent small and homeotic disks protein 1 (ASH1) is required 

at the budding site in the daughter cell to interact with actin and myosin and block mating type 

switch [282]. In addition, RBPs can directly control efficiency of translation and mRNA stability 

by influencing its turnover. Binding of the RBPs to mRNAs in the cytoplasm protects them from 

degradation, and simultaneously promotes their translation in polysomes [283, 284]. 

Interestingly, IFN-α was shown to induce the expression of RBP9-27 in the context of HIV-1 

infection [285]. Altogether, we can theorize that IFN-α might induce the expression of one or 

more RBPs that can control or even enhance post-transcriptional regulation of SERINC5 

mRNA transcripts, by promoting proper splicing, transport to the plasma membrane, stability 

and further translation. Although the expression of SERINC5 at the cell surface was not as 

strong as the increase of intracellularly expressed MxA/B upon IFN stimulation, we could 

propose that it would be sufficient to limit Nef-mediated countering of SERINC5. However, 

presence of IFN also induces a multitude of other ISGs, including well-known restriction factors 

tetherin and 90K, which inhibit HIV-1 infection [204, 265]. Thus, experiments aiming at 

understanding the impact of increased SERINC5 surface levels mediated by IFN upon HIV-1 

infection remain to be performed.                 

We validated the susceptibility of Nef-deficient HIV-1 particles to endogenous SERINC5, 

through reduction of their infectivity. Moreover, both WT and Nef-deficient HIV-1 particles 

pseudotyped with VSV-G were able to efficiently infect Jurkat SERINC5(KO/KO) T cells 

(Figure 4 panel A and B from original manuscript [274]), feature shown previously by others. 

Nevertheless, the decrease of Env-mediated fusion mediated by SERINC5 in the absence of 

Nef was moderate to undetectable (Figure 8, from Fig. 4, original manuscript [274]). This 

indicates that additional restrictions, independent of fusion inhibition, might contribute to 

SERINC5 overall antiviral activity. Moreover, WT or Nef-deficient HIV-1 particles shared similar 

fusogenicity, suggesting once again that Nef antagonizes SERINC5 in a process beyond virus-

cell fusion. 
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Figure 8: (A) Indicated cells lines were infected with VSV-G-pseudotyped HIV-1 WT and ΔNef. Infection efficiency is shown in 

the GFP expression. (B) HIV-1 Infectivity of virions produced by infected T cell clones was analyzed in a luminometric infectivity 

assay. (C) Beta-lactamase-Vpr chimeric fusion assay was performed in the selected Jurkat T cell clones. Concentrated virion-

supernatants were added to TZM-bl cells in the absence or presence of the fusion inhibitor T-20. Fusion was measured by 

immunolabelling of the fluorescence emission change of the CCF2 substrate through cleavage by the beta-lactamase-vpr. 

Modified from Figure 4, original manuscript [273] 

In agreement with this idea, Usami and colleagues showed that low amounts of expressed 

SERINC5 (close to physiological levels) only induced mild to low effects on the fusion capacity 

of Nef-deficient HIV-1 particles, suggesting that aberrant SERINC5 levels are required to 

impair HIV-1 fusogenicity, which in term suggests that endogenous SERINC5 exerts other 

functions to inhibit HIV-1 infection [233].  

One of the hallmarks of Nef-mediated antagonism of SERINC5 is its exclusion from HIV-1 

virions, related to its downregulation from the cell surface and consequent retargeting to 

intracellular compartments. In fact, only endogenous SERINC3 was identified to be present in 

Nef-deficient HIV-1 particles [233]. Up to now, there was no data on endogenous SERINC5 in 

particles. We showed that endogenous SERINC5 surface levels decreased in the presence of 

Nef, at an increased internalization rate (Figure 5 panel A-C from original manuscript [274]). 

Interestingly, some suggested that SERINC5 is targeted to early, late and recycling 

endosomes, resulting in degradation of SERINC5, however we could not detect any difference 
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in the steady-state levels of endogenous SERINC5 in infected cells, whether Nef was present 

or not (Figure 9, from Fig. 5, original manuscript [274]). 

 

Figure 9: (A) and (B) SERINC5(iHA) surface levels depicted as the MFI during HIV-1 infection. SERINC5 is plotted against GFP. 

(C) Endocytosis rate of endogenous SERINC5(iHA) during HIV-1 infection. (D) Indicated clones were infected with VSV-G-

pseudotyped HIV-1 at high MOI and cell lysates were immunoblotted. (E) The levels of cell-associated SERINC5 in the absence 

or presence of Nef are depicted. Modified from Figure 5, original manuscript [273] 

Previous results by others showed that SERINC5 is internalized in a clathrin/AP2 dependent 

manner [242], however it might be that in the context of endogenous SERINC5, a clathrin-

independent pathway might parallelly occur. Some endogenous plasma membrane proteins 

are transported to endosomes by vesicles composed of lipid rafts. Annexin A2 was described 

to be trafficked from the plasma membrane enclosed in a lipid rafts membrane, to endosomes, 

where it incorporates into its luminal membrane, resulting in an efficient escape from 
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endosomal pathway [286]. A similar intracellular trafficking mode could explain why we 

observe reduction of SERINC5 surface levels but no effect on its steady-state levels. In fact, 

authors could only show a colocalization of SERINC5 to the different endosomes but not an 

actual degradation [242]. Analysis of sucrose cushion-purified HIV-1 virions via immunoblot 

revealed, as expected, the presence of SERINC5 in HIV-1 Δnef virions (Figure 10, from Fig. 

4, original manuscript [274]). 

 

Figure 10: (D) Immunoblotting of concentrated supernatants derived from HIV-1 infected, uninfected and pVSV-G-transfected 

cells. (E) Relative levels of virion-associated SERINC5(iHA). Modified from Figure 4 original manuscript [273] 

However, we were only able to detect a 35kD molecular-weight species, as contrast to virion 

preparations derived from Jurkat T cells and HEK293T cells transduced with SERINC5(iHA), 

where we detect exclusively a 51kD molecular-weight species. The latter demonstrates that 

our assay has sufficient sensitivity to detect incorporated SERINC5 and validated formerly 

described discoveries [226, 233]. In our experiments, lysates of uninfected or infected cells 

showed presence of two SERINC5 proteins species. Interestingly, analysis of the glycosylation 

status of endogenous SERINC5 revealed that once lysates are treated with Peptide:N-

glycosidase F (PNGase F), only the lower 35kDa band is detected, confirming that SERINC5 

is glycosylated (Figure 11, from Fig. 2, original manuscript [274]).  
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Figure 11: (D) Immunoblot of lysates from signposted cell lines and Jurkat cell clones left untreated, mock-treated or PNGase-F 

treated. Modified from Figure 2, original manuscript [273] 

Therefore, we hypothesize that the SERINC5 protein species that is incorporated into the 

virions is impartially glycosylated. In contrast, analyzing overexpressed SERINC5, others 

suggested that exclusively, the N-glycosylated form of SERINC5 is incorporated into HIV-1 

virions, whereas a non-glycosylated species is found in cell lysates. Interestingly, loss of 

glycosylation did not affect SERINC5-mediated reduction of HIV-1 infectivity [226], suggesting 

that although glycosylated SERINC5 might improve its stability, also the non-glycosylated form 

exerts its antiviral activity. Nef was shown to be required for exclusion of SERINC5 from HIV-

1 virions, using heterologous expression systems [232, 233]. Conversely, we showed that we 

only observe this phenotype in four out of nine Jurkat clones (Figure 8, from Fig. 4, original 

manuscript [274]). As all the other Nef-mediated countering phenotypes were validated, we 

propose that these clonal differences might appear due to genetic or transcriptional 

modifications that specifically influence processes of Nef-mediated exclusion of SERINC5 

incorporation. Remarkably, RNA sequencing analysis of each Jurkat SERINC5(iHA) clone 

uncovered a panel of differentially expressed genes that hint to justify such dichotomy. 

Notwithstanding with the promising candidates, it is clear that exclusion of SERINC5 from the 

virions is not required for its counteraction mediated by Nef. It is now crucial to investigate the 

involvement of Nef in counteracting virion-associated SERINC5.  

In collaboration with the group of Dr. Frank Kirchhoff we could also show that SIVcol Nef strongly 

reduced endogenous SERINC5 surface and intracellular levels, as shown repeatedly for HIV-

1 Nef. Here, we elucidated that SIVcol Nef exerts its antagonism in part by promoting the 

proteasomal degradation of SERINC5, shown by blocking the proteasome with MG132 which 

leads to reduced Nef-mediated antagonism of SERINC5 and stabilization of SERINC5. 

Interestingly, a single tyrosine residue (Y86) of the SIVcol Nef was shown to inhibit endogenous 

SERINC5, as observed previously using heterologous systems [287]. These results suggest 

that some SIV strains evolved to overcome SERINC5-mediated restriction and increase its 

infectivity and perhaps spread. Moreover, these findings shed light to counteraction 

mechanisms that contrast from those used by HIV-1, stressing the need to use more 

physiological cells or animal models.            
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The development and use of the Jurkat SERINC5(iHA) T cell clones, enabled us to better 

understand the role of endogenous SERINC5 in the context of HIV-1 infection. It validated well-

characterized hallmarks of Nef-mediated antagonism of SERINC5, yet opened new questions 

regarding SERINC5 required exclusion from virions for proper antagonism exerted by Nef 

(Figure 12). New findings urge to apply this knowledge and technology to more physiological 

cell types, such as primary T cells or macrophages.  

 

Figure 12. Current models on Nef-mediated counteraction of SERINC5. These models showed that, A) in presence of Nef, 

SERINC5 expression is reduced at the cell surface and therefore excluded from HIV-1 virions, promoting a successful second 

round of infection. B) Conversely, lack of Nef expression, induces SERINC5 incorporation into HIV-1 virions, affecting fusion, 

post-entry steps, and consequently HIV-1 infectivity. C) We propose in a new model, that SERINC5 escapes Nef-mediated 

exclusion from HIV-1 virions. By a yet unknown mechanism, virus associated SERINC5 is antagonized by Nef, resulting in an 

efficient HIV-1 infection. Image generated using Biorender based on [232, 233, 274].   
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Not all restriction factors have known antagonists, as it is the case of 90K. Our group showed 

previously that cell-associated 90K but not the secreted form reduces HIV-1 infectivity by 

impairing gp160 processing and gp120 incorporation into virions. Intriguingly, murine 90K did 

not exert any antiviral activity against HIV-1 [272]. Given the high sequence similarity between 

primate 90K orthologs, we sought to investigate whether this was accompanied by a 

conservation of its antiviral activity. Apart from the 90K derived from rhesus macaque, all 90K 

orthologs showed an antiviral activity against HIV-1, SIVmac and SIVsmm. Intriguingly, HIV-2, 

SIVagm and SIVcpz were highly inhibited by all 90K primate orthologs. This in turn suggests that 

90K antiviral activity is conserved but not shared between all 90K orthologs. As we showed for 

SERINC5, HIV-1 sensitivity to SERINC5 counteraction is dependent on the type of Env protein 

and virus strain [241]. Future studies aim at understanding if Env proteins derived from distinct 

HIV-1 strains also influence the ability of 90K to restrict HIV-1. One possible option is to 

generate pseudotyped HIV/SIV viruses encoding distinct Env proteins, to understand which 

domains are shared or diverge between the different viruses. Interestingly, analysis of gp160 

processing and gp120 surface levels revealed rather modest inhibition, which was observed 

for all 90K primate orthologs, suggesting that these antiviral functions are required but not 

sufficient to reduce HIV-1 infectivity mediated by 90K. gp120 incorporation, on the other hand, 

was shown to be required for the antiviral activity mediated by 90K, as again its rhesus 

macaque orthologue had no inhibitory effect. Here, we excluded the influence of 90K 

expression on the general cell homeostasis, as cellular secretion and trafficking system 

appeared normal, both in the presence or absence of 90Ks´ expression. Future studies aim at 

unraveling whether 90K influences the stability of Env. It might be that reduction of gp160 

processing and reduction of gp120 surface levels are not sufficient to induce an impairment of 

Env incorporation. Little amounts of incorporated Env were shown to be sufficient for 

production of infectious HIV-1 particles [288]. 

Our group showed previously that a truncated sequence of 90K, composed of domain 2 

(BTB/POZ) and 3 (IVR) were sufficient and required for the antiviral activity of 90K. Here we 

substituted this region in the rhesus macaque 90K, by the humanized 90K minimal region. 

Interestingly, rh90K became antiviral by only changing one amino acid (valine to alanine at 

position 142). Interestingly, V-to-A or A-to-V substitutions were observed before. These 

substitutions are called conservative as it happens between two amino acids with similar 

biochemical properties, such as valine and alanine, both aliphatic amino acids. It also means 

that it should not induce any changes in the protein function [289]. However, this is not always 

the case. A-to-V polymorphisms were observed in the MR1 gene leading to acquisition of the 

Paroxysmal nonkinesigenic dyskinesia disorder [290]. Moreover, V-to-A substitutions in the 

adenosine deaminase protein resulted in a deficiency phenotype that lead to severe combined 

immunodeficiency [291]. As not all the rh90K antiviral activity was restored, other minimal 
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regions might be responsible for its full antiviral state. Future attempts should focus on studying 

the other poorly understood 90K domains (SRCR and C-terminal domain). Intriguingly, the 

reciprocal A142V exchange from the rh90K to the human 90K did not abolish the humanized 

antiviral state but that of the African green monkey and baboons, suggesting both that other 

domains compensate for the lack of the valine at position 142, and that the 90K mode of action 

might be indeed species-specific. 

Altogether, the work developed during this thesis enabled us to elucidate key findings about 

two newly discovered host restriction factors. Upcoming investigations using these new 

findings will help advance the knowledge on both SERINC5 and 90K as well as the role of HIV-

1-mediated restriction.    
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