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1. INTRODUCTION 

1.1 Understanding host-pathogen interactions of HIV-1 is key to 
develop effective treatments 

1.1.1 HIV-1 is a constant threat to world health 

Human immunodeficiency virus type 1 (HIV-1) is the causative agent of the acquired 

immunodeficiency syndrome (AIDS) (Barré-Sinoussi et al. 1983; Gallo et al. 1984; 

Popovic et al. 1984). The pandemic HIV-1 strain likely was introduced into the human 

population in the late 19th or early 20th century in western Africa (Worobey et al. 2008; 

Sharp and Hahn 2011). Multiple zoonotic transmission events of simian 

immunodeficiency viruses (SIV) not only lead to the introduction of a second type of 

lentivirus with different phylogeny, HIV-2, into the human population, but also to 

multiple HIV-1 lineages, the groups M, N, O and P, each resulting from an independent 

cross-species transmission (Sharp and Hahn 2011; Sauter and Kirchhoff 2019). By far the 

most prevalent HIV-1 group is the group M, which is further divided into different 

subtypes or clades. HIV-1 M shows phylogenetic similarities to an SIV strain endemic in 

chimpanzees from the sub-species Pan troglodytes troglodytes in southeastern 

Cameroon (Keele et al. 2006; Taylor and Hammer 2008; Sharp and Hahn 2011). HIV is 

primarily transmitted by sexual contact, but can also spread by percutaneous or 

perinatal infection (Hladik and McElrath 2008). Since the start of the pandemic, 79.3 

million people have been infected with HIV (Global HIV & AIDS statistics — Fact sheet 

2022).  

The pathology of HIV-1 infection can mainly be explained by its cellular tropism. The 

virus predominantly infects activated cluster of differentiation (CD) 4 positive (CD4+) T 

helper lymphocytes. After an acute phase of viral replication with mild to moderate flu-

like symptoms, a live long chronic infection is established (Deeks et al. 2015). In 

untreated patients, HIV-1 replication in CD4+ T cells subsequently leads to a progressive 

loss of CD4+ T cells, ultimately resulting in a severe defect of the immune system, which 

is the hallmark of AIDS (Deeks et al. 2015). At the late stage of AIDS progression, multiple 

opportunistic infections finally cause a near complete fatality in untreated patients and 

a total of 36.3 million AIDS-related deaths (Global HIV & AIDS statistics — Fact sheet 

2022).  
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Antiretroviral therapy (ART) or highly active ART (HAART) is a combinatory medical 

regimen consisting of multiple classes of anti-retroviral agents, such as nucleoside 

reverse transcriptase inhibitors, integrase strand transfer inhibitors, non-nucleotide 

reverse transcriptase inhibitors, protease inhibitors and entry inhibitors (Deeks et al. 

2015). Modern HAART leads to a drastic suppression of viral replication and to 

elimination of the vast majority of replication competent virus. Reminiscent virus 

replication is low to undetectable. As a consequence HIV positive patients under 

effective HAART are not considered to be infectious anymore (Eisinger et al. 2019). 

However, HIV-1 is able to integrate into the host genome (for details see section 1.1.2) 

and to remain latent in long lived cellular compartments, even under constant 

suppression by ART. This leads to a failure of virus eradication and to rapid rebound of 

viral replication and AIDS progression after cessation of ART (Chun et al. 1999; Finzi et 

al. 1999). Therefore, current HAART strategies are considered to be non-curative. 28.2 

million patients receive ART at present (Global HIV & AIDS statistics — Fact sheet 2022), 

which is a high economic, as well as public and individual health burden (Ndung'u et al. 

2019). This is especially true in low-income countries and/or rural areas where 

affordable access to ART is limited. As a consequence, approximately 680 000 people 

died in 2020 from AIDS-related illnesses. In addition, the COVID-19 pandemic is affecting 

treatment and prevention programs worldwide, exacerbating the situation for many 

persons at risk (Global HIV & AIDS statistics — Fact sheet 2022). Hence, curative HIV-1 

treatment strategies are urgently needed. Shock and kill strategies, which are aiming to 

re-activate latent HIV-1 provirus in order to target persistently infected cells for medical 

or immunological eradication, as well as strategies based on gene editing approaches, 

are promising candidates for an HIV-1 cure (Ndung'u et al. 2019; Margolis et al. 2020). 

However, apart from anecdotal success in the context of entry receptor deficient stem 

cell transplantation, a cure to HIV-1 has not been achieved (Hütter et al. 2009; Gupta et 

al. 2020).  

Alongside suppression of viral loads and AIDS progression by ART, prevention of HIV-1 

infection was and is an important measure to limit the AIDS pandemic. Health education 

is important to prevent sexual and mother-to-child transmission, as well as transmission 

by needle sharing or idiopathic causes. Especially in high-risk patient groups, medical 

post and pre-exposure prophylaxis can reduce the number of newly infected individuals 



 

10 
 

(Deeks et al. 2015; McCormack et al. 2016; Ndung'u et al. 2019). Nevertheless, still 1.5 

million new HIV-1 infections occurred in 2020, highlighting the need for an HIV-1 

vaccination that would prevent or reduce new infections in an immunized population. A 

large number of trials employing different vaccination strategies have been undertaken 

or are currently running. However until present, none of them showed efficacy sufficient 

for approval (Hargrave et al. 2021). For both successful HIV-1 vaccine development and 

for the development of curative HIV-1 therapies, understanding anti-viral immunity and 

the host-pathogen interaction networks on the cellular, as well as on the level of the 

entire organism is critical (Ndung'u et al. 2019; Margolis et al. 2020). The need for basic 

research in immunology, cell biology and virology in this area still is enormous.  

 

1.1.2 The HIV-1 life cycle is interwoven with cellular processes 

Like other viruses, HIV-1 relies on the host cell machinery in order to infiltrate a target 

cell, replicate its genetic material and produce new progeny virus. Many host processes 

are directly involved in viral replication and thus are crucial for the virus. Host proteins, 

which are necessary for or promote viral replication are termed host or dependency 

factors. Host factors are interesting targets for anti-viral therapy, because they are less 

prone to viral escape or resistance mutations. Already available or even approved drugs 

targeting cellular factors can be repurposed for anti-viral therapy (Kaufmann et al. 

2018). Large scale genetic perturbation screens, as well as proteomic approaches, have 

highlighted many components of the HIV-1 host-pathogen interaction network and have 

increased our understanding of the complex interplay between virus and host factors 

(König et al. 2008; Brass et al. 2008; Zhou et al. 2008; Jäger et al. 2011; Park et al. 2017; 

Hiatt et al. 2022). Especially early events in HIV-1 infection, seem to be tightly 

interwoven with cellular processes.  

HIV-1 is a lentivirus. Like all members of the Retroviridae subfamily, its replication cycle 

includes an obligate revere transcription step. This is necessary to convert the HIV-1 

single-stranded RNA (ssRNA) genome into double-stranded DNA, which, upon 

integration into the host genome, is the template for de novo HIV-1 protein and genomic 

RNA production (Krupovic et al. 2018). The HIV-1 genome is complex, when compared 

to other non-lenti retroviruses, and has been formed from several SIV precursors by 
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multiple recombination events, as well as a chimpanzee and human host adaption 

process (Sauter and Kirchhoff 2019).  

Besides to the three core retroviral genes gag, pol and env, common to all retroviruses, 

and the two regulatory non-structural genes tat and rev, the HIV-1 genome contains 

four accessory genes vif, vpu, vpr and nef, in overlapping open reading frames (Fig. 1) 

(Kirchhoff 2010). Vif, Vpu, Vpr and Nef are HIV-1 effectors that critically influence the 

HIV-1 infection cycle and are required for HIV-1 infection in vivo (Fig. 2) (Harris et al. 

2012; Malim and Bieniasz 2012). Vif and Vpr are E3 ubiquitin complex adaptors 

retargeting cellular factors for ubiquitination and degradation. While Vif is required for 

the maintenance of HIV-1 genome integrity, Vpr is critical in the manipulation of the 

host cell cycle and DNA damage response. (He et al. 1995; Mariani et al. 2003; Sheehy 

et al. 2003; Romani et al. 2015; Rice and Kimata 2015). Vpu is membrane associated and 

important for HIV-1 budding by down-modulating factors that inhibit HIV-1 release 

(Dubé et al. 2010). The membranous protein Nef modulates cell surface expression of a 

number of cellular proteins, i.e. the major histocompatibility complex class I, thereby 

Figure 1: HIV-1 genome organization and polypeptide processing.  

The genomic organization of the HIV-1 genome is shown with overlapping reading frames. Common 

retroviral genes gag, pol and env are highlighted in gray. The non-structural regulatory genes tat and rev 

are shown in blue and spliced as indicated. The HIV-1 accessory genes vif, vpr, vpu and nef are marked in 

red. Gag and Gag-Pol polyprotein processing by HIV-1 protease (black arrows) results in mature HIV-1 

matrix (MA), capsid (CA), nucleocapsid (NC), protease (PR), reverse transcriptase (RT) with the RNAse H 

domain (RH), as well as the HIV-1 integrase (IN). For simplification minor cleavage products are not 

detailed. Proteolytic cleavage of the Env precursor by the host protease furin (gray arrow) gives rise to 

the envelope glycoproteins gp120 and gp41. The size of open reading frames and proteins as well as the 

position of cleavage sites is an approximation and not true to scale (Pettit et al. 2005; Kirchhoff 2010; 

Könnyű et al. 2013; Flint et al. 2015). 
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inhibiting T cell-mediated cytotoxicity (Schwartz et al. 1996; Basmaciogullari and Pizzato 

2014). In addition, Nef increases the infectivity of HIV-1 particles (Rosa et al. 2015; Usami 

et al. 2015). The common retroviral genes each encode a polyprotein, Gag, Gag-Pol and 

Env, which after processing by the HIV-1 protease (PR) or host protease furin give rise 

to the structural proteins, necessary for the formation of the infectious viral particle. 

The Gag polyprotein is the precursor to the matrix protein (MA), the capsid protein (CA) 

and the nucleocapsid protein (NC, Fig. 1). This processing is dependent on PR in a process 

called maturation (Fig. 2) (Pettit et al. 2005; Könnyű et al. 2013; Flint et al. 2015). The 

infectious HIV-1 virion contains two redundant copies of genomic RNA, which are bound 

by the nucleic acid chaperone NC directly (Levin et al. 2010). The iconic cone shaped 

HIV-1 Capsid is formed by penta- and hexamers of the CA protein (Campbell and Hope 

2015). MA lines the inner surface of the envelope, is required for ordered HIV-1 

assembly. It makes contacts to both the envelope and the Capsid (Fig. 2) (Flint et al. 

2015). The Gag-Pol fusion peptide is produced by ribosomal frameshifting and results in 

the reverse transcriptase (RT) with the RNase H domain, the integrase (IN) and the PR 

(Fig. 1). Gag-Pol is packaged into the infectious viral particle at 50 to 100 copies (Fig. 2) 

(Pettit et al. 2005; Könnyű et al. 2013; Flint et al. 2015). Also, the accessory HIV-1 

proteins Vif, Vpr and Nef are present in the incoming HIV-1 virion (Fig. 2) (Kotov et al. 

1999; Khan et al. 2001; Wanaguru and Bishop 2021).  

HIV-1 entry is made by two viral glycoproteins, the gp120 or surface and the gp41 or 

transmembrane components, which are formed from the Env precursor by cleavage 

mediated through the host protease furin in the Golgi apparatus and decorate the HIV-

1 envelope in trimers (Fig. 2) (Flint et al. 2015). HIV-1 gp120 trimers make contact to the 

surface receptor CD4, which is expressed mainly on T helper lymphocytes, but also on 

myeloid cells, such as macrophages or dendritic cells (DCs). CD4 binding to gp120 

induces a conformational change, ultimately leading to membrane fusion (Fig. 2) (Chen 

2019). However, co-receptors are needed to accomplish entry. The C-X-C motif 

chemokine receptor 4 (CXCR4) or the C-C chemokine receptor type 5 (CCR5) can serve 

as entry co-receptors (Fig. 2). This explains the tropism of HIV-1 for CXCR4+ or CCR5+ T 

cells and CCR5+ myeloid cells, such as DCs or macrophages (Gorry et al. 2014; Chen 2019; 

Hiatt et al. 2021a; Albanese et al. 2022; Claireaux et al. 2022). HIV-1 viruses can be 
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Figure 2: HIV-1 life cycle.  

HIV-1 enters the host cell via CD4 and CXCR4 or CCR5 (co-) receptor binding to gp120 trimers, which leads 

to attachment and fusion. The HIV-1 capsid contains two copies of nucleocapsid (NC) packaged genomic 

viral RNA and makes access to the host cell through a fusion pore, together with the HIV-1 effector 

proteins Vpr and Vif. The cone shaped capsid is transported to the nucleus via microtubuli. Reverse 

transcription is initiated by the HIV-1 reverse transcriptase (RT), as soon as dNTPs access the capsid shell 

through a pore formed by capsid protein (CA) hexamers. To enter the nucleus, the HIV-1 capsid makes 

contact to components of the nuclear pore complex (NPC). The entire capsid is able to pass through the 

NPC. However, at, or soon after, nuclear import, the capsid shell disassembles, deliberating the pre-

integration complex (PIC), which consists of the HIV-1 dsDNA genome bound to integrase (IN) tetramer. 

IN mediates integration into the host genome. The provirus serves as a template for transcription of 

spliced and unspliced HIV-1 RNAs, which are then exported from the nucleus. Spliced viral RNAs are 

needed for the translation of the HIV-1 accessory proteins Vif, Vpu, Vpr and Nef, the regulatory proteins 

Tat and Rev and the envelope protein Env. Env/gp160 is modified by glycosylation and cleavage by host 

protease furin in the Golgi complex, resulting in trimers of gp41 and gp120, which decorate the HIV-1 

envelope. The non-spliced or full-length viral RNA gives rise to the polyproteins Gag and Gag-Pol, as well 
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characterized as being CXCR4 or CCR5 tropic. Whereas the latter are predominantly 

found among transmitted virus clones early in infection, CXCR4 tropic viruses are more 

likely to occur late in infection. (Keele et al. 2008; Wilen et al. 2012). The importance of 

CCR5 as a co-receptor in early HIV-1 infection is highlighted by the relative resistance of 

individuals harboring CCR5 deletions or low CCR5 expression to HIV-1 infection and/or 

pathology (Liu et al. 1996; Samson et al. 1996; Claireaux et al. 2022). 

After fusion with the plasma membrane, the viral capsid cone is released into the cytosol 

and relies on the actin cytoskeleton for short range movement. For long-range transport 

to the nuclear periphery, HIV-1 depends on, controls and exploits the microtubule 

network (Fig. 2) (Da Santos Silva et al. 2020; Naghavi 2021). Lentiviruses, in contrast to 

other non-lenti retroviruses, can infect non-cycling cells. As a consequence, lentiviruses 

need to access the nucleoplasm via the nuclear pore. To achieve this, HIV-1 CA makes 

contact with several nucleoporins (König et al. 2008; Di Nunzio et al. 2012; Buffone et 

al. 2018). In order for infection to proceed and to allow completion of reverse 

transcription and/or integration into the host genome, the HIV-1 capsid at one point has 

to at least partially disassemble (Xu et al. 2013; Campbell and Hope 2015; Francis and 

Melikyan 2018). However, whether HIV-1 gains access the nucleus before or after 

disassembly of the capsid shell and if reverse transcription is initiated and accomplished 

in the cytoplasm or after nuclear entry, was long, and partially remains, a matter of open 

debate (Campbell and Hope 2015; Bejarano et al. 2018; Bedwell and Engelman 2021). 

New high resolution and cryo-electron microscopy data, as well as experiments with 

capsid destabilizing mutants and agents, suggest that the entire intact HIV-1 core can 

penetrate the nuclear pore and that core disassembly is initiated at or after the passage 

through the nuclear pore complex (Fig. 2) (Burdick et al. 2020; Selyutina et al. 2020a; 

Müller et al. 2021; Zila et al. 2021). Earlier evidence suggested HIV-1 reverse 

transcription to happen mainly in the cytoplasm and to be required for nuclear entry 

and uncoating (Arhel et al. 2007; Hulme et al. 2011; Yang et al. 2013). In contrast, recent 

as the genomic RNAs. Assembly is driven by Gag and Gag-Pol at the plasma membrane, together with the 

recruitment of viral RNA and viral effector proteins. After budding, Gag and Gag-Pol proteins are 

processed by HIV-1 protease (PR) into matrix (MA), CA, NC, RT and IN proteins. Maturation results in the 

infectious HIV-1 particle (Campbell und Hope 2015; Flint et al. 2015; Jacques et al. 2016; Chen et al. 2019; 

Bedwell und Engelman 2021; Naghavi 2021, Zila et al. 2021).  
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studies proof that at least in some circumstances nuclear entry does precede reverse 

transcription (Dharan et al. 2020; Selyutina et al. 2020a). Again, host factors, such as 

cleavage and polyadenylation specific factor 6 (CPSF6), cyclophilin A (CypA) and 

transportin-1 (TRN-1), might modulate the kinetics of uncoating, as well as the initiation 

and completion of reverse transcription, in a cell type-dependent manner (Bejarano et 

al. 2019; Fernandez et al. 2019; Zhong et al. 2021).  

HIV-1 reverse transcription and DNA synthesis requires deoxynucleotide triphosphate 

(dNTP) substrates and HIV-1 replication efficiency correlates with cellular dNTP levels 

(Gao et al. 1993; Korin and Zack 1999; Plesa et al. 2007). As a logical consequence, 

initiation of HIV-1 reverse transcription does require at least partial accessibility of the 

inner capsid core for cellular dNTPs. This is achieved by dNTP permeable dynamic pores 

in the CA hexamers (Fig. 2) (Jacques et al. 2016; Xu et al. 2020). Reverse transcription of 

HIV-1 is performed by co-packaged HIV-1 RT and initiated via binding of a host derived 

cellular tRNA, which is complementary to the primer-binding site (pbs, Fig. 3) (Flint et al. 

2015; Hughes 2015). This leads to initiation of the synthesis of the (-) strand DNA and 

the reverse transcription of the R U5 sequence at the 5’ end of the viral RNA genome, 

while the RNA template strand is degraded by RNase H. This replication intermediate is 

called (-) strong-stop DNA. The R sequence is complementary to a respective r sequence 

at the 3’ end of the poly-adenylated HIV-1 RNA, which allows a template exchange and 

the continuation of DNA synthesis in 3’ to 5’ direction (Fig. 3) (Flint et al. 2015). 

Meanwhile, RNase H generates RNA fragments from the genomic RNA template, among 

them the polypurine tract (ppt). Ppt can serve as a primer for (+) strand DNA synthesis 

(Fig. 3), which terminates at the encounter of the tRNA primer due to a modified base 

in the tRNA. This replication intermediate is called (+) strong stop DNA. The (-) strand 

DNA synthesis continues until reverse transcription of the PBS (Flint et al. 2015). 

Complementarity between PBS of the (-) and the (+) DNA strand allows pairing and 

completion of the double-stranded DNA (dsDNA), which is then linearized by strand 

displacement (Fig. 3) (Flint et al. 2015). The final dsDNA contains two long terminal 

repeats (LTRs), each consistent of a sequence of U3, R and U5. LTRs are important for 

the subsequent integration process and contain transcription, polyadenylation and 

packaging signals. Stochastically, also rare circular dead-end by-products are formed if 

strand displacement fails or the ends of linear dsDNA self-ligate. According to the 
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Figure 3: HIV-1 reverse transcription.  

HIV-1 reverse transcription is initiated from a host-derived tRNA primer (gray) complementary to the 

primer-binding site (pbs). This allows priming of the (-) strand DNA synthesis (dark blue). The (-) strong-

stop DNA fragment, compromises the R and U5 sequence of the HIV-1 genome. The polyadenylated (An) 

RNA template (green) is degraded by the viral RNase H. Complementarity between the R/r regions allows 

annealing, template exchange and continuation of reverse transcription. While the (-) strand DNA is 

synthesized, the (+) strand DNA synthesis (light blue) is initiated from a polypurine tract (ppt) RNA primer, 

generated by RNAse H digest of the genomic RNA template. (+) strand DNA synthesis stops upon 

encounter of a modified tRNA base. (-) strand DNA is synthesized until it reaches the 5’ end of the pbs 

region. RNAse H-mediated cleavage of tRNA and ppt primer allows the pairing of complementary PBS DNA 

on both DNA strands. The resulting intermediate is called (+) strong-stop DNA. Displacement of the (-) 

DNA strand allows the second template exchange and subsequent termination of (-) strand and (+) strand 

DNA synthesis. The final linear reverse transcribed dsDNA HIV-1 genome contains long terminal repeats 

(LTRs) consisting of the U3, R and U5 region. The 3’ end of RNA and DNA is indicated with an error (Flint 

et al. 2015; Hughes 2015). 
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presence of one or two LTRs, they are called one-LTR or two-LTR- (2-LTR) circles (Flint et 

al. 2015). Even though the HIV-1 capsid contains two copies of the viral RNA genome, 

only one dsDNA genome is generated. However, recombination and template switching 

between the two ssRNA templates occurs frequently (Hu and Temin 1990; Levy et al. 

2004; Rawson et al. 2018).  

HIV-1 integration is catalyzed by an IN tetramer bound to the LTRs, bringing together 

the extremities of the newly synthesized viral dsDNA and forming the pre-integration 

complex (Fig. 2). The 3’ ends are processed and a concerted cleavage and ligation 

reaction is initiated, leading to a HIV-1 genome-host DNA-hybrid, the gapped 

intermediate (Flint et al. 2015). For gap repair, host proteins belonging to the non-

homologous end-joining (NHEJ) DNA double-strand break (DSB) repair pathway, such as 

DNA-dependent protein kinase (DNA-PK), Ku70 and Ligase IV are required (Daniel et al. 

1999; Li et al. 2001; Daniel et al. 2004; Skalka and Katz 2005; Knyazhanskaya et al. 2019).  

The integrated viral DNA, or provirus, now serves as a template for HIV-1 protein 

expression and transcription of the unspliced RNA genome (Fig. 2). Splicing is necessary 

to give rise to templates for translation of non-structural HIV-1 proteins and Env. 

Assembly of structural viral proteins and recruitment of genomic HIV-1 RNA finally leads 

to the release of viral particles and, after proteolytic maturation, to infectious viral 

progeny (Fig. 2) (Flint et al. 2015).  

 

1.1.3 Innate immune sensing of HIV-1 

Innate immune sensing of viral infections is essential to mount an effective anti-viral 

immune response. Sensing of viral pathogens or pathogen infection is necessary to 

activate, recruit and coordinate innate immune cells and effectors, to prime and sustain 

adaptive immune responses, as well as to coordinate the innate and adaptive immune 

response on the level of an organism. Sensing of pathogens is achieved through the 

recognition of pathogen associated molecular patterns (PAMPs) by so called pattern 

recognition receptors (PRR) (Murphy et al. 2012). Viral sensing through PAMPs leads to 

activation of downstream signaling pathways and transcription of anti-viral genes. 

Interferons (IFNs) and other cytokines are induced by innate immune recognition.  
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IFNs act in a paracrine and autocrine manner to induce and amplify the expression of 

anti-viral genes, so called interferon stimulated genes (ISGs), and to induce an anti-viral 

state (Murphy et al. 2012). IFN signaling and seems to be of particular importance early 

in HIV-1 infection. Transmitted or founder viruses display low IFN sensitivity (Parrish et 

al. 2013; Iyer et al. 2017). However, sensing of HIV-1 and the resulting IFN response is 

inefficient, leading to a non-optimal initiation and coordination of the innate and 

adaptive anti-viral immunity. Understanding HIV-1 sensing will be vital to develop novel 

therapeutic approaches and vaccination strategies (Yin et al. 2020).  

Several HIV-1 PAMPs can be recognized by cellular PRRs early after HIV-1 entry. 

Incoming viral RNA was shown to be a ligand for cellular RNA sensors residing in the 

endolysosomal compartment, such as toll-like receptor (TLR) 7 and 8, or the cytosolic 

RIG-I-like receptors retinoic acid inducible gene I (RIG-I) and melanoma differentiation 

associated protein 5 (MDA5) (Gringhuis et al. 2010; Lepelley et al. 2011; Solis et al. 2011; 

Berg et al. 2012; Ringeard et al. 2019; Meås et al. 2020). TLRs signal through nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB), which is a central 

transcriptional regulator of innate immune genes (Murphy et al. 2012). RIG-I and MDA5 

activation promotes aggregation of mitochondrion associated mitochondrial antiviral-

signaling protein (MAVS), leading to the interferon response factor (IRF) mediated 

enhanced expression of IFNs and ISGs. Following secretion IFNs can enhance ISG 

expression in an paracrine and autocrine manner through signal transducer and 

activator of transcription 1 and 2 (STAT1/2)-dependent pathways (Ablasser and Hur 

2020). In addition to sensing of incoming viral genomic RNA, de novo expression of 

intron containing HIV-1 RNA and abortive HIV-1 RNA transcripts were shown to trigger 

immune activation through the MAVS adaptor protein, independently of RIG-1 and 

MDA5 (Gringhuis et al. 2017; Akiyama et al. 2018; McCauley et al. 2018).  

The HIV-1 capsid determines the breath of HIV sensing by protecting the HIV genome 

and thereby limiting the amount of HIV-1 nucleic acids available for sensing (Lahaye et 

al. 2013; Campbell and Hope 2015; Sumner et al. 2020). However, the capsid shell itself 

can serve as a PAMP (Yoh et al. 2015; Yoh et al. 2022). The HIV-1 capsid lattice can trigger 

tripartite-containing motif 5α (TRIM5α)-dependent immune signaling through the NF-

κB axis, while non-POU domain-containing octamer-binding protein (NONO) can sense 
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HIV capsid in the nucleus through cyclic GMP-AMP synthase (cGAS) (see below) (Pertel 

et al. 2011; Lahaye et al. 2018).  

Reverse transcription generates viral dsDNA, as well as different replication 

intermediates such as ssDNA and RNA:DNA hybrids, which can trigger the activation of 

several cytosolic PRRs. cGAS, interferon gamma inducible protein 16 (IFI16) and DEAD 

box helicase 41 (DDX41) were shown to be activated in response to HIV-1 reverse 

transcribed DNA in different cellular contexts and to induce differential downstream 

signaling. DDX41 can bind retroviral DNA:RNA hybrids, in mouse macrophages and DCs, 

resulting in stimulator of interferon genes (STING) activation (Stavrou et al. 2018). IFI16 

is a DNA sensor detecting complete and abortive HIV-1 reverse transcribed DNA in 

macrophages and CD4+ T cells isolated from tonsils (Jakobsen et al. 2013; Monroe et al. 

2014). While IFI16 can stimulate the STING pathway similar to DDX41 and cGAS, it seems 

also able to trigger inflammasome activation and pyroptosis, a specialized form of 

inflammatory programmed cell death (Jakobsen et al. 2013; Monroe et al. 2014).  

Whereas IFI16 and DDX41 likely contribute to HIV-1 sensing in a cell type-dependent 

manner, cGAS is commonly accepted as the major sensor of HIV-1 infection in immune 

cells (Gao et al. 2013a; Yin et al. 2020). cGAS binds DNA from cellular, bacterial and viral 

origin, leading to activation and aggregation of cGAS in the cytoplasm (Gao et al. 2013b; 

Ablasser and Hur 2020). Upon stimulation, cGAS produces the cyclic GMP-AMP 

dinucleotide (cGAMP), which serves as a second messenger for downstream activation 

of STING (Ablasser and Hur 2020). Endoplasmic reticulum resident STING binds cGAMP 

and upon translocation to the Golgi-apparatus serves as a platform for TANK-binding 

kinase 1 (TBK1) recruitment and IRF3 phosphorylation (Ablasser and Hur 2020; Zhang et 

al. 2020). Once phosphorylated, IRF3 translocates to the nucleus and acts as a 

transcription factor to induce IFN expression. Moreover, TBK1 can signal downstream 

via the NF-κB axis (Ablasser and Hur 2020). For HIV-1 sensing reverse transcription is 

required and cGAS seems to preferentially bind Y-form DNA, partially double-stranded 

secondary structures in the HIV-1 ssDNA (Gao et al. 2013a; Yoh et al. 2015; Herzner et 

al. 2015). Due to low abundancy of HIV-1 reverse transcription products in an infected 

cell - one copy is sufficient for productive infection - it is believed that co-sensors are 

required for cGAS-mediated HIV-1 sensing. In this line, the polyglutamine binding 

protein 1 (PQBP1) binds to HIV-1 capsid and recruits cytosolic cGAS to the HIV-1 capsid 
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lattice and thus to sites of HIV-1 reverse transcription (Yoh et al. 2015; Yoh et al. 2022). 

NONO might have a similar role in sensing HIV-1 reverse transcription products that 

gained access to the nucleus (Lahaye et al. 2018; Yin et al. 2020).  

Concomitantly, the availability and accessibility of HIV-1 reverse transcription products 

critically determines the magnitude of HIV-1 sensing. By restricting the accessibility of 

HIV-1 PAMPs, the HIV-1 capsid is a major determinant of HIV-1 sensing (Yin et al. 2020; 

Zuliani Alvarez et al. 2022). Also, TREX1, a cellular DNA exonuclease, critically influences 

the amount of HIV-1 DNA available for cGAS activation (Yan et al. 2010; Wheeler et al. 

2016; Kumar et al. 2018). In conclusion, cellular factors influencing HIV-1 entry, reverse 

transcription and uncoating might have dramatic effects on cell type specific sensing, as 

well as on the initiation, the breath and concertation of innate and adaptive responses, 

making them attractive targets to improve HIV-1 (immune-) therapy and vaccination 

(Schott et al. 2017; Yin et al. 2020).  

 

1.1.4 Restriction factors interfere with HIV replication at multiple levels 

Host proteins can not only be beneficial for virus replication. Some cellular factors have 

the capability to strongly inhibit viral replication and are therefore termed anti-viral 

restriction factors (Harris et al. 2012). Restriction factors typically promote a reduction 

in viral infectivity or production of progeny virus over several orders of magnitude. Some 

of them are able to completely block viral replication or transmission. This has important 

implications in zoonotic infections. Species barriers can only be overcome, when viruses 

are able to coopt with new, host specific restriction factors (Sauter and Kirchhoff 2019). 

Viruses do so by implementing counteracting measures (Harris et al. 2012; Malim and 

Bieniasz 2012). This can be achieved by avoidance of the anti-viral restriction, i.e., 

through changes in the viral target structure, the viral life cycle, the cellular tropism or 

alternative infection routes. In addition, viruses have evolved direct counteraction 

mechanism, so called counteracting factors, actively preventing the action of a given 

restriction factor. Often these counteracting factors are accessory proteins or viral 

effector proteins. In the case of HIV-1 Vif, Vpu, Vpr and Nef, but also the structural 

protein Env counteract cellular restriction factors (Fig. 4) (Harris et al. 2012; Malim and 

Bieniasz 2012). Prevention of expression, proteolytic cleavage or targeting for 
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degradation, post-translational modification, blocking of interaction sites, as well as 

retargeting to different cellular compartments or complexes can be modes of actions. 

Restriction factors are broad acting. They target shared viral structures or characteristic 

requirements of the viral life cycle rather than specific viral protein epitopes or nucleic 

acid sequences. The evolution of an effective restriction factor is shaped by a history of 

diverse viral infections. Since restriction factors also impose a strong selective pressure 

towards the pathogen, this leads to an arms race between host and pathogen and to 

traits of rapid positive selection such as a high ratio of synonymous to non-synonymous 

mutations (Duggal and Emerman 2012).  

Restriction factors are commonly understood as part of the intrinsic or innate immune 

system and as such are heavily connected to innate sensing and signaling pathways. I.e. 

most restriction factors are induced by IFN treatment and belong to the class of ISGs 

(Harris et al. 2012; Schott et al. 2017).  

Similar to host dependency factors, a number of HIV-1 restriction factors were identified 

by genetic perturbation screens, in presence or absence of IFN stimulation (Liu et al. 

2011; OhAinle et al. 2018; Jimenez-Guardeño et al. 2019; OhAinle et al. 2020). Also, 

overexpression of ISGs was used to screen for candidate anti-viral factors (Schoggins et 

al. 2011; Schoggins et al. 2014). However, another strategy proved to be successful in 

the context of HIV-1 restriction. Lentiviruses heavily rely on rewiring the host 

proteasome and lysosome degradation pathways for depletion of cellular restriction 

factors. Proteomic profiling approaches, as well as the analysis of the HIV effector 

protein interactome, were extremely productive in identifying factors that block 

lentiviral replication (Berger et al. 2011; Hrecka et al. 2011; Jäger et al. 2011; Laguette 

et al. 2011; Chougui et al. 2018; Yurkovetskiy et al. 2018; Greenwood et al. 2019; Liu et 

al. 2019; Naamati et al. 2019). Several selected anti-lentiviral restriction factors are 

highlighted in Figure 4. In HIV-1 infection, restriction factors limit the production, 

shedding and infectivity of HIV-1 particles.  

A famous and potent example is tetherin, which is able to block the release of HIV-1 

particles from infected cells, in a manner enhanced by IFN signaling (Neil et al. 2007; 

Neil et al. 2008; Perez-Caballero et al. 2009; van Damme et al. 2008; Liberatore and 

Bieniasz 2011). Tetherin does so by physically tethering budding HIV-1 particles on the  
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Figure 4: Restriction factors active against HIV-1. 

Overview of relevant restriction factors active against specific steps of HIV-1 replication (red blunt arrows) 

and counteracting mechanisms (purple blunt arrows) employed by viral effector proteins. HIV-1 

translation is suppressed by the human silencing hub (HUSH) complex, through epigenetic silencing and 

RNA degradation (Chougui et al. 2018; Yurkovetskiy et al. 2018; Seczynska et al. 2022; Matkovic et al. 

2022). Guanylate-binding protein 2 and 5 (GBP2/5) inhibit processing of HIV-1 Env by interfering with furin 

cleavage (Krapp et al. 2016; Braun et al. 2019). Tetherin physically retains budding HIV-1 particles by 

sequestering them at the plasma membrane (Neil et al. 2008; Perez-Caballero et al. 2009; Hinz et al. 2010). 

Tetherin surface expression is reduced by HIV-1 effector Vpu-mediated E3 ubiquitin ligase recruitment 

and proteasomal degradation, as well as endolysosomal translocation and interference with tetherin 

trafficking (Neil et al. 2008; van Damme et al. 2008; Goffinet et al. 2009; Iwabu et al. 2009; Mitchell et al. 

2009; Dubé et al. 2011). Serine incorporator 5 and 3 (SERINC3/5) become part of the viral envelope at 

budding and inhibit viral entry by interfering with fusion pore formation or Env protein rearrangement 

after binding to CD4. The HIV-1 effector Nef prevents SERINC5 incorporation through endocytosis and 

lysosomal degradation of SERINC5 in the producing cell (Cano-Ortiz et al. 2022). HIV-1 fusion is also 

inhibited by IFN-induced transmembrane proteins (IFITMs) localized at the target cell membrane (Marziali 
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and Cimarelli 2021). Myxovirus resistance B (MxB) and tripartite-containing motif 5α (Trim5α) bind to the 

capsid and inhibit HIV-1 nuclear entry. Trim5α forms cage like structures on the capsid lattice in absence 

of CypA, while MxB seems to interfere with the interaction of CA with host factors, such as nucleoporins 

(Stremlau et al. 2004; Goujon et al. 2013; Kane et al. 2013; Liu et al. 2013; Dicks et al. 2018; Kane et al. 

2018; Staeheli und Haller 2018; Kim et al. 2019b; Selyutina et al. 2020b; Yu et al. 2020). Apolipoprotein B 

mRNA-editing enzyme catalytic polypeptide-like proteins (APOBECs) are co-packaged into budding HIV-1 

particles and associate to HIV-1 RNA. Through cytosine deamination they generate uracil residues, which 

upon reverse transcription leads to G to A hypermutation in the HIV-1 genome. HIV-1 Vif recruits an E3 

ubiquitin ligase complex to efficiently deplete APOBEC3G in the producing cell (Harris und Dudley 2015). 

Sterile alpha motif and HD domain containing protein (SAMHD1) is a dNTPase mainly localizing in the 

nucleus, which blocks HIV-1 reverse transcription. SAMHD1 may act through depletion of cellular dNTPs, 

which are required for HIV-1 reverse transcription (Majer et al. 2019). 

surface of cells, which is achieved by its unusual architecture, i.e. a transmembrane 

region and a glycosylphosphatidylinositol anchor separated by a long coiled-coil domain 

(Fig. 4) (Perez-Caballero et al. 2009; Hammonds et al. 2010; Hinz et al. 2010). To 

overcome tetherin-mediated restriction, HIV-1 Vpu reduces tetherin surface levels by 

recruitment of an E3 ligase and proteasomal degradation, via endo-lysosomal 

sequestration and by interference with tetherin trafficking (Neil et al. 2008; van Damme 

et al. 2008; Goffinet et al. 2009; Iwabu et al. 2009; Mitchell et al. 2009; Dubé et al. 2011).  

Guanylate-binding protein 2 and 5 (GBP2/5) reduce the infectivity of HIV-1 particles 

produced from interferon simulated macrophages and CD4+ T cells. GBP5 and GBP2 act 

by interfering with host protease furin-mediated cleavage of the HIV-1 Env precursor, 

which is required for CD4 receptor-mediated entry (Fig. 4) (Krapp et al. 2016; Braun et 

al. 2019).  

Serine incorporator 5 (SERINC5) and to a lesser extent SERINC3 inhibit HIV-1, when 

incorporated into the membrane of budding viruses (Fig. 4) (Rosa et al. 2015; Usami et 

al. 2015; Cano-Ortiz et al. 2022). Even though the exact mechanism is not yet clear, 

SERINC5 seems to affect the fusion process by altering the fusion pore, or by interfering 

with HIV-1 Env protein conformation (Cano-Ortiz et al. 2022). SERINC5 is only 

incorporated in the absence of the HIV-1 accessory protein Nef. Nef reduces SERINC5 

surface expression by recruitment of the cyclin-dependent kinase 13 (CDK13)-cyclin K 

complex, followed by adaptor protein complex 2-dependent endocytosis and lysosomal 
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degradation (Fig. 4) (Rosa et al. 2015; Usami et al. 2015; Shi et al. 2018; Passos et al. 

2019; Staudt and Smithgall 2020; Chai et al. 2021; Cano-Ortiz et al. 2022).  

IFN-induced transmembrane proteins (IFITMs) expressed on the plasma membrane and 

in the endocytic compartment inhibit HIV-1 entry, likely by altering the membrane 

dynamics in the target cells (Fig. 4) (Lu et al. 2011; Li et al. 2013; Marziali and Cimarelli 

2021). Also, IFITMs have been shown to reduce particle infectivity and production by 

incorporation into the HIV-1 envelope and by interfering with HIV-1 protein expression 

(Compton et al. 2014; Tartour et al. 2014; Yu et al. 2015; Lee et al. 2018b; Marziali and 

Cimarelli 2021). The latter might be partially counteracted by Nef (Ahmad et al. 2019). 

Interestingly, transmitted founder viruses exhibit reduced sensitivity towards IFITMs, 

indicating that HIV-1 can at least partially circumvent IFITM-mediated restriction (Foster 

et al. 2016).  

Apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like (APOBEC) is a family 

of cellular cytosine deaminases, which are able to confer cytosine to uracil on ssDNA 

templates (Harris et al. 2002; Nabel et al. 2013; Harris and Dudley 2015). Although, 

APOBEC3G is the most extensively studied APOBEC in the context of HIV-1 restriction, 

APOBEC3D, F and H also show anti-lentiviral activity in human T cells (Harris et al. 2003; 

Hultquist et al. 2011; Harris and Dudley 2015). APOBECs are co-packaged into budding 

HIV-1 particles upon viral assembly, a process which involves RNA and HIV-1 Gag binding 

(Fig. 4) (Schäfer et al. 2004; Bogerd and Cullen 2008; Apolonia et al. 2015; Harris and 

Dudley 2015). With the infection of a new host cell and initiation of reverse 

transcription, the ssDNA template in form of the partially reverse transcribed HIV-1 

genome becomes available for APOBEC cytosine to uracil editing. The HIV-1 RT reads 

uracil as thymine or deoxythymidine (dT) in ssDNA, ultimately leading to 

deoxyguanosine (dG) to deoxyadenosine (dA), or G to A, hypermutation, which can be 

lethal or sub-lethal and eventually cause to degradation of the viral genome (Fig. 4) 

(Harris et al. 2003; Mangeat et al. 2003; Zhang et al. 2003; Harris and Dudley 2015). The 

HIV-1 accessory protein Vif is a potent counteraction mechanism against APOBEC3G. Vif 

recruits the cullin-5-RING E3 ubiquitin ligase complex to APOBEC3G in productively 

infected cells, thereby causing proteasomal degradation of APOBEC3G (Fig. 4) (Mariani 

et al. 2003; Sheehy et al. 2003; Yu et al. 2003). Retroviral and APOBEC co-evolution has 

led to positive selection and diversity in APOBEC genes, as well as to an adapted HIV-1 
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Vif being able to target human APOBEC3D, F, G and H for degradation (Compton et al. 

2012; Sauter and Kirchhoff 2019; Ito et al. 2020).  

TRIM5α was originally described as a species specific restriction factor, which forms 

cage-like structures on the lentiviral capsid lattice (Fig. 4) (Stremlau et al. 2004; Yu et al. 

2020). Subsequent studies showed however that also human TRIM5α is capable to 

efficiently restrict HIV-1 in human macrophages and CD4+ T cells, but only in the absence 

of CypA. Interestingly, CypA prevents Trim5α through concurrence for the CA binding 

site (Kim et al. 2019b; Selyutina et al. 2020b).  

Myxovirus resistance B (MxB) is a potent interferon induced restriction factor inhibiting 

an HIV-1 post-entry step (Goujon et al. 2013; Kane et al. 2013; Liu et al. 2013). MxB binds 

to the HIV-1 capsid lattice in the cytoplasm, and inhibits nuclear uptake of HIV-1 capsid 

or PIC, possibly via interference with binding of one or several host factors such as CypA, 

nucleoporins or transportin-1 (TNPO1) (Liu et al. 2013; Kane et al. 2018; Dicks et al. 2018; 

Staeheli and Haller 2018). HIV-1 CA mutants were observed that escape MxB binding 

and restriction. Nevertheless, MxB escape mutants rarely occur, indicating a significant 

fitness cost of MxB counteraction (Goujon et al. 2013; Kane et al. 2013; Liu et al. 2013).  

An example for restriction factors which inhibit HIV-1 expression post-integration is the 

human silencing hub (HUSH) complex consisting of transcription activation suppressor 

(TASOR), meta-phase phosphoprotein 8 (MPP8) and periphilin. HUSH limits HIV-1 

expression in CD4+ T cells and T cell lines (Fig. 4) (Chougui et al. 2018; Yurkovetskiy et al. 

2018). It was shown that the HUSH complex mediates epigenetic silencing of intron-less 

mobile elements (Tchasovnikarova et al. 2015; Tunbak et al. 2020; Seczynska et al. 

2022). Also, the HUSH component TASOR seems to recruit the CR4-NOT transcription 

complex subunit 1 (CNOT1) RNA degradation pathway to repress LTR driven HIV-1 

expression (Matkovic et al. 2022). HIV-2 and SIV Vpx and several Vpr accessory proteins 

from different HIV-2 strains and SIV lineages are able to mark TASOR for proteasomal 

degradation by enhancing the interaction of TASOR with the DCAF ubiquitin ligase 

adaptor (Chougui et al. 2018; Yurkovetskiy et al. 2018). However somewhat surprising, 

HIV-1 and SIVcpz Vpr is not able to degrade TASOR, implying that the HIV-1 ancestors 

have lost their HUSH counteraction activity (Chougui et al. 2018; Yurkovetskiy et al. 

2018; Sauter and Kirchhoff 2019).  
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Taken together, the HIV-1 life cycle is inhibited at multiple steps by diverse restriction 

mechanisms, which led to the evolution of effective counteracting mechanisms 

executed by HIV-1 effectors. Again, the recent identification of novel confirmed and 

potential restriction factors (Chougui et al. 2018; Yurkovetskiy et al. 2018; Hiatt et al. 

2021a), illustrates that the cell intrinsic anti-viral networks are not yet completely 

uncovered.  

 

1.2 SAMHD1 is a major anti-lentiviral restriction factor  

1.2.1 SAMHD1 is a dNTPase with multiple cellular functions 

Sterile alpha motif and HD domain containing protein (SAMHD1) is a potent anti-viral 

restriction factor active against a broad range of human pathogens (Fig. 5). Importantly, 

SAMHD1 is also a central regulator of cellular nucleic acid homeostasis and involved in 

multiple steps of DNA replication and repair processes (Fig. 5) (Majer et al. 2019). Likely, 

the anti-viral activity of SAMHD1 and its homeostatic functions are interconnected. 

Therefore, it is essential to understand the cellular functions of SAMHD1 in absence of 

viral infection, in order to understand how it acts as a restriction factor active against 

HIV-1 and other viruses. SAMHD1 is expressed in most human tissues and cells, but 

shows a higher expression in immune cells, namely in different T cell, monocyte, 

macrophage and DC subsets. In concordance with this, SAMHD1 expression clusters with 

genes associated with monocytes, macrophages and DCs (Uhlén et al. 2015; Uhlen et al. 

2019; Karlsson et al. 2021). Only some immortalized cell lines show moderate to high 

SAMHD1 expression (Uhlén et al. 2015). Most cell lines show very low levels of SAMHD1 

and expression is generally downregulated in cancer cells (Schott et al. 2022). SAMHD1 

expression is regulated by transcription factors, promotor methylation and micro RNAs 

(Silva et al. 2013; Jin et al. 2016; Yang et al. 2016; Riess et al. 2017). Even though in a cell 

type-dependent manner, IFN seems to modestly upregulate SAMHD1 expression by IRF3 

binding to the SAMHD1 promotor and microRNA downregulation. SAMHD1 is therefore 

considered an ISG (Yang et al. 2016; Riess et al. 2017).  

SAMHD1 contains a SAM and an HD domain (Fig. 6A and C). SAM domains are known to 

mediate protein-protein interactions with SAM-containing and non-containing proteins,  
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Figure 5: Cellular and anti-viral functions of SAMHD1.  

SAMHD1 is a multifunctional protein. Its role in the maintenance of cellular homeostasis is strongly 

intertwined with anti-viral restriction and viral evasion mechanisms, as well as the regulation of SAMHD1 

(Majer et al. 2019). SAMHD1 is the major cellular dNTPase but was also shown to function in DNA repair 

and replication, by enhancing DNA end resection. SAMHD1 modifies DNA end joining, telomere 

maintenance and R-loop stability and seems to directly interfere with innate immune signaling pathways 

(Majer et al. 2019; Akimova et al. 2021; Park et al. 2021). It is currently unclear which cellular function(s) 

of SAMHD1 mediate its capability to restrict diverse human viruses. SAMHD1 was shown to inhibit reverse 

transcribing viruses, such as lenti- and non-lenti retroviruses, as well as Hepatitis B virus and 

retroelements, but also herpesviruses and poxviruses, which are large DNA viruses (Businger et al. 2019; 

Kim et al. 2019a; Majer et al. 2019). More recently, SAMHD1 was proposed to affect small DNA 

papillomavirus replication and, surprisingly, to be able to inhibit RNA viruses (James et al. 2019; Li et al. 

2020; Silva et al. 2021). A block to viral replication imposed by SAMHD1 exerts substantial pressure 

towards a virus and favors the evolution of efficient counteracting mechanisms. Degradation of SAMHD1 

is achieved by different lentiviral Vpx and Vpr proteins, but also by HCMV and enterovirus 71 (Sauter et 

al. 2019; Hyeon et al. 2020; Li et al. 2020). Also, SAMHD1 transcription might be regulated by viral factors. 
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Other evasion strategies are the use of high affinity reverse transcriptases (RTs) to overcome low dNTP 

levels, or increasing dNTP de novo syntheis (Majer et al. 2019). Moreover, the anti-viral function of 

SAMHD1 is influenced by different regulatory mechanisms. Post-translational modification, namely 

phosphorylation at residue T592, leads to loss of restriction against HIV-1, but also herpesviruses (Majer 

et al. 2019; Businger et al. 2019; Kim et al. 2019a). Herpesviruses can induce SAMHD1 phosphorylation by 

virus encoded kinases (Businger et al. 2019; Kim et al. 2019a). In addition, since SAMHD1 T592 

phosphorylation is cell cycle-dependent, perturbation of the cell cycle, i.e. by lentiviral effector proteins 

affects SAMHD1 pT592 status and therefore its anti-viral restriction capacity (Majer et al. 2019). 

Illustration adapted from Majer et al. 2019. 

but also to mediate interactions with nucleic acids in some cases (Qiao and Bowie 2005). 

However, to date no physiological SAM-dependent interaction has been identified for 

human SAMHD1 (Majer et al. 2019). 

When active, SAMHD1 forms tetramers. To present, only the HD domain could be 

crystallized, both as monomer and tetramer (Fig. 6B) (Ji et al. 2014). However, artificial 

intelligence-mediated structural modelling, such as AlphaFold allows the prediction of 

SAM domain structure and the position of the C- and N-terminus (Fig. 6C to E) (Pettersen 

et al. 2021; Jumper et al. 2021) While modelling of the structured HD domain shows a 

high degree of confidence and large overlaps with the results from crystallography, 

especially the prediction of the N- and C terminus is less confident, suggesting flexibility 

(Fig. 6 D and E) (Ji et al. 2014).  

SAMHD1 harbors an N-terminal nuclear localization signal formed by the residues 

11KRPR14 and is predominantly localized nuclear (Fig. 6A and C) (Brandariz-Nuñez et al. 

2012). The HD domain of is situated between residue 110 and 599 and is named after 

the central catalytic histidine (H206) and aspartate (D207) residues (Fig. 6A and C). The 

structure of its catalytic core is shared among a superfamily of metal-dependent 

phosphohydrolases (Fig. 6F and G) (Aravind and Koonin 1998). Consistently, SAMHD1 

was found to have phosphohydrolases activity and to convert all four 

deoxyribonucleoside triphosphates (dNTPs), deoxyadenosine triphosphate (dATP), 

deoxyadenosine triphosphate (dGTP), deoxycytidine triphosphate (dCTP) and 

deoxythymidine triphosphat (dTTP) into triphosphate and the respective nucleotide.  
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Figure 6: SAMHD1 domains and structure.  

(A) The SAM (40-109) and a HD domain (110-599), as well as the N-terminal nuclear localization signal 

(NLS; 11-14) are shown for SAMHD1 (Ahn et al. 2016). (B) Crystal structure of the SAMHD1 tetramer is 

illustrated as determined by Ji et al. 2014 (4TO0) for the SAMHD1 113-626 H206R_D207N mutant 

activated with allosteric activators GTP (green) and dATP (red). The substrate dCTP is shown in light blue. 

Secondary structure of one SAMHD1 monomer is highlighted. Large parts of the SAMHD1 structure cannot 

be crystallized due to the high degree of flexibility in the N- and C-terminus, as well as internal loops. (C)

For visualization SAMHD1 was modeled using AlphaFold protein structure prediction (Q9Y3Z3) (Jumper 

et al. 2022). SAMHD1 domains are colored as in (A). The allosteric binding sites A1 and A2 are occupied 

by GTP and dATP, respectively. In the catalytic center dCTP was placed. The position of the nucleotides 

was modeled by structural comparison between the AlphaFold prediction and the SAMHD1 structure by 

Ji et al. 2014, using the Matchmaker tool of ChimeraX (Petterson et al. 2021). (D, E) As anticipated the 
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Thereby, SAMHD1 is able to deplete cellular dNTPs and to reduce the dNTP pool size 

(Goldstone et al. 2011; Powell et al. 2011; Lahouassa et al. 2012; Franzolin et al. 2013). 

The deoxyribonucleoside triphosphate triphosphohydrolase (dNTPase) activity of 

SAMHD1 is uncommon and apart from SAMHD1 only found in few enzymes isolated 

from bacteria (Kondo et al. 2007; Langton et al. 2020). Recently, the enzymatic activity 

of SAMHD1 has been characterized in more detail and was shown to depend on two 

central metal ions that coordinate a hydroxide molecule for nucleophilic attack and 

resolution of the phosphoester bond (Fig. 6 F and G) (Morris et al. 2020).  

The dNTPase activity of SAMHD1 is regulated by allosteric binding of GTP or dGTP and 

any dNTP at the allosteric sites A1 and A2, respectively (Fig. 6C) (Goldstone et al. 2011; 

Powell et al. 2011; Ji et al. 2013; Hansen et al. 2014). Allosteric occupancy of A1 results 

in SAMHD1 dimerization, while dNTP binding to A2 leads to a SAMHD1 tetramer with 

full enzymatic activity (Fig. 6B) (Ji et al. 2013; Yan et al. 2013; Hansen et al. 2014). GTP is 

thought to be a main activator of SAMHD1 due to its high abundancy and to its ability 

to maintain the active SAMHD1 tetramer even after dNTP depletion (Amie et al. 2013; 

Hansen et al. 2014).  

SAMHD1 is a major regulator of cellular dNTP levels (Rampazzo et al. 2010; Franzolin et 

al. 2013). However, cellular dNTP levels are also regulated by the ribonucleoside-

diphosphate reductase (RNR), which catalyzes dNTP de novo synthesis. RNR activity is 

partially regulated in a cell cycle-dependent manner by R2 subunit degradation at 

mitotic exit (Chabes and Thelander 2000). Dysregulated dNTP levels can have dramatic 

consequences for cellular homeostasis (Mathews 2015). While sufficiently high dNTP 

levels are critical for DNA replication in S-Phase, constitutively high levels of dNTPs can 

lead to cell cycle arrest (Chabes and Stillman 2007). Excessive dNTP levels can cause the 

fidelity of the predicted structure of the flexible N- and C-terminus is low (red to yellow). However, the 

structure of the SAMHD1 HD domain was modeled with high confidence (blue) and strongly overlaps with 

the crystallographic data (purple). The model of the SAM domain was obtained with medium fidelity 

(yellow to blue), although the position with respect to the HD domain might be variable. (F, G) The 

composition of the catalytic site as determined by Morris et al. 2020 (6TX0) for the residues 109-626 of 

the SAMHD1 D137N mutant in complex with a non-cleavable dATP homolog (dAMPNPP) is shown. The 

position and identity of the amino acids forming the catalytic pocket, as well as iron and magnesium ions 

are highlighted. The water molecule coordinated by Mg2+ and Fe3+, which is used for nucleophilic attack is 

marked by an asterisk. 
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mutator phenotype, which is marked by an increased rate of spontaneous mutations 

due to replication infidelity (Weinberg et al. 1981; Buckland et al. 2014; Williams et al. 

2015). This is more significant when dNTP levels are imbalanced (Kumar et al. 2011; 

Buckland et al. 2014; Watt et al. 2016; Schmidt et al. 2019b). In addition, by altering 

dNTP levels, SAMHD1 affects DNA damage repair. The NHEJ pathway is used to repair 

DNA DSBs in non-cycling cells, by re-joining processed DNA ends. Processing leads to 

random insertions and deletions (InDels) at the repair site. In absence of SAMHD1, 

increased dNTP levels lead to longer insertions due to enforced polymerase processivity 

(Akimova et al. 2021). In conclusion, the dNTP metabolism and therefore SAMHD1 is of 

importance for both, the emergence of cancer and the maintenance cancer cell 

replication, and is thus an attractive target for medical therapies (Schott et al. 2022). 

This is even more true since SAMHD1 was shown to degrade important nucleoside based 

anti-cancer metabolites (Herold et al. 2017a; Herold et al. 2017b; Schneider et al. 2017). 

Not surprisingly a number of SAMHD1 mutations are associated with different types of 

cancer (Schott et al. 2022).  

Early after its discovery and the description of its dNTPase activity, SAMHD1 was 

proposed to have single stranded nucleic acid binding activity with a preference for 

ssRNA (Goncalves et al. 2012; Beloglazova et al. 2013; Tüngler et al. 2013; Seamon et al. 

2015). Binding of ssRNA or ssDNA to SAMHD1, i.e. to the dimer-dimer interface, might 

regulate SAMHD1 complexation and thus influence other functions of SAMHD1, such as 

the dNTPase activity (Seamon et al. 2016). The initially observed ssRNA and ssDNA 

directed nuclease activity of SAMHD1 was later revealed to result from co-purification 

impurities (Seamon et al. 2015).  

More recently, SAMHD1 was implemented in DNA replication and DNA repair (Daddacha 

et al. 2017; Coquel et al. 2018). DNA replication, especially under stress, can lead to 

stalled replication forks. In order to allow progression and completion of DNA 

replication, stalled forks need to be resolved, which requires processing by 

exonucleases, so called end resection (Quinet et al. 2017). SAMHD1 was proposed to 

participate in this process, by an interaction with MRE11 and the stimulation of MRE11 

exonuclease activity (Coquel et al. 2018). Similarly, SAMHD1 was proposed to recruit 

CtIP, another exonuclease, to sites of DNA damage (Daddacha et al. 2017). Homologous 

recombination (HR) is a DNA DSB repair pathway, which requires a homologue DNA  
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Figure 7: R-Loops.  

R-loops are RNA:DNA hybrid structures physiologically occurring at sites of transcription replication 

conflicts. Both co- and anti-directional processing of RNA polymerase (RNAP) and replication forks (RFs) 

can stabilize R-loops. R-loops are regulated by RNA binding proteins, RNA-DNA helicases, topoisomerases 

and ribonucleases. Recently, SAMHD1 was suggested to inhibit R-loops through a not further defined 

mechanism. R-loops loops occurring at transcription replication conflicts are favored by secondary 

structures in the ssDNA, a high GC content in actively transcribed genes and DNA supercoiling. Also, R-

loops can be induced by DNA double- or single-strand breaks. Conversely, R-loops are involved in DNA 

double-strand break repair by homologous recombination. In addition, they seem to play a role in 

transcriptional regulation. In R-loops, the ssDNA loop is accessible to mutagenic stress and nuclease 

digest, which is one mechanism leading to R-loop induced genome instability. In addition, non-resolved 

R-loops can lead to DNA double-strand breaks or RF collapse, again increasing the cellular burden of 

genome instability (García-Muse and Aguilera 2019; Hegazi et al. 2020; Park et al. 2021). 

region, i.e. a sister chromatid, to serve as a template for DNA repair. Processing of DNA 

DSB ends is required for HR, which can be achieved by CtIP (Ranjha et al. 2018). Thus, 

recruitment of exonucleases for dsDNA processing seems a shared mechanism of 

SAMHD1 in DNA repair and the resolution of stalled replication forks (Majer et al. 2019). 

In addition to this, SAMHD1 was proposed to be involved in the prevention of R-loops. 

R-loops are DNA-RNA hybrid structures (Fig. 7). Using RNA:DNA hybrid sequencing, Park 

et al. could detect an accumulation of R-loops in SAMHD1 deficient fibroblasts (Lim et 

al. 2015; Park et al. 2021). R-Loops physiologically occur at sites of transcription-
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replication conflicts and are thought to be involved in transcriptional regulation, but also 

to cause DNA instability (Fig. 7) (García-Muse and Aguilera 2019). Exposed ssDNA in R-

loops is prone to mutagenic stress or nucleases. Stabilized R-loops can lead to replication 

fork collapse and DNA DSBs (Fig. 7) (García-Muse and Aguilera 2019). Accordingly, cells 

actively avoid R-loops by a battery of cellular factors, such as RNA binding proteins, 

topoisomerases, RNA-DNA helicases and ribonucleases such as RNase H1/2 (Fig. 7) 

(García-Muse and Aguilera 2019). In contrast, R-loop formation is enhanced by negative 

supercoiling, nicks or secondary structures in the DNA, as well as GC-rich 

transcriptionally active regions. Also, defects in RNase H and RNA-DNA helicases can 

favor R-loop formation (Fig. 7) (Hegazy et al. 2020; Cristini et al. 2022). Moreover, R-

loops have been shown to be facilitated by single-strand and double-strand DNA breaks, 

but also to enhance DNA DSB repair by HR (Fig. 7) (García-Muse and Aguilera 2019; 

Hegazy et al. 2020; Ouyang et al. 2021). The notion that SAMHD1 is involved in R-loop 

biology underlines its role as an important regulator of the nucleic acid metabolism.  

Besides, SAMHD1 seems to modulate several additional cellular processes, such as 

telomerase maintenance, immunoglobulin hypermutation and class switch 

recombination, the post-transcriptional control of regulatory T cell transcription factors, 

as well as leukemic cell line proliferation and apoptosis (Bonifati et al. 2016; Kodigepalli 

et al. 2018; Kim et al. 2018; Majerska et al. 2018; Thientosapol et al. 2018; Husain et al. 

2020). Even though, the detailed functional connections are not yet resolved, this makes 

clear that SAMHD1 is a critical factor in multiple processes ranging from maintenance of 

cellular homeostasis and carcinogenesis, to shaping adaptive immune responses.  

Mutations in SAMHD1 have not only been associated with cancer, but also with 

inflammatory syndromes. Namely, mutations in SAMHD1 can be causative for the 

Aicardi-Goutières syndrome (AGS) (Rice et al. 2009; Crow et al. 2015; Schott et al. 2022). 

AGS is an auto-inflammatory disease, which is marked among others by severe neuro-

inflammation and developmental disorders. Besides SAMHD1, mutations in other 

proteins involved in the cellular nucleic acid metabolism such as the major DNA 

exonuclease TREX1, ribonuclease RNase H2 subunits RNase H2A, B and C, the adenosine 

deaminase RNA-specific binding protein 1 (ADAR1), as well as in the RIG-I-like receptor 

MDA5 can cause AGS (Crow et al. 2015). In all cases, the common mechanism of auto-

inflammation seems to be dysregulation of the nucleic acid metabolism and, as a 



 

34 
 

consequence, aberrant DNA damage and/or nucleic acid sensing, leading to elevated IFN 

levels and systemic inflammation (Rice et al. 2009; Crow et al. 2015). With regards to 

impaired SAMHD1 function, several pathways to innate immune stimulation via nucleic 

acid sensing are plausible (Majer et al. 2019; Schott et al. 2022). As described above, 

SAMHD1 mutation leads to aberrant cellular dNTP levels, which is likely to mediate 

genomic instability and DNA damage signaling (Kretschmer et al. 2015). Additionally, in 

the absence of SAMHD1, resolution of stalled replication forks or DNA damage-response 

might be inhibited, because SAMHD1-mediated recruitment of endonucleases and 

dsDNA trimming is impaired. This again could lead to aberrant translocation of nascent 

ssDNA into the cytoplasm. ssDNA might self-hybridize and activate the cGAS-STING DNA 

sensing pathway, ultimately leading to the induction of IFN and ISGs (Härtlova et al. 

2015; Coquel et al. 2018; Schott et al. 2022). Similarly, R-loops have recently been 

identified as a source of immunostimulatory ssDNA in DNA damage response, as well as 

TREX1 and RNAse H2 deficiency (Chatzidoukaki et al. 2021; Cristini et al. 2022; Giordano 

et al. 2022). Finally, SAMHD1 was also proposed to actively suppresses innate immune 

signaling, by interfering with the NF-κB signaling pathway at multiple levels (Chen et al. 

2018; Espada et al. 2021). By inhibiting this pathway, SAMHD1 might modulate baseline 

inflammatory signaling and/or sensing of endogenous nucleic acids. In summary, 

SAMHD1 is a central regulator of the cellular nucleic acid metabolism, mainly through 

its role as the major cellular dNTPase, but also as a key component in the DNA replication 

and DNA damage responses.  

 

1.2.2 SAMHD1 is an anti-viral restriction factor limiting HIV-1 replication 

The accessory protein Vpx is expressed by several primate lentiviruses, namely, HIV-2, 

as well as SIV from sooty mangabey, rhesus macaque, red capped mangabey and 

mandrill. In contrast, HIV-1 and it’s direct ancestor, the chimpanzee SIV, do not encode 

vpx (Laguette et al. 2012; Sauter and Kirchhoff 2019). Vpx is co-packaged into budding 

HIV-2 and SIV through interaction with the Gag P6 motif and released into the cytosol 

after fusion (Accola et al. 1999; Sunseri et al. 2011). Macrophages and DCs are restrictive 

towards HIV-1 infection. The accessory protein Vpx was shown to overcome this block 

to HIV-1 infection by proteasomal degradation of an unknown cellular restriction factor 



 

35 
 

(Goujon et al. 2007; Kaushik et al. 2009; Srivastava et al. 2008). Mass spectrometry 

analysis of proteins bound to recombinant Vpx identified SAMHD1 as a potential target 

of Vpx (Berger et al. 2011; Hrecka et al. 2011; Laguette et al. 2011).  

Subsequently, biochemical analysis revealed that Vpx targets SAMHD1 for proteasomal 

degradation by recruiting the CRL4 E3 ubiquitin ligase through interaction with SAMHD1 

and the substrate recognition adaptor DCAF1 (Laguette et al. 2011; Hrecka et al. 2011; 

Ahn et al. 2012; Schwefel et al. 2014). Two modes of interaction were discovered. HIV-

2 and SIVmac Vpx target a C-terminal recognition motif, while Vpx from other SIV 

lineages targets the n-terminus of SAMHD1 (Laguette et al. 2012; Fregoso et al. 2013; 

Ahn et al. 2012; Schwefel et al. 2015). Lentiviral Vpx proteins and SAMHD1 both show 

signs of co-evolution and experienced strong positive selection, emphasizing that 

SAMHD1 is a relevant restriction factor for lentiviruses (Laguette et al. 2012; Zhang et 

al. 2012; Fregoso et al. 2013).  

SAMHD1 blocks HIV-1 replication in myeloid cell lines, monocyte-derived macrophages 

(MDMs) and monocyte-derived DCs (MDDCs), as well as CD14+ peripheral blood 

mononuclear cells (PBMCs) (Laguette et al. 2011; Berger et al. 2011; Hrecka et al. 2011; 

Hiatt et al. 2021a). Importantly, SAMHD1 is also active in resting CD4+ T cells, but not 

activated T cells (Baldauf et al. 2012; Descours et al. 2012; Albanese et al. 2022). 

SAMHD1 inhibits HIV-1 infection early in the replication cycle. Depletion of SAMHD1 

does not affect HIV-1 entry, but leads to an increase of late and early reverse 

transcription products in infected cells, indicating that SAMHD1 specifically targets 

reverse transcription (Fig. 5) (Goujon et al. 2007; Srivastava et al. 2008; Hrecka et al. 

2011; Baldauf et al. 2012; Descours et al. 2012).  

SAMHD1 is a cellular dNTPase and HIV-1 replication was shown early to be sensitive to 

cellular dNTP levels (Gao et al. 1993; Korin and Zack 1999; Plesa et al. 2007; Goldstone 

et al. 2011). Therefore, SAMHD1 was proposed to inhibit HIV-1 reverse transcription by 

limiting cellular dNTPs (Goldstone et al. 2011; Baldauf et al. 2012; Kim et al. 2012; 

Lahouassa et al. 2012). Interestingly, in MDMs and resting CD4+ T cells, in which SAMHD1 

is restrictive, dNTP levels are below the Michaelis-Menten constant (Km) of HIV-1 RT, 

while SAMHD1 depletion in increases cellular dNTP concentrations sufficiently to allow 

optimal reverse transcription (Kennedy et al. 2010; Lahouassa et al. 2012; Schott et al. 

2018). Also, mutants of HIV-1 RT with reduced dNTP affinity show increased sensitivity 
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towards SAMHD1 (Lahouassa et al. 2012; Arnold et al. 2015). These correlative data 

linking SAMHD1 dNTPase and anti-viral restriction, is sustained by experimental 

evidence. An increase of cellular dNTPs by exogenous addition of dNs overcomes 

SAMHD1-mediated restriction, while blocking RNR-mediated dNTP de novo synthesis by 

hydroxyurea (HU) treatment mediates a block to HIV-1 infection in non-restrictive cells 

(Lahouassa et al. 2012; Baldauf et al. 2012; Welbourn and Strebel 2016). Also, mutants 

of the SAMHD1 lacking normal dNTPase activity have been used to sustain this 

hypothesis (Tab. 17). Mutants of the catalytic core residues H206 and D207 or mutants 

partially or entirely lacking the HD domain, as well as mutants of residues critical for 

allosteric regulation were not able to rescue HIV-1 replication after overexpression in a 

SAMHD1-negative myeloid background (Tab. 17) (Laguette et al. 2011; Lahouassa et al. 

2012; White et al. 2013b; Ryoo et al. 2014; Arnold et al. 2015).  

Nevertheless, several lines of evidence challenge the idea that the dNTPase alone is 

responsible for HIV-1 restriction (Majer et al. 2019). Experiments combining HU 

treatment and dNTPase-negative mutants, showed that SAMHD1 might be able to 

restrict Vpx deficient SIV replication independent of a reduction in dNTP levels 

(Welbourn et al. 2013). Most importantly however, the post-translational regulation of 

SAMHD1 anti-viral activity seems to be disconnected from its enzymatic function (for 

details see section 1.3.2).  

 

1.2.3 SAMHD1 is a broad acting anti-viral restriction factor 

SAMHD1 is not only active against HIV-1, but also against other primate lentiviruses 

deficient for Vpx (Baldauf et al. 2012; Lahouassa et al. 2012; White et al. 2013a). Not 

surprisingly, it is also active against non-primate lentiviruses such as bovine, feline and 

equine immunodeficiency viruses, which share a common viral replication cycle (Fig. 5) 

(Gramberg et al. 2013; White et al. 2013a; Mereby et al. 2018). SAMHD1 sequence and 

anti-retroviral activity is highly conserved in cats, cattle and horses. Equine and bovine 

SAMHD1 show dNTPase activity (Mereby et al. 2018). Non-lenti retroviruses are also 

affected by SAMHD1 (Fig. 5). Murine leukemia virus, a Gammaretrovirus and Mason 

Pfizer monkey virus, a Betaretrovirus are restricted by SAMHD1 in macrophage-like cells 

and SAMHD1 depletion enables infection (Gramberg et al. 2013). Also, reverse 
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transcription of the Alpharetrovirus Rous sarcoma virus and the Deltaretrovirus human 

T-cell lymphotropic virus type 1 is blocked by SAMHD1, even though SAMHD1 depletion 

is not sufficient to enhance productive infection or transmission (Kaushik et al. 2009; 

Gramberg et al. 2013; Sze et al. 2013).  

Retrotransposons are endogenous reverse transcribing elements distributed 

throughout the genome. Whereas most of them are heavily truncated or mutated and 

not functional anymore, some retroelements, such as the LINE-1 element, are able to 

express RNA and proteins, leading to reverse transcription and re-integration of the 

LINE-1 sequence into the human genome (Eickbush and Jamburuthugoda 2008). 

Although the biological mechanisms differs in detail, retrotransposons, and even more 

LTR retrotransposons, share similarities to primitive retroviruses, such as their genomic 

architecture, as well as the obligate reverse transcription and integration steps in the 

respective life cycles (Eickbush and Jamburuthugoda 2008). Therefore, it is not 

surprising that SAMHD1 inhibits LINE-1 retrotransposition (Fig. 5) (Zhao et al. 2013). 

Although dNTPs are required in for LINE-1 reverse transcription, SAMHD1 restriction 

seems to be independent of its dNTPase activity. Regulation of LINE-1 protein 

expression, as well as LINE-1 sequestration into stress granules have been discussed 

(Zhao et al. 2013; Hu et al. 2015; Gao et al. 2019).  

Hepatitis B virus (HBV), which belongs to the same order as retroviruses, Ortervirales, is 

also inhibited by SAMHD1 (Fig.5) (Jeong et al. 2016; Sommer et al. 2016; Krupovic et al. 

2018). HBV requires reverse transcription of its RNA genome to produce infectious 

particles. However in contrast to retroviruses, reverse transcription is mostly completed 

before budding (Beck 2007). Accordingly, SAMHD1 depletion in HBV infected cells or 

cells transfected with HBV containing plasmids increased extra- and intracellular reverse 

transcribed HBV DNA (Jeong et al. 2016; Sommer et al. 2016). Reverse transcription of 

the large HBV genome requires important amounts of dNTPs. In line with this, SAMHD1 

dNTPase activity seems to be required for HBV restriction (Jeong et al. 2016; Sommer et 

al. 2016; Hu et al. 2018a). Conversely, SAMHD1 might favor HBV infection in target cells, 

due to its role in the DNA damage response, which is necessary for HBV DNA 

circularization (Majer et al. 2019; Wing et al. 2019).  

Several large DNA viruses, such as the alphaherpesvirus herpes-simplex virus 1 (HSV-1), 

the betaherpesviruses human and murine cytomegalovirus (HCMV and MCMV), the 
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gammaherpesvirus Epstein-Barr virus (EBV), as well as attenuated poxviruses are targets 

of SAMHD1-mediated restriction (Fig. 5) (Kim et al. 2013; Hollenbaugh et al. 2013; 

Businger et al. 2019; Deutschmann et al. 2019; Kim et al. 2019a; Sliva et al. 2019; Zhang 

et al. 2019). With regards to herpesviruses, most studies point towards a DNA 

replication-dependent phenotype of SAMHD1-mediated inhibition. Late gene 

expression, which is replication-dependent, as well as the amount of amplified viral DNA 

in the cytosol or supernatant and the produced infectious viral particles, but not early 

gene expression, seem to be increased upon SAMHD1 depletion (Hollenbaugh et al. 

2013; Kim et al. 2013; Businger et al. 2019; Deutschmann et al. 2019). Importantly, 

SAMHD1 also restricts MCMV replication in vivo in a mouse model (Deutschmann et al. 

2019). With regards to HSV-1, SAMHD1 restriction seems to be overcome by exogenous 

dNs and to be dependent on catalytic residues (Kim et al. 2013). However, also an effect 

on HCMV early gene expression was suggested. This effect proposedly relies on the 

SAMHD1-mediated interference with NF-κB signaling (Kim et al. 2019a). NF-κB is a driver 

of HCMV early gene expression. This example indicates that SAMHD1 may act at several 

steps of the herpesvirus life cycle (Kim et al. 2019a).  

More recently, SAMHD1 was shown to restrict replication of viruses with a short DNA 

genome such as human papillomavirus 16 and could affect papillomavirus induced 

carcinogenesis (Fig. 5) (James et al. 2019). Curiously, SAMHD1 was also proposed to 

inhibit RNA virus replication, such as the porcine reproductive and respiratory syndrome 

virus and the enterovirus 71, (+)-ssRNA viruses of the Nidovirales and the Picornavirales 

order, as well as the influenza A virus, a segmented (-)-ssRNA virus of the 

Orthomyxoviridae family (Fig. 5) (Yang et al. 2014; Li et al. 2020; Silva et al. 2021). These 

viruses do not require dNTPs. As a consequence SAMHD1 dNTPase activity cannot be 

causative for RNA virus restriction. In conclusion, SAMHD1 is a broad acting anti-viral 

factor, targeting viruses from distinct clades, with diverse evolutionary origins and 

modes of replication.  
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1.2.4 Viral counteraction mechanisms allow evasion of SAMHD1-

mediated restriction 

Several of the aforementioned viruses have developed counteracting mechanisms that 

block or circumvent SAMHD1-mediated restriction (Fig. 5). Most primate lentiviruses 

express Vpx or Vpr proteins able to degrade SAMHD1 via the proteasome pathway. The 

non-Vpx encoding equine lentivirus however is was proposed to degrade SAMHD1 in a 

Rev and lysosome-dependent manner (Ren et al. 2021). Similar to primate lentiviruses, 

HCMV and enterovirus 71 might be able to mark SAMHD1 for proteasomal degradation 

by retargeting of the cullin-RING and TRIM21 E3 ubiquitin ligases, respectively (Hyeon 

et al. 2020; Li et al. 2020).  

A possibility to circumvent SAMHD1 dNTPase-mediated restriction is used by HIV-1 and 

HBV. Both, HIV-1 and HBV encode RT enzymes with low Km values. I.e. the Km values of 

HIV-1 RTs are lower than those of the RTs from HIV-2 or SIVs encoding Vpx (Lenzi et al. 

2014). Km values of the HBV and HIV-1 RT are comparable, suggesting that both viruses 

have evolved RT enzymes with high affinity for dNTPs, to partially overcome SAMHD1-

mediated restriction, probably in a cell type-dependent manner (Fig. 5) (Gaillard et al. 

2002; Lenzi et al. 2014). A related viral strategy to counteract SAMHD1 is the induction 

of de novo dNTP synthesis (Fig. 5). HBV and MCMV increase RNR subunit expression 

(Lembo et al. 2000; Lembo et al. 2004; Cohen et al. 2010; Ricardo-Lax et al. 2015). HSV-

1, EBV and vaccinia virus encode functional homologues of RNR subunits, while several 

herpesviruses encode thymidine kinases, thereby increasing cellular dNTP and dTTP 

levels upon infection (Field and Wildy 1978; Cameron et al. 1988; Goldstein and Weller 

1988; Jacobson et al. 1989; Lembo et al. 2000; Gammon et al. 2010).  

SAMHD1 is regulated in a cell cycle-dependent manner by phosphorylation at residue 

T592 (for details see 1.3.1). Several viruses manipulate the post-translational regulation 

of SAMHD1 by either controlling the cell cycle or directly phosphorylating SAMHD1 (Fig. 

5). Recently, herpesviruses such as HCMV, MCMV and EBV have been shown to 

phosphorylate SAMHD1 at residue T592 through virus encoded homologues of cellular 

CDKs, thereby inactivating SAMHD1 (Businger et al. 2019; Deutschmann et al. 2019; 

Zhang et al. 2019). On the other hand, HIV-1 manipulates the cell cycle through the 

combined action of the accessory proteins Vpr and Vif, leading to and G2/M arrest and 

enhanced G1 to S-phase transition in infected target cells (Jowett et al. 1995; He et al. 
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1995; Sakai et al. 2006; Berger et al. 2015; Rice and Kimata 2015; Romani et al. 2015). 

SAMHD1 in S and G2/M-phase is inactive against HIV-1, indicating that cell cycle 

manipulation could be an evasion strategy employed by HIV-1 to partially avoid SAMHD1 

restriction (Schott et al. 2018).  

Taken together, SAMHD1 seems to exert substantial evolutionary pressure upon large 

groups of viruses, forcing them to counteract SAMHD1 restriction by developing 

efficient counteracting mechanisms. This makes it even more surprising that HIV-1 and 

its direct chimpanzee SIV ancestors, with the adaptation to the chimpanzee host, have 

lost Vpx, and thereby the ability to efficiently degrade SAMHD1 (Lim et al. 2012; Etienne 

et al. 2013; Sauter and Kirchhoff 2019). As a consequence, HIV-1 replication is blocked 

in important HIV-1 target cells such as macrophages, DCs and resting CD4+ T cells with 

long reaching consequences for HIV-1 pathophysiology. The question arises whether the 

loss of Vpx as an efficient counteraction mechanism against SAMHD1 may possibly be 

beneficial for HIV-1 in vivo and could have been a prerequisite for the pandemic spread 

of HIV-1 (Schott et al. 2017). 

 

1.2.5 SAMHD1 shapes the immune response to HIV-1 

SAMHD1 was shown to be a central player in cellular homeostasis and absence of 

SAMHD1 expression i.e. in AGS patients leads to sever autoinflammation due to 

perturbations in cellular replication and DNA damage response, which again mediates 

accumulation of nucleic acids and IFN-response (Schott et al. 2022). In addition, 

SAMHD1 was proposed to inhibit NF-κB signaling by interacting and interfering with 

multiple elements of the pathway (Chen et al. 2018; Espada et al. 2021). Whether this is 

dependent or independent of SAMHD1 dNTPase activity is unclear and might be cell 

type specific (Chen et al. 2018; Qin et al. 2020). Both mechanisms seem to regulate 

baseline inflammation and immune responses towards divers pathogens and PAMPs, 

such as RNA viruses, including coronaviruses, or lipopolysaccharides (Barrett et al. 2022; 

Oo et al. 2022).  

However, with regards to HIV-1, SAMHD1 interferes with innate sensing on an additional 

level. As detailed above, detection of HIV-1 infection by PRRs, namely the cGAS-STING 

pathway, is critically dependent on the amount of reverse transcribed HIV-1 DNA 
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available for sensing. Myeloid effector cells, such as macrophages and DCs, are HIV-1 

target cells due to the expression of HIV-1 (co-) receptors (Honeycutt et al. 2016). 

Macrophages and DCs are primary immune sentinels and vital in the coordination of 

innate and adaptive anti-viral immune response towards HIV-1 (Luban 2012; Rodrigues 

et al. 2017; Kruize and Kootstra 2019). However, SAMHD1 is active in macrophages and 

DCs and block HIV-1 reverse transcription, thereby limiting the availability of HIV-1 

reverse transcription products for HIV-1 sensing (Hrecka et al. 2011; Laguette et al. 

2011). Indeed, only in the absence of SAMHD1, efficient immune activation can occur in 

conditions resembling physiological infection, i.e. at low multiplicity of infection (MOI) 

(Goujon et al. 2007; Manel et al. 2010; Gao et al. 2013a; Maelfait et al. 2016; Yin et al. 

2020). This is not only true for the activation of inflammatory circuits, but also for the 

cytokine response towards HIV-1 infection in CD14+ myeloid cells, as well as antigen 

presentation and cytotoxic CD8+ T cell responses primed by infected DCs in vitro and 

myeloid cells in mouse models in vivo (Berger et al. 2011; Ayinde et al. 2015; Maelfait et 

al. 2016). Interestingly, low induction of SAMHD1 expression in HIV-1 infected DCs from 

elite controllers, a patient group controlling HIV-1 replication in absence of ART, 

correlates with the efficiency of HIV-1 specific CD8+ T cell response (Martin-Gayo et al. 

2015). Thus, SAMHD1 restriction of HIV-1 in myeloid cells might have dramatic 

consequences on the immune response in patients and is an interesting target for 

therapeutic manipulation in order to augment the immunogenicity and control of HIV-1 

in infected patients (Schott et al. 2017; Ndung'u et al. 2019; Margolis et al. 2020). 

 

1.3 The regulation of SAMHD1 function and anti-viral activity is 
still not completely understood 

1.3.1 The anti-lentiviral activity of SAMHD1 is regulated by 

phosphorylation at residue T592 

Both, cycling and resting CD4+ T cells express SAMHD1 (Baldauf et al. 2012; Descours et 

al. 2012). However, only in resting, but not in activated CD4+ T cells, SAMHD1 blocks 

reverse transcription (Baldauf et al. 2012). Also, SAMHD1 blocks HIV-1 infection in 

macrophage-like THP-1 or in U937 cells, only after phorbol 12-myristate-13-acetate 

(PMA)-activation induced G1/G0 cell cycle arrest. Similarly, SAMHD1 shows no anti-viral 
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activity in dividing cell lines such as HeLa cells (Goujon et al. 2008; Sharova et al. 2008; 

Cribier et al. 2013). Because this phenotype seems not dependent on SAMHD1 

expression levels, these findings indicated that SAMHD1-mediated anti-lentiviral activity 

is regulated by post-translation modifications (PTMs).  

Using mass spectrometry based approaches, SAMHD1 was shown to be phosphorylated 

at residue T592 by cellular kinases CDK1 and CDK2 in complex with cyclin A2 (Fig. 8) 

(Cribier et al. 2013; White et al. 2013b; Welbourn et al. 2013). CDK1 and 2 recognize a 

conserved 592TPQK595 target signal at the C-terminus adjacent to residue, while cyclin A2 

binding is dependent on residues L620 and F621 (Fig. 8A) (Cribier et al. 2013; St Gelais 

et al. 2014; Yan et al. 2015). T592 phosphorylation is low in non-cycling cells, such as 

primary monocytes or MDMs, macrophage-like PMA-activated THP-1, as well as in 

quiescent or resting CD4+ T cells (Cribier et al. 2013; White et al. 2013b; Welbourn et al. 

2013). However in cycling cells, such as activated CD4+ T cells, cycling THP-1 cells or HeLa 

cells, SAMHD1 phospho-T592 (pT592) abundancy is high, directly correlating with its 

restrictive capacity in these cell types (Cribier et al. 2013; Welbourn et al. 2013; White 

et al. 2013b). SAMHD1 is phosphorylated at position T592 upon entry into S-Phase and 

phosphorylation is maintained through G2- and early M-phase.  

At mitotic exit SAMHD1 is rapidly dephosphorylated, leading to a near complete non-

phosphorylated SAMHD1 pool in G1 cell cycle phase (Fig. 8B). This is also true when cells 

are arrested in G1/G0 and/or are terminally differentiated (Schott et al. 2018; 

Tramentozzi et al. 2018). Rapid SAMHD1 dephosphorylation is achieved by the cell cycle-

dependent protein phosphatase 2A (PP2A) in complex with the regulatory subunit B55α 

(Fig. 8B) (Schott et al. 2018). The PP2A-B55α holoenzyme interacts with a basic patch, 

which serves as recognition motif at the c-terminus of SAMHD1 surrounding the residue 

T592 (Schott et al. 2018). In non-cycling cells, such as MDMs, PP2A-B55α also seems to 

be required to maintain low levels of pT592 (Fig. 8B) (Schott et al. 2018). On the other 

side, different CDK-cyclin complexes, such as CDK4-cyclin D2 and CDK2/6-cyclin D3 seem 

to modulate SAMHD1 phosphorylation and thus anti-viral activity in macrophages (Fig. 

8B) (Ruiz et al. 2015; Badia et al. 2016). 

The phospho-status of SAMHD1 can be influenced by cytokines and drugs. Type I and II 

IFNs can downmodulate SAMHD1 phosphorylation, a mechanism which was proposed 
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to enhance the anti-viral activity of SAMHD1 in macrophages (Fig. 8B) (Mlcochova et al. 

2017; Kueck et al. 2018; Szaniawski et al. 2018). IL-2, IL-7 and IL-15 stimulate CD4+ T cell 

proliferation and thus cell cycle dependent SAMHD1 phosphorylation, which correlates 

with susceptibility to HIV-1 infection and can be counteracted by tyrosine kinase 

inhibitors (Fig. 8B) (Pauls et al. 2014b; Pauls et al. 2014a; Bermejo et al. 2016; Coiras et 

al. 2016; Manganaro et al. 2018).  

Correlative data to SAMHD1 T592 phosphorylation and loss of SAMHD1-mediated HIV-

1 restriction was supported by mutagenic analysis (Tab. 17). To investigate the role of 

the T592 phospho-site in the regulation of anti-viral restriction in macrophage-like cells, 

phosphomimetic T592E or T592D mutants, which resemble pT592 according to the 

A B 

T592 592
TPQK

595
 

L620 

F621 
T592 

P593 

Q594 
K595 

Figure 8 : Cell cycle-dependent regulation of SAMHD1 T592 phosphorylation.  

(A) SAMHD1 is phosphorylated at residue T592 (light blue). Phosphorylation by CDK1/2 is dependent on 

the 592TPQK595 CDK interaction motif (magenta) and the residues L620 and F621 (blue), which are required 

for cyclin A2 recruitment (Cribier et al. 2013; St Gelais et al. 2014; Yan et al. 2015). (B) SAMHD1 T592 

phosphorylation is cell cycle-dependent. Upon entry into S-phase, SAMHD1 is phosphorylated at residue 

T592 by the CDK1/2-cyclin A2 complex (Cribier et al. 2013; Welbourn et al. 2013; White et al. 2013b). 

Phosphorylation is maintained throughout S- and G2/M-phase. Upon mitotic exit, SAMHD1 is rapidly de-

phosphorylated at residue T592 via the PP2A-B55α holoenzyme and PP2A-B55α is required to maintain 

T592 dephosphorylation in G1/G0 (Schott et al. 2018). In contrast, CDK2/6-cyclin D3 and CDK4-cyclin D2 

complexes can phosphorylate SAMHD1 in terminally differentiated cells such as macrophages (Ruiz et al. 

2015; Badia et al. 2016). Also, interleukins (IL-2, IL-7 and IL-15), as well as type I and II interferons (IFN) 

can modulate SAMHD1 T592 phospho-status (Pauls et al. 2014a; Coiras et al. 2016; Mlcochova et al. 2017; 

Kueck et al. 2018; Manganaro et al. 2018; Szaniawski et al. 2018). (A) AlphaFold modelling of SAMHD1 

structure (Q9Y3Z3) (Jumper et al. 2022) was colored as in Fig. 6.  
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negative charge, as well as non-phosphorylatable or phosphoablative T592A or T592V 

mutants were tested for their restrictive potential by retroviral transduction and 

overexpression in SAMHD1-negative PMA-activated U937 cells. As expected from the 

correlative data, phosphomimetic T592E or T592D mutations lead to loss of restriction, 

as compared to the otherwise restrictive overexpressed wild type (WT) SAMHD1 

protein. In contrast, T592A or T592V mutant overexpression inhibited HIV-1 replication 

(Welbourn et al. 2013; White et al. 2013b; Ryoo et al. 2014; Arnold et al. 2015). Thus, a 

large body of evidence supports the role of T592 phosphorylation in the regulation of 

HIV-1 restriction. However, mutagenic data is limited to artificial overexpression 

models, which makes it difficult to draw conclusions in more physiological settings (see 

1.3.1). In particular, how exactly SAMHD1 T592 phosphorylation governs anti-viral 

activity against HIV-1 is heavily debated (Majer et al. 2019).  

 

1.3.2 How T592 phosphorylation regulates SAMHD1 function is still 

unclear 

As this is also the case for anti-viral activity (see above), SAMHD1 T592 phosphorylation 

and dNTPase activity seem to correlate. In cell cycle synchronized HeLa cells, high 

SAMHD1 pT592 levels in S- and G2/M-phase of the cell cycle coincides with high dNTP 

levels and a low HIV-1 restrictive potential. In contrast, HIV-1 restrictive G1/G0 cells are 

marked by low pT592 and low cellular dNTP levels (Schott et al. 2018). Mutagenic data 

however failed to proof a connection between SAMHD1 T592 phosphorylation and 

SAMHD1 dNTPase activity (Majer et al. 2019). While some reports, indicate an effect of 

SAMHD1 T592 phosphorylation on oligomerization or tetramer stability of SAMHD1, this 

effect seems not sufficient to reduce SAMHD1 dNTPase activity of pT592 SAMHD1 or 

SAMHD1 phospho-mutants in vitro (Welbourn et al. 2013; White et al. 2013b; Arnold et 

al. 2015; Yan et al. 2015; Bhattacharya et al. 2016). In addition, not only WT or 

phosphoablative T592A or T592V mutants were able to reduce dNTP levels, when 

overexpressed in PMA-activated U937 cells, but also phosphomimetic T592E or T592D 

mutants (Welbourn et al. 2013; White et al. 2013b; Welbourn and Strebel 2016). Thus, 

there is an obvious discrepancy between the proposed anti-viral dNTPase function and 

the regulation of SAMHD1 anti-viral activity by T592 phosphorylation (Fig.9).  
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This lack of consistency might be due to several reasons. One possibility is that SAMHD1 

regulation is still incompletely understood and more complex than previously assumed 

(Fig. 9, see discussion for more details). In this line, SAMHD1 was shown to be not only 

modified by phosphorylation at residue T592, but also to be subject to acetylation, 

SUMOylation, ubiquitination, O-linked-N-acetylglucosaminylation and phosphorylation 

at multiple additional residues, as well as to harbor redox sensitive cysteines (for more 

details see discussion) (Welbourn et al. 2013; White et al. 2013b; Lamoliatte et al. 2014; 

Elia et al. 2015; Hendriks et al. 2017; Lee et al. 2017; Lumpkin et al. 2017; Hu et al. 2021; 

Martinat et al. 2021). Understanding the connection between SAMHD1 PTMs, its anti-

viral activity and enzymatic function is crucial to develop therapies directed against 

SAMHD1 and HIV-1. As a consequence, this project aims at better understanding the 

post-translational regulation of SAMHD1 at residue T592, but also to identify new 

potential regulatory phospho-sites, which might affect SAMHD1 anti-viral function.  

In addition to an underestimation of SAMHD1 regulatory complexity, an alternative 

hypothesis to explain the missing link between pT592, anti-viral restriction and SAMHD1 

dNTPase activity, could be that the dNTPase activity is not or not alone mediating the 

anti-viral restriction activity of SAMHD1 (Fig. 9, see section 1.2.1, Fig. 5 and discussion 

pT592 

HIV-1 restriction 
Different function? 
Synergism? 

Additional PTMs? 
Interaction partners? 

dNTPase activity 
Model? 
Methodology? 

Figure 9: How can SAMHD1 function, anti-viral restriction and T592 phospho-regulation be connected?

The connection between anti-lentiviral activity of SAMHD1 and T592 phospho-regulation is well 

established. However, if SAMHD1 T592 phosphorylation is directly linked to SAMHD1 dNTPase and if the 

dNTPase activity mediates SAMHD1 anti-viral activity, is currently unclear (Majer et al. 2019). This could 

be due to limitations in the models and methodologies employed to investigate this relationship. 

Alternatively, further SAMHD1 functions might mediate or contribute to anti-viral restriction. Also, 

SAMHD1 regulation might be more complex and additional post-translational modifications (PTMs), or 

interaction partners could modulate SAMHD1 anti-viral and enzymatic activity (Majer et al. 2019). 



 

46 
 

for details) (Majer et al. 2019). In this line, we were investigating new aspects of 

SAMHD1 biology, such as its role in R-loop resolution to better understand the 

functional repertoire of SAMHD1 (Park et al. 2021).  

Finally, the lack of convincing experimental evidence linking T592 phospho-regulation 

and dNTPase activity might be due to sheer limitations in the experimental systems used 

to study the complex relationship between HIV-1 restriction, the regulation of SAMHD1 

and its enzymatic function (Fig. 9). In this work, we will therefore propose new technical 

approaches to study these interconnections more systematically.  

 

1.3 Better models are needed to improve our understanding of 
SAMHD1 regulation 

1.3.1 Current models to study SAMHD1-mediated HIV-1 restriction in 

myeloid cells are limited 

As delineated in section 1.1.3, myeloid cells, such as macrophages and DCs are 

important target cells in HIV-1 infection, because they are primary innate sensors of HIV-

1 PAMPs. Also, they have a central role in initiating and coordinating the innate and 

adaptive anti-viral immune responses. In addition to that, myeloid cells are interesting 

targets in the context of HIV-1 latency and resistance to ART. Viral replication in patients 

can efficiently be controlled by ART. However, after cessation of ART, HIV-1 replication 

quickly rebounds. Because they are long lived, myeloid cells are discussed as important 

viral reservoir in patients under ART and as an source of replication competent HIV-1 

upon rebound (Sattentau and Stevenson 2016; Honeycutt et al. 2017; Bertram et al. 

2019; Ganor et al. 2019). SAMHD1 is an active restriction factor in macrophages and DCs 

(Hrecka et al. 2011; Laguette et al. 2011). Understanding the macrophage reservoir and 

the contribution of SAMHD1-mediated restriction in these cells, will be crucial to 

develop curative therapies, which aim to deplete latently infected cells. More 

knowledge will also be vital in order to better understand and manipulate HIV-1 sensing 

and anti-viral immunity.  

However, models to genetically study SAMHD1-mediated HIV-1 restriction in myeloid 

cells are scarce. While primary human mature dendritic cells or macrophages are very 

difficult to obtain, MDMs or MDDCs can be more accessible models to study SAMHD1-
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mediated anti-viral restriction in primary cells (Laguette et al. 2011; Hrecka et al. 2011). 

However, MDMs and MDDCs are hard to manipulate genetically, due to a limited life 

span and SAMHD1-mediated resistance to lentiviral transduction, which prohibits the 

study of SAMHD1 mutants by overexpression in this context (Lee et al. 2018a). While 

the first methods to genetically deplete genes in MDMs and MDDCs using CRISPR/Cas9 

systems are emerging, targeted gene editing to modify single residues in these cell types 

are still not available (Freund et al. 2020; Hiatt et al. 2021b; Jost et al. 2021). Induced 

pluripotent stem cell (iPSC) derived macrophages might be an option and first iPSC 

clones harboring SAMHD1 mutations, which are either patient derived or introduced by 

gene editing, have been published (Fuchs et al. 2020; Sürün et al. 2020). Also, iPSCs are 

amenable to lentiviral transduction and overexpression of modified transgenes 

(Ackermann et al. 2017). However, their culture and differentiation into macrophages 

or dendritic cells is extremely labor and cost intensive and would not allow to study large 

sets of SAMHD1 mutants (Lee et al. 2018a; Vaughan-Jackson et al. 2021).  

Therefore, most if not all genetic studies in myeloid cell types, namely also those 

investigating the role of SAMHD1 PTMs for SAMHD1-mediated anti-viral restriction, so 

far relied on PMA-activated promonocytic THP-1 or U937 cell lines (Majer et al. 2019). 

PMA is a protein kinase C activator (Castagna et al. 1982; Boneh et al. 1989). Apart from 

the induction of a macrophage-like phenotype, treatment with PMA activates non-

physiological intracellular pathways, which might alter the outcome of viral restriction 

experiments and be especially problematic in the context of SAMHD1 post-translational 

regulation (Chanput et al. 2010; Zeng et al. 2015; Majer et al. 2019). Consequently, 

alternative and innovative myeloid cell models, which are genetically accessible, cost 

effective, but maintain a high degree of physiology and rely on physiological myeloid 

differentiation pathways are urgently needed.  

So far, lenti- or retroviral transduction mutant constructs of SAMHD1 were used to test 

SAMHD1 variants for anti-viral restriction. In this case, SAMHD1-negative U937 or 

SAMHD1 KO THP-1 cells were transduced with SAMHD1 mutants, selected and then 

tested for viral restriction after PMA-activation (Majer et al. 2019). The excessive use of 

retroviral overexpression to test mutants has several disadvantages. In this context, an 

exogenous promotor mediates overexpression of SAMHD1. The regulation, timing and 

levels of exogenous SAMHD1 expression very likely do not resemble those of the 
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endogenous SAMHD1 protein, driven by its natural promoters and enhancers (Majer et 

al. 2019). Also, PMA-activation is known to drive a strong activation of viral promotors, 

such as the commonly used CMV promotor and thereby again enhances artificial 

expression levels in this system. This could lead to dysregulation of overexpressed 

SAMHD1 protein (Löser et al. 1998; Shifera and Hardin 2009; Majer et al. 2019). In 

addition, transduction in most cases is followed by subsequent purifying selection using 

fluorescence or antibiotic resistance markers. The selection process might influence 

activation or the phenotype of the transduced cell population (Majer et al. 2019). Also, 

the selected population is polyclonal and likely is not stable over time, which impacts 

the outcome of serial experiments (Felipe Diaz-Griffero personal communication). 

Finally, PMA-treated U937 cells which are used with few exceptions for these 

experiments and are commonly assumed to not show endogenous expression of 

SAMHD1, do in fact produce low amounts of SAMHD1 protein, which is further 

enhanced in the context of IFN signaling (Riess et al. 2017). Even low levels of 

endogenous WT protein might affect the outcome of experiments analyzing the 

restrictive effect of overexpressed SAMHD1 mutants.  

In conclusion, genetic approaches to study the regulation and function of SAMHD1 are 

limited to overexpression systems, which are prone to an artificial bias due to high 

expression levels, translational and post-translational dysregulation, as well as ill-

defined genetic backgrounds. To draw final conclusions on SAMHD1 function and 

regulation, genetic tools, which are not based on overexpression, are urgently needed 

to confirm the current paradigms and to resolve open questions in SAMHD1 biology. 

Therefore, we aim at implementing and refining new genetic tools, such as gene editing 

to modify endogenous SAMHD1 protein and to study mutants of SAMHD1 in a 

physiological context and regulation. We want to combine these genetic approaches 

with novel myeloid model systems of SAMHD1 biology and HIV-1 restriction, to obtain 

a better understanding of SAMHD1 regulation and function in myeloid cells. 

 

1.3.2 Transdifferentiated BlaER1 cells are a novel myeloid model 

Recently, transdifferentiated BlaER1 cells, a novel myeloid cell model resembling 

macrophages, was successfully used to study innate immune signaling (Rapino et al. 
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2013; Gaidt et al. 2016; Gaidt et al. 2017; Vierbuchen et al. 2017). The concept of 

transdifferentiation was originally developed, as a treatment approach for hemorrhagic 

malignancies. By overexpression of transcription factors, a terminal differentiation block 

in leukemia or lymphoma cells can be induced, overcoming the unlimited replication 

potential of malignant cells. Ideally this is combined with a general sensitization for 

senescence and cell death (Nowak et al. 2009).  

The leucine zipper CCAAT-enhancer binding protein α (C/EBPα) is a myeloid 

transcription factor, which plays essential roles in early hematopoietic development, as 

well as granulo- and monopoiesis (Friedman 2015; Avellino and Delwel 2017). In 

addition to its role in myelopoiesis, C/EBPα seems to limit the self-renewal potential of 

hematopoietic cells and is frequently mutated in hemorrhagic malignancies such as 

acute myeloid leukemia (Pabst et al. 2001; Zhang et al. 2004; Friedman 2015; Avellino 

and Delwel 2017). By overexpression of C/EBPα fused to the regulatory domain of the 

estradiol receptor (ER) and subsequent estradiol treatment, the group around Thomas 

Graf was able reprogram a pre-B cell line into macrophage-like cells (Bussmann et al. 

2009). Estradiol treatment leads to nuclear translocation of the C/EBPα-ER fusion 

protein and induction of a myeloid transcription program (Bussmann et al. 2009).  

The BlaER1 cell line resulted from the transduction of the lymphoblastic B cell line RCH-

ACV with a retroviral vector encoding the C/EBPα-ER fusion construct and GFP, followed 

by subsequent enrichment for GFP positive cells and subcloning (Jack et al. 1986; 

Bussmann et al. 2009; Rapino et al. 2013). Estradiol treatment of BlaER1 cells results in 

near complete transdifferentiation into macrophage-like cells, which is marked by 

strong morphologic changes, as well as a gradual loss of B cell marker CD19 and 

acquisition of macrophage marker CD11b (Rapino et al. 2013). Consequently, Rapino et 

al. could show that estradiol treated BlaER1 cells are terminally arrested in G1/G0 and 

gain phagocytic activity. Most importantly, transdifferentiation induces a myeloid 

transcriptional profile in BlaER1 cells, which closely resembles the one found in MDMs 

(Rapino et al. 2013).  

Subsequently, Moritz Gaidt and the group around Veith Hornung further developed the 

BlaER1 cell model to study innate immune pathways. Importantly, they showed that 

cycling BlaER1 cells are prone to genetic manipulation by gene knock-out (KO) or 

lentiviral transduction and overexpression of mutant protein (Gaidt et al. 2016). 
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To sustain the induction of a macrophage-like phenotype, they treated BlaER1 cells with 

IL-3 and macrophage colony-stimulating factor (M-CSF) in addition to estradiol for 7 days 

(Fig. 10) (Gaidt et al. 2018). Due to their high degree of physiology and genetic 

accessibility, BlaER1 cells have been successfully used to study different innate immune 

signaling pathways, notably toll-like and NOD-like receptor signaling (Rapino et al. 2013; 

Gaidt et al. 2016; Gaidt et al. 2017; Vierbuchen et al. 2017).  

The novel approach of cellular transdifferentiation allows the generation of 

macrophage-like cells from an unlimited pool of genetically accessible cells. We 

hypothesized that transdifferentiated BlaER1 cells might be a promising model to study 

SAMHD1-mediated restriction of HIV-1 in myeloid cells. So far, BlaER1 cells have not 

been used to study HIV-1 infection, sensing or anti-viral restriction. Also, no data is 

available on SAMHD1 expression or anti-viral activity in transdifferentiated BlaER1 cells. 

Therefore, we wanted to establish BlaER1 cells as a novel model for HIV-1 infection and 

SAMHD1-mediated anti-viral restriction, as well as regulation in macrophage-like cells.  

 

1.3.3 CRISPR/Cas9 allows targeted mutagenesis of endogenous protein 

Clustered regularly interspaced short palindromic repeats (CRISPR) are repetitive DNA 

sequences present in bacterial genomes and belong to an ancient bacterial anti-phage 

Figure 10 BlaER1 transdifferentiation.  

BlaER1 cells are B cell derived. However, upon treatment with estradiol, IL-3 and M-CSF for 7 days they 

acquire a macrophage-like phenotype. This process of transdifferentiation is dependent on the induction 

of the myeloid transcription factor CEBP/α fused to the estradiol receptor and marked by loss of B cell 

marker CD19, as well as acquisition of the macrophage marker CD11b. Transdifferentiated BlaER1 cells 

show an expression profile resembling MDMs, high phagocytic activity and are responsive to various 

innate stimuli. Importantly, transdifferentiation also leads to a G1/G0 arrest (Rapino et al. 2013). 

Native 
BlaER1 cells  

Transdifferentiated 
BlaER1 cells  

7 days 

Estradiol, IL-3, M-CSF 
Macrophage marker (CD11b)  
Macrophage transcription profile   
Phagocytosis   
Innate signaling/sensing  
G1/G0 arrest  

 Macrophage-like B cell like 
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defense system. They encode for CRISPR RNAs (crRNAs) complementary to phage DNA, 

which after annealing with a trans-activating CRISPR RNA (tracrRNA) and subsequent 

processing can recruit CRISPR-associated endonucleases, such as Cas9, to digest and 

deplete foreign DNA (Lander 2016).  

Today, the CRISPR/Cas9 system has very successfully been adapted and optimized as a 

genetic tool to manipulate eukaryotic genes, namely also in human cells, and is now a 

standard tool for genetic manipulation both in vitro and in vivo (Ran et al. 2013; Mali et 

al. 2013; Lander 2016). The functional CRISPR/Cas9 system for gene modification 

consists of the Cas9 protein, a tracrRNA and the crRNA complementary to the target 

region (Fig. 11A). Once introduced into the cell, the crRNA leads to the recruitment of 

the Cas9-crRNA-tracrRNA ribonucleoprotein (RNP) complex to the complementary 

target region and the Cas9 endonuclease executes a blunt dsDNA cleavage (Fig. 11A) 

(Sander and Joung 2014). For Cas9, the DSB is introduced specifically 3 base pairs (bps) 

3’ of the protospacer adjacent motif (PAM). The PAM sequence is a short Cas specific 

recognition sequence that is absolutely required for editing, but not present on the 

complementary crRNA (Sander and Joung 2014). In non-cycling cells, in absence of a 

homologous sister chromatid, double-strand DNA breaks are commonly repaired 

through NHEJ, leading to random InDels at the repair site. If an appropriate target site 

early in a given gene is chosen, frameshift and premature stop-codons introduced by 

InDels will lead to heavy truncation, altered peptide sequence and non-sense-mediated 

decay in the modified protein (Fig. 11A) (Mali et al. 2013; Nambiar et al. 2022). 

Commonly this is referred to as CRISPR/Cas9 knock-out (KO).  

Effective CRISPR/Cas9 complex recruitment is critical to achieve high editing efficiencies 

and depends on the target site sequence. Also, off-target efficiency of crRNA is strongly 

determined by the sequence composition. Numerous prediction tools are able to 

identify crRNAs with a high on-target, but low off-target efficiency (Doench et al. 2014; 

Doench et al. 2016). In order to deliver the specific CRISPR/Cas9 system into a cell, 

methods relying on plasmid transfection, (retro-) viral transduction, as well as mRNA 

transfection have successfully been used (Ran et al. 2013; Sander and Joung 2014; 

OhAinle et al. 2018). However, due to immunogenicity of nucleic acids, in vitro 

complexation and delivery of RNPs consisting of Cas9 protein, as well as 
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synthetically generated tracRNA and crRNA gained importance, especially in 

immunocompetent cell lines or primary cells (Hultquist et al. 2016; Seki and Rutz 2018).  

In addition to KO, CRISPR/Cas9 can also be used to precisely manipulate genes in order 

to achieve single nucleotide exchange and individual amino acid substitution, while 

preserving the integrity of the surrounding genetic environment. Gene editing or 

CRISPR/Cas9 knock-in (KI) relies on the same principles as CRISPR/Cas9 KO (Fig. 11B). 

However, for CRISPR/Cas9 KI, a DNA correction template is provided to repair the DSB 

introduced by the Cas9 endonuclease via homology directed repair (HDR) (Sander and 

Joung 2014). The HDR repair template consists of a central mismatch region containing 

the desired sequence, which flanked by two homology arms. The central mismatch 

region can compromise a single nucleotide exchange, short protein tags or even whole 

Figure 11: CRISPR/Cas9-mediated knock-out and knock-in.  

(A, B) CRISPR/Cas9 ribonucleoproteins (RNPs) consist of Cas9 protein (dark blue), tracrRNA (grey) and the 

target specific crRNA (red or light blue). The crRNA recruits the CRISPR/Cas9 RNP to the intended target 

site, at which the endonuclease activity of the Cas9 protein generates a DNA double-strand break. (A)

Under normal conditions, the DNA double-strand break is repaired by non-homologous end joining 

(NHEJ), which is the repair pathway predominantly active in G1/G0 cells. NHEJ leads to random insertions 

and deletions at the repaired DNA gap. This eventually leads to a frameshift and premature stop-codons. 

If expression of the protein is prevented by premature stop codons and nonsense-mediated decay, this is 

commonly referred to as CRISPR/Cas9 knock-out. (B) By providing a correction template, in this case an 

ssDNA oligo, with homologies surrounding the CRISPR/Cas9 target site, the DNA double-strand break can 

be repaired by homology directed repair (HDR). Thereby, intended mutations or whole protein domains 

present on the correction template will be introduced upon repair. The process of gene correction is called 

CRISPR/Cas9 knock-in (Sander and Joung 2014). 

A 

B 

DNA  
double-strand  

break NHEJ 

DNA  
double-strand  

break HDR 
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protein domains. Repair templates can be provided as plasmids, as well as linear double- 

or single strand DNA templates (Sander and Joung 2014). Generally, ssDNA 

oligonucleotides have the advantage of easy synthesis and delivery and are less prone 

to trigger inflammatory responses upon introduction into target cells (Chen et al. 2011; 

Paquet et al. 2016).  

HDR efficiency usually is low, but can be increased using chemically modified ssDNA, 

with optimized homology arms (Renaud et al. 2016; Richardson et al. 2016; Paquet et 

al. 2016). Also, short distance between cutting and intended mutation site, as well as 

silent mutations preventing recurrent cutting of the CRISPR/Cas9 complex and 

compounds favoring HDR over NHEJ, can dramatically increase editing efficiencies 

(Paquet et al. 2016; Skarnes et al. 2019). Thus, CRISPR/Cas9 KI allows the introduction 

of selected point mutations into the human genome.  

There are several advantages of gene editing using CRISPR/Cas9 KI over mutant protein 

overexpression, to study the effect of mutations on protein function. First, while the 

exogenous protein is usually expressed at high levels and under the control of viral or 

other artificial promotors, the modified protein expressed from the endogenous locus, 

maintains the physiological regulation of the WT allele. In this line, both promotors and 

enhancers remain intact. Also, the gene of interest maintains its normal splicing pattern, 

including alternative isoforms. In contrast, exogenous intronless constructs, such as 

retro- or lentiviral vectors are silenced and modified epigenetically (Tchasovnikarova et 

al. 2015; Seczynska et al. 2022). Thus, we concluded that CRISPR/Cas9 KI is an interesting 

tool to study mutants of SAMHD1, especially in the context of post-translational 

regulation, and would overcome most if not all technical concerns and limitations of 

traditional mutagenic approaches using overexpression. Therefore, we decided to use 

CRISPR/Cas9 KI to study SAMHD1 phospho-regulation by mutagenesis in combination 

with BlaER1 cells as a myeloid cell model.  
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2. MATERIAL AND METHODS 

2.1 Material 

2.1.1 Bacterial strains 

Table 1: List of bacterial strains 

Strain Genotype Source 

DH5α 
F- φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rk-, mk+) 
phoA supE44 λ- thi-1 gyrA96 relA1  

Thermo Fischer 

Stbl3 
F-mcrB mrrhsdS20(rB-, mB-) recA13 supE44 ara-14 galK2 lacY1 proA2 
rpsL20(StrR) xyl-5 λ-leumtl-1  

Thermo Fischer 

 
 

2.1.2 Cell lines 

Table 2: List of cell lines 

Cell Line Description Source/ reference 

HEK 293T/17 
Human embryonic kidney derived; SV40 large T 
antigen; ATCC No. CRL-11268 

Lab stock  
(Pear et al. 1993) 

HEK 293T/17  
SAMHD1 KO  

CRISPR/Cas9-mediated KO of SAMHD1 
Plasmid: pSpCas9(BB)-2A-GFP_SAMHD1 (ex1) 

Kerstin Schott a 

HeLa Human cervical adenocarcinoma derived 
Shuh Narumiya, Kyoto 
University, Japan  
(Schmitz et al. 2010) 

HeLa  
SAMHD1 KO 

CRISPR/Cas9-mediated KO of SAMHD1 
Plasmid: pSpCas9(BB)-2A-GFP_SAMHD1 (ex1) 

Nina Hein-Fuchs a 

HeLa  
TZM-bl 

Expression of CD4 and CCR5; HIV-1 promotor-
dependent luciferase and β-galactosidase expression 

NIH AIDS reagent program  
(Wei et al. 2002) 

THP-1 
Human acute monocytic leukemia derived; ATCC No. 
TIB-202 

Sumit Chanda, Sanford 
Burnham Prebys, La Jolla, 
USA 

BlaER1 
Human RCH-ACV B-cell leukemia derived; expression 
of β-Estradiol receptor-C/EBPα fusion protein and 
GFP 

Thomas Graf, Centre for 
Genomic Regulation, Spain 
(Rapino et al. 2013) 

BlaER1 
SAMHD1 KO 

CRISPR/Cas9-mediated KO of SAMHD1 
Ribonucleoprotein: crSAMHD1_ex1 

This work 

BlaER1 
SAMHD1 KI 
T592A 

CRISPR/Cas9-mediated KI of SAMHD1 T592A 
Ribonucleoprotein and ssDNA oligo: crSAMHD1_ex16, 
ssDNA_BlaER1_crRNA-SAMHD1_ex16_IX_T592A 

This work 

BlaER1 
SAMHD1 KI 
T592E 

CRISPR/Cas9-mediated KI of SAMHD1 T592A 
Ribonucleoprotein and ssDNA oligo: crSAMHD1_ex16, 
ssDNA_BlaER1_crRNA-SAMHD1_ex16_IX_T592E 

This work 

a Present member of NG3 Host-Pathogen Interactions group 
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2.1.3 Plasmids 

Table 3: List of Plasmids 

Plasmid Description Source/ reference 

pcDNA3.1(+) mammalian expression plasmid; CMV promoter; AmpR Thermo Fischer 

pcDNA3.1(+)-
nFlag-SAMHD1 

expression of N-terminally Flag tagged codon optimized 
SAMHD1 

André Berger, Paul-
Ehrlich-Institut, 
Germany 
(Berger et al. 2011) 

pcDNA3.1(+)-
nFlag-SAMHD1 
mutants 

expression of N-terminally Flag tagged codon optimized 
SAMHD1 mutants 

 

S33A, S33D, T21A_T25A_S33D, T21E_T25E_S33A, D207A, This work 

T21A, T21E, T25A, T25E, T21A_T25A, T21E_T25E, D137N, 
H167A, D311A, Y315A, Q548A, T579A, T579E, T592A, 
T592E, T579A_T592A, T597A, T592E, T579E_T592A, 
T597E_T592E 

Kerstin Schott a 

(Sommer et al. 
2016) 

R145Q Catharina Majer a 
  

pCMV-VSV-G expression of VSV-G; Addgene plasmid #8454; AmpR 
Addgene  
(Stewart et al. 
2003) 

pEGFP-C1 expression of EGFP; CMV promotor; KanaR Takara 

pEGFP-C1-
SAMHD1 

expression of N-terminally EGFP tagged codon optimized 
SAMHD1 

Kerstin Schott a 

pENTR1A Gateway entry vector; KanaR Thermo Fischer 

pENTR1A-empty Gateway entry clone depleted for CamR and ccdB This work 

pENTR1A-nEGFP-
SAMHD1 

Gateway entry clone encoding N-terminally EGFP tagged 
codon optimized WT SAMHD1 

This work 

pENTR1A-nFlag-
SAMHD1 WT or 
mutants 

Gateway entry clone encoding N-terminally Flag tagged 
codon optimized WT SAMHD1 or T21A, T21E, T25A, T25E, 
S33A, S33D, T21A_T25A_S33D, T21E_T25E_S33A, D137N, 
R145Q, D207A H167A, D311A, Y315A, Q548A, T579A, 
T579E, T592A, T592E, T579A_T592A, T597A, T592E, 
T579E_T592A, T597E_T592E mutants 

This work 

pLX304 
3rd generation lentiviral gateway destination vector; 
BlastR; Addgene plasmid #25890; AmpR, CamR 

Addgene 
(Yang et al. 2011) 

pLX304-empty 
3rd generation lentiviral gateway destination clone 
depleted for CamR and ccdB; AmpR 

This work 

pLX304-nFlag-
SAMHD1 WT or 
mutants 

3rd generation lentiviral gateway destination clone 
encoding N-terminally Flag tagged codon optimized WT 
SAMHD1 or T21A, T21E, T25A, T25E, S33A, S33D, 
T21A_T25A_S33D, T21E_T25E_S33A, D137N, R145Q, 
D207A H167A, D311A, Y315A, Q548A, T579A, T579E, 
T592A, T592E, T579A_T592A, T597A, T592E, 
T579E_T592A, T597E_T592E mutants; AmpR 

This work 

pNL4.3 E- R- luc 
Expression vector based on HIV-1 proviral clone pNL4.3; 
firefly luciferase inserted into nef; env and vpr deficient 

Nathaniel Landau, 
New York 
University School of 
Medicine, USA 
(Connor et al. 1995) 
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pNL4.3 IRES 
mCherry E- R+ 

Expression vector based on HIV-1 proviral clone pNL4.3; 
mCherry inserted after nef; env deficient 

Frank Kirchhoff, 
University of Ulm, 
Germany 

pMDL-gp-RRE 
3rd generation lentiviral packaging plasmid; expression of 
HIV-1 Gag/Pol; AmpR; Addgene #12251 

Lab stock 
(Dull et al. 1998) 

pRSV-rev 
3rd generation lentiviral packaging plasmid; expression of 
HIV-1 Rev; AmpR; Addgene #12253 

Lab stock 
(Dull et al. 1998) 

pSIV3+ 
Expression vector based on SIVmac251; expression of 
SIVmac251 proteins namely Vpx; env and nef deficient; 
packaging signal (Ψ) deficient; AmpR 

Nicolas Manel, 
Institut Curie, Paris 
(Nègre et al. 2000) 

pU6-
(SAMHD1_ex1)_C
Bh-Cas9-T2A-
mCherry 

Expression of mCherry, S. pyogenes Cas9_2A_GFP and a 

sgRNA directed against SAMHD1 exon 1 (ATC GCA ACG 

GGG ACG CTT GG); AmpR 

Nina Fuchs a 

(van Chu et al. 
2015) 

a Present member of NG3 Host-Pathogen Interactions group 
Ampicillin resistance gene (AmpR), cytomegalovirus (CMV), chloramphenicol resistance gene (CamR), 
kanamycin resistance gene (KanaR) 

 

2.1.4 Oligonucleotides 

Table 4: List of primers used for mutagenesis 

Target 

mutation 
Primer a Primer sequence (5’ to 3’) 

Annealing 

temperature 

S33A 
SAM_S33A_7x_for  CCGAGGCCGATTGGGACCCTGGCCTGGAACTG 

72°C b 
SAM_S33A_7x_rev  CAGTTCCAGGCCAGGGTCCCAATCGGCCTCGG 

S33D 
SAM_S33D_7x_for  CCGAGGCCGATTGGGCACCTGGCCTGGAACTG 

72°C b 
SAM_S33D_7x_rev  CAGTTCCAGGCCAGGTGCCCAATCGGCCTCGG 

D207A 
SAM_D207A_for CGGCCTGTGTCACGCTCTGGGACACGGCC 

72°C b 
SAM_D207A_rev GGCCGTGTCCCAGAGCGTGACACAGGCCG 

a Primer in forward (for) or reverse (rev) orientation 
b PCR protocol using KAPA HiFi HotStart ReadyMix (Roche) 
 
Table 5: List of primers for sequencing of plasmids 

Primer Orientation a Primer sequence (5’ to 3’) Plasmids 

T7 FW TAATACGACTCACTATAGGG pcDNA3.1(+) and derivates 

BGH Reverse RV TAGAAGGCACAGTCGAGG pcDNA3.1(+) and derivates 

CMV Forward FW CGCAAATGGGCGGTAGGCGTG pLX304 and derivates 

WPRE-R RV CATAGCGTAAAAGGAGCAACA pLX304 and derivates 

pEGFP_for FW TTTAGTGAACCGTCAGATC pEGFP-C1 and derivates 

pEGFP_rev RV TTTAAAGCAAGTAAAACCTC pEGFP-C1 and derivates 
a Primer in forward (FW) or reverse (RV) orientation 
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Table 6: List of primers for detection of SMRV contamination 

Primera Primer sequence (5’ to 3’) 
Annealing 

temperature 
Reference 

F-SMRV-env GGCGGACCCCAAGATGCTGTG 65°Cb (Uphoff et al. 2010) 

R-SMRV-env TGGGCTAGGCTGGGGTTGGAGATA 65°Cb (Uphoff et al. 2010) 

F-SMRV-gag TCAGAGCCCACCGAGCCTACCTAC 65°Cb (Uphoff et al. 2010) 

R-SMRV-gag CAGCGCAGCACGAGACAAGAAAA 65°Cb (Uphoff et al. 2010) 
a Primer in forward (F) or reverse (R) orientation 
b PCR protocol using GoTaq polymerase (Promega) 
 
Table 7: List of primers for TIDE or ICE assays and sequencing 

Assay Primer a Primer sequence (5’ to 3’) 
Annealing 

temperature 

TIDE assay  
SAMHD1 KO 

SAM_Seq_Gen-23_FW GATTTGAGGACGACTGGACTGC 

64°C b 

SAM_Seq_Gen1116_RV GTCAACTGAACAACCCCAAGGT 

Sequencing 
SAMHD1 KO 

SAMHD1_Exon 1_III-EX1_FW TTCTAGCCACGCCCTTTCGC 

60°C c 

SAMHD1_Exon 1_III-EX1_RV GAGCCTGCTCCCATCCTACGAA 

ICE assay and 
sequencing 
SAMHD1 KI 
T592 

SAM_Seq_Gen58570_FW CATGAAGGCTCTTCCTGCGTAA 
61°C d 

62°C c 

SAM_Seq_Gen59708_RV ACAAGAGGCGGCTTTATGTTCC 

mRNA 
sequencing 
SAMHD1 KI 
T592 

SAMHD1_mRNA_Seq_1630_FW GTAAGACTGCCCCCAACAGA 
58°C b,c 

59°C d 
SAMHD1_mRNA_Seq_2624_RV TCTTTACCCCAACCTGGCAC 

a Primer in forward (FW) or reverse (RV) orientation 
b PCR protocol using KAPA HiFi HotStart ReadyMix (Roche)  
c PCR protocol using GoTaq polymerase (Promega) 
d PCR protocol using KOD Hot Start DNA Polymerase (Merck) 

 
Table 8: List of primers for RT-qPCR 

Primer a Primer sequence (5’ to 3’) Target gene  
Annealing 

temperature 
Reference 

hISG54 fwd CAGCTGAGAATTGCACTGCAA 
ISG54  56°C 

(Yoh et al. 
2015) hISG54 rev GTAGGCTGCTCTCCAAGGAA 

hRPL13A fwd CCTGGAGGAGAAGAGGAAAGAGA 
RPL13A 56°C 

(Yoh et al. 
2015) hRPL13A rev TTGAGGACCTCTGTGTATTTGTCAA 

a Primer in forward (for) or reverse (rev) orientation 
 
Table 9: List of primers and probes for qgPCR 

Target site Oligonucleotide Oligonucleotide sequence (5’ to 3’) 

SAMHD1 
exon 16 
(T592) 

forward primer CTGGATTGAGGACAGCTAGAAG 

reverse primer CAGCATGCGTGTACATTCAAA 

probe /56-FAM/AAATCCAAC/Zen/TCGCCTCCGAGAAGC/3IABkFQ/ 
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Table 10: List of crRNAs 

crRNA Target DNA sequence (5’ to 3’)  
Catalogue 

number 
Source/ reference 

crRNA-CD19-1 CTCCCTCCCAGATCTCAGGG CM-017576-01 Horizon Discovery 

crRNA-CD19-2 TCCCTCGGTGGGAGACACGG CM-017576-02 Horizon Discovery 

crRNA-NTC  U-007501-01 Horizon Discovery 

crRNA-SAMHD1_ex1_NF ATCGCAACGGGGACGCTTGG  Horizon Discovery 

crRNA-SAMHD1_ex16_IX TTTTTTTGAGGTGTTATGAG  Horizon Discovery 

crRNA-GFP TAAAAGAAATGGCATTGATG  
Horizon Discovery 
(Glaser et al. 
2016) 

Non-targeting control (NTC) 
 
Table 11: List of ssDNA homologous recombination templates 

Oligonucleotide DNA sequence (5’ to 3’)  
Source/ 

reference 

ssDNA_BlaER1_crRNA-
SAMHD1_ex16_IX_T592A 

T*A*G GAT GGC GAT GTT ATA GCC CCA CTC ATA GCA CCT 
CAA AAA AAG GAA TGG AAC GAC AG*T*A 

Horizon 
Discovery 

ssDNA_BlaER1_crRNA-
SAMHD1_ex16_IX_T592E 

T*A*G GAT GGC GAT GTT ATA GCC CCA CTC ATA GAA CCT 
CAA AAA AAG GAA TGG AAC GAC AGT*A*C 

Horizon 
Discovery 

ssDNA_GFPtoBFP 

/AlT-R-HDR1/A*C*CCT GAA GTT CAT CTG CAC CGG CAA 
GCT GCC CGT GCC CTG GCC CAC CCT CGT GAC CAC CCT 
GAG CCA CGG GGT GCA GTG CTT CAG CCG CTA CCC CGA 
CCA CAT GAA GCA CGA CTT CAA GTC CGC CAT G*C*C/AlT-
R-HDR2/ 

IDT 
(Glaser et 
al. 2016) 

*Phosphothioate 
 

2.1.5 Antibodies 

Table 12: List of primary antibodies for immunoblot 

Antibody 
Species/ 

clonality  
Dilution Clone 

Catalogue 

number 
Source 

anti-CDK1  mouse (mAB) 1:2000 in BSA POH1 9116 CST 

anti-Cyclin A2  rabbit (pAB) 1:1000 in BSA  18202-1-AP Proteintech 

anti-Cyclin B1 rabbit (pAB) 1:1000 in BSA  4138 CST 

anti-GAPDH rabbit (mAB) 1:1000 in BSA 14C10 2118  CST 

anti-SAMHD1 rabbit (pAB) 1:2000 in milk   A303-691A Bethyl 

anti-SAMHD1 rabbit (pAB) 1:2000 in milk   12586-1-AP Proteintech 

anti-SAMHD1-pT592 rabbit (mAB) 1:1000 in BSA D702M 89930 CST 

Monoclonal antibody (mAB), polyclonal antibody (pAB) 
 
Table 13: List of secondary antibodies for immunoblot 

Antibody Linked to Species/ clonality  Catalogue number Source 

anti-mouse IgG HRP horse (pAB) 7076 CST 

anti-rabbit IgG HRP goat (pAB) 7074 CST 

Horseradish peroxidase (HRP), polyclonal antibody (pAB) 
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Table 14: List of antibodies for flow cytometry 

Antigen/ fluorochrome Isotype  Dilution Clone Source 

CCR5-PE mouse IgG1, κ 1:25 T21/8 BioLegend 

CD1a-PE mouse IgG2b, κ 1:12.5 SK 9 BioLegend 

CD4-APC mouse IgG1, κ 1:5 RPA-T4 BioLegend 

CD11b-APC mouse IgG1, κ 1:50 ICRF44 BioLegend 

CD11c-VioBlue mouse IgG2b 1:12.5 MJ4-27G12 Miltenyi 

CD14-PacBlue mouse IgG2a, κ 1:25 M5E2 BioLegend 

CD19-PE mouse IgG1, κ 1:50 SJ25C1 BioLegend 

CD163-PE mouse IgG1, κ 1:25 GHI/61 BD 

CD206-APC mouse IgG1, κ 1:25 19.2 BD 

CXCR4-PE-Cy5 mouse IgG2a, κ 1:5 12G5 BD 

Iso(IgG1, κ)-PE mouse IgG1, κ  MOPC-21 BioLegend 

Iso(IgG1, κ)-APC mouse IgG1, κ  MOPC-21 BioLegend 

Iso(IgG2a, κ)-PacBlue mouse IgG2a, κ  MOPC-173 BioLegend 

Iso(IgG2b)-PE mouse IgG2b, κ  MG 2b-57 BioLegend 

Iso(IgG2b)-VioBlue mouse IgG2b  IS6-11E5.11 Miltenyi 

SAMHD1 rabbit pAB 1:500  Proteintech 

Iso(IgG (H+L)) rabbit pAB    CST 

anti-rabbit IgG-DyLight 405 goat pAB 1:500  Thermo Fisher 

Allophycocyanin (APC), pacific Blue (PacBlue), phycoerythrin (PE), polyclonal antibody (pAB) 
 

2.1.6 Buffer and solutions 

Table 15: List of buffers and solutions 

Buffer Formulation 

Fluorescence-activated cell sorting 
(FACS) Buffer 

10% FCS, 0.1% Sodium acetate in DPBS 

Lysis Buffer 
0.2 mg/ml Proteinase K, 1 mM CaCl2, 3 mM MgCl2, 1 mM 
EDTA, 1% Triton X-100, 10 mM Tris (pH 7.5) 

3-(N-morpholino)propanesulfonic acid 
(MOPS) running buffer 

1 M MOPS, 1 M Tris, 69.3 mM SDS, 20.5 mM EDTA  

NET lysis buffer 
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 15 mM EDTA (pH 
7.4), 1% NP-40 

Dulbecco′s hosphate-buffered saline 
(DPBS) without Ca2+/ Mg2+  

137 mM NaCl, 2.7 mM KCl, 1.47 mM KH2PO4, 8.1 mM 
Na2HPO4 

Radioimmunoprecipitation buffer (RIPA) 
buffer 

2 mM EDTA, 1% glycerol, 137 mM NaCl, 1% NP40, 0.1% 
SDS, 0.5% sodium deoxycholate, 25 mM Tris-HCl (pH 8.0) 

Super optimal broth with catabolite 
repression (SOC) medium 

2.66% SOB medium (Roth), 0.36% D-Glucose 

Stripping buffer 
2% SDS, 62.5 mM Tris-HCl (pH 6.8), 100 mM 2-
mercaptoethanol  

Tris-acetate-EDTA (TAE) buffer 40 mM Tris-HCl (pH 7.4), 20 mM acetate, 1 mM EDTA 

Tris-buffered saline (TBS)  50 mM Tris-HCl (pH 7.4), 150 mM NaCl  

Tris-buffered saline with Tween (TBST)  TBS, 0.1% Tween 20 

X-Gal staining solution 
2 mM K3[Fe(CN)6], 2 mM K4[Fe(CN)6], 0.8 µM MgCl2, 0.4 
mg/ml X-Gal 
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2.2 Methods 

2.2.1 Molecular cloning and mutagenesis 

Transformation and plasmid preparation 

For clonal purification of plasmids in bacteria, chemically competent Escherichia coli (E. 

coli) (Tab. 1) were transformed by heat shock (20 min on ice; 45 s at 42°C; 2 min on ice), 

resuspended in super optimal broth with catabolite repression (SOC) medium (1 h at 

37°C) and plated out on 3.7% lysogeny broth (LB) agar (Merck) supplemented with the 

respective (Tab. 3) selection antibiotics ampicillin (1 mg/ml) or kanamycin (1 mg/ml) 

over night at 37°C. Plasmids containing recombinatory sequences, i.e. lentiviral 

untranslated regions, were propagated in the Stbl3 strain. Amplification of plasmids was 

performed by inoculation into liquid LB medium (Miller) supplemented with the 

respective selection antibiotics (37°C, overnight). Plasmid preparation was performed 

using GeneJet Plasmid Miniprep Kit (Thermo Fisher) or NucleoBond Xtra Midi Kit 

(Macherey-Nagel). DNA concentrations were measured using Nanodrop2000 (Thermo 

Fisher). 

 

Site directed mutagenesis 

Site directed mutagenesis using pcDNA3.1(+)-nFlag-SAMHD1 (0.4 ng/µl) and mismatch 

primer (Eurofins, 0.6 µM, Tab. 4) was performed together with KAPA HiFi HotStart 

ReadyMix (Roche) supplemented with 0.08 µM dNTPs (NEB). Following PCR 

amplification (3 min, 95°C; 35x (20 s, 98°C; 15 s, 72°C; 7.5 min, 72°C); 7.5 min, 70°C) the 

PCR product was digested with 20 U DpnI (NEB, 1 h, 37°C) mixed with Gel loading dye 

(NEB) and purified by gel electrophoresis on a 0.75% Agarose (Biozym) gel in TAE buffer 

supplemented with GelRed (Biotium) for DNA visualization. Subsequently, the isolated 

DNA fragment was extracted using NucleoSpin Gel and PCR Clean‑up Kit (Macherey-

Nagel) and transformed into chemically competent bacteria. Resulting plasmid 

preparations were verified using restriction enzyme digest and Sanger sequencing (LGC). 

To avoid off-target mutations resulting from PCR errors on the pcDNA3.1(+) backbone, 

the modified nFlag-SAMHD1 insert was cloned back into the original backbone (see 

below). 
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Molecular cloning of plasmids 

For conventional cloning, plasmid inserts and backbones were digested using the 

respective NEB high fidelity enzymes according to manufacturer’s recommendations. 

BamHI and XhoI were used for backcloning of nFlag-SAMHD1 into pcDNA3.1(+) 

backbone after site directed mutagenesis as well as to transfer nFlag-SAMHD1 into the 

pENTR1A backbone. NotI was used to deplete Chloramphenicol resistance gene and 

ccdB gene from pENTR1A backbone to create an empty control plasmid. After restriction 

digest (1-2 h, 37°C) and gel purification, 50 ng backbone was ligated with the appropriate 

amount of insert (250 ng x ratio length insert to backbone) using 400 U T4 DNA ligase 

(NEB) at 16°C overnight. The ligated plasmids were then transformed into chemically 

competent bacteria. For Gateway cloning to generate expression clones, 150 ng Entry 

clone and 150 ng Destination vector (Tab. 3) were incubated with 2 µl LR Clonase II 

(Thermo Fisher) at 21°C overnight. The reaction was stopped by incubation with 2 µg 

Proteinase K (Thermo Fisher; 10 min, 37°C), before transformation into chemically 

competent Stbl3 bacteria. All generated plasmids were verified by analytic test digest 

and Sanger sequencing.  

 

2.2.2 Cultivation of mammalian cell lines 

Cell lines were free of mycoplasma contamination, as tested by PCR Mycoplasma Test 

Kit II (PanReac AppliChem). Adherent cells were centrifuged 5 min at 300g and non-

adherent cells 10 min at 200g.  

 

Cultivation of 293T and HeLa cells 

Adherent HEK 293T/17 and HeLa cells (Tab. 2) were cultured in Dulbecco′s Modified 

Eagle′s Medium (DMEM; Merck) supplemented with 10% fetal calf serum (FCS; Sigma-

Aldrich) and 2 mM L-glutamine (Merck) at 37°C and 5% CO2. Upon confluency or for cell 

seeding, cells were washed with DPBS, detached using Trypsin-EDTA (0.25% Trypsin, 

0.1% EDTA in DPBS) and resuspended in fresh cell culture medium.  
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Cultivation and PMA-activation of THP-1 cells 

Non-adherent THP-1 or U937 cells were grown in RPMI-1640 (Merck) supplemented 

with 10% FCS and 2 mM L-glutamine at 37°C and 5% CO2. For PMA-activation and 

induction of an adherent macrophage-like phenotype 4 x 104 or 2 x 106 cells per well of 

a 96- or 6-well tissue culture treated plate respectively, were treated with 60 ng/ml or 

100 ng/µl PMA (Merck) for 24 or 48 h, as indicated.  

 

Cultivation and transdifferentiation of BlaER1 cells 

BlaER1 cells were passaged in RPMI supplemented with 10% FCS and 2 mM L-glutamine 

at 37°C and 5% CO2. For transdifferentiation, the original transdifferentiation protocol 

(Gaidt et al. 2018) was adapted to 6-well format. Therefore, 1 x 106 BlaER1 cells per well 

of a 6-well tissue culture plate were treated with 10 ng/ml human recombinant M-CSF, 

IL-3 (PeproTech) and 100 nM β-estradiol (Merck) for 7 days. Half of the cell culture 

supernatant was replaced with fresh medium containing cytokines and β-estradiol at 

days 2 and 6. At day 7 cells were harvested by pipetting, counted, and used for 

downstream assays. To prevent excessive cell death after transdifferentiation, cells 

were centrifuged at 100g only and care was taken to avoid stress due to low 

temperature. 

 

SMRV detection PCR and quantification of reverse transcriptase activity 

For detection of integrated SMRV gag and env DNA sequences, genomic DNA was 

extracted from cells using DNeasy Blood & Tissue Kit (Qiagen). PCR amplification was 

performed using GoTaq polymerase (Promega; 2 min, 94°C; 35x (20 s, 94°C; 30 s, 65°C; 

15 s, 72°C); 5 min, 72°C) together with 0.6 µM F-SMRV-env and R-SMRV-env or F-SMRV-

gag and R-SMRV-gag primer (Tab. 6) (Uphoff et al. 2010). SAM_Seq_Gen58570_FW and 

SAM_Seq_Gen59708_RV primer were used as loading controls (2 min, 94°C; 35x (20 s, 

94°C; 30 s, 62°C; 45 s, 72°C); 5 min, 72°C). Amplificates were separated and visualized 

on a 1.0% agarose gel. For quantification of SMRV reverse transcriptase activity, 

supernatant of native or transdifferentiated BlaER1 or cycling THP-1 cells was collected 

by centrifugation (200g, 10 min) and passed through a 0.45 µm filter. Reverse 

transcriptase activity was quantified using C-type RT Activity Kit (CAVIDI) following the 

instructions of the manufacturer.  
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2.2.3 CRISPR/Cas9-mediated knock-out and knock-in 

Complexation and nucleofection of CRISPR/Cas9 ribonucleoproteins or plasmids 

For CRISPR/Cas9 mediate KO and KI, CRISPR/Cas9 RNPs were assembled in vitro, as 

previously described (Hultquist et al. 2016; Seki and Rutz 2018). Therefore, 200 pmol 

Edit-R Modified Synthetic crRNA (Tab. 10) was incubated with 200 pmol Edit-R CRISPR-

Cas9 Synthetic tracrRNA (Horizon Discovery) for 30 min at 37°C. Then, 40 pmol Edit-R 

Cas9 Nuclease protein NLS (Horizon Discovery) or 40 pmol Cas9-NLS (QB3 Macrolab) 

were added and again incubated for 15 min at 37°C. For nucleofection, 1 x 106 sub-

confluent BlaER1 cells were mixed with complexed RNPs or 1 µg plasmid DNA and 

nucleofected using the 4D-Nucleofector X Unit and SF Cell line Kit (Lonza). Program DN-

100 was applied. For CRISPR/Cas9 KI, RNPs were introduced together with 100 pmol of 

the respective ssDNA HR template. After nucleofection, cells were split into two wells of 

a 96-well tissue culture plate and allowed to rest for 24 h (KO) or 48 h (KI) in RPMI 

supplemented with 20% FCS and 2 mM L-glutamine at 37°C and 5% CO2. If indicated for 

the specific experiment, 30 µM HDR enhancer V1 (IDT) were added after nucleofection 

for 24 h, to increase KI efficiency.  

 

Assays to estimate efficiency of CRISPR/Cas9 treatment 

Sanger sequencing based computational deconvolution assays, i.e. the TIDE and the ICE 

assay, were used to estimate the efficiency of CRISPR/Cas9-mediated KO and KI 

(Brinkman et al. 2018; Hsiau et al. 2018). Therefore, CRISPR/Cas9 KO or KI cell pools were 

collected 24 h or 5 days after nucleofection, respectively. DNA was isolated using 

DNeasy Blood & Tissue Kit (Qiagen). Subsequently, PCR amplification using appropriate 

primer pairs (Tab. 7) was performed. To estimate the efficiency of CRISPR/Cas9-

mediated SAMHD1 KO, the surrounding region was amplified using KAPA HiFi HotStart 

ReadyMix and 0.3 µM of SAM_Seq_Gen-23_FW and SAM_Seq_Gen1116_RV primers (3 

min, 95°C; 35x (20 s, 98°C; 15 s, 64°C; 45 s, 72°C); 1.5 min, 72°C), isolated from gel and 

subjected to Sanger sequencing using the SAM_Seq_Gen-23_FW primer. For 

quantification of HDR events at nucleotides encoding residue T592, 0.3 µM 

SAM_Seq_Gen58570_FW and SAM_Seq_Gen59708_RV were used together with KOD 



 

64 
 

Hot Start DNA Polymerase (Merck; 2 min, 95°C; 35x (20 s, 95°C; 15 s, 61°C; 15 s, 70°C)) 

to amplify the region of interest. SAM_Seq_Gen58570_FW was used for sequencing. 

The non-baseline corrected Sanger sequencing reads were subjected to TIDE 

(https://tide.nki.nl/) or ICE 

(https://www.synthego.com/products/bioinformatics/crispr-analysis) algorithm 

(Brinkman et al. 2018; Hsiau et al. 2018).  

 

Single cell dilution and cultivation of CRISPR/Cas9 treated cells 

To generate single cell clones, CRISPR/Cas9 RNP treated cell pools were subjected to 

limited dilution. Therefore, 0.1 to 0.2 cells per well of a 96-well tissue culture plate were 

seeded in RPMI supplemented with 20% FCS, 2 mM L-glutamine, 250 mg/L penicillin and 

152 mg/L streptavidin at 37°C and 5% CO2. Fresh medium was added once. After 3-4 

weeks, plates were checked for confluent clones. In case of CRISPR/Cas9 KI, one part of 

the resuspended confluent clones was frozen in 90% FCS and 10% dimethyl sulphoxide 

(DMSO; Carl Roth) in 96-well V-bottom plates at -80°C, while the other part was used 

for DNA extraction and KASP assay screening.  

 

Genetic and molecular characterization of CRISPR/Cas9 knock-out clones 

KO single cell clones were grown until they reached confluency in a 24-well tissue culture 

plate and then tested for absence of SAMHD1 expression by immunoblot (see 2.28.). 

Frameshift and premature stop-codons on both SAMHD1 alleles were confirmed by TA 

cloning and allele specific sequencing. Therefore, the region surrounding the crRNA 

target site was amplified using 0.6 µM of SAM_Seq_Gen-23_FW and 

SAM_Seq_Gen1116_RV primers (Tab. 7) together with the GoTaq polymerase 

(Promega; 3 min, 95°C; 35x (20 s, 98°C; 30 s, 60°C; 45 s, 72°C); 1.5 min, 72°C). After gel 

cleanup amplicons were ligated into pGEM T-Easy Vector II (Promega) according to 

manufacturer’s protocol, followed by transformation into DH5α cells. Transformed 

bacteria were grown on 9‰ X-Gal containing LB agar supplemented with ampicillin for 

blue/ white selection. White colonies were expanded. The purified plasmids were then 

tested for single insertion using EcoRI (NEB) digest and sequenced with the 

SAM_Seq_Gen-23_FW primer.  
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Screening of clones using KASP assay for knock-in 

Single cell clone suspensions were pelleted by centrifugation (300g, 10 min) and 

resuspended in Lysis buffer (Tab. 15) for crude lysate preparation (10 min, 65°C, 15 min, 

95°C) (Schmid-Burgk et al. 2014). Lysates were diluted 1:10 and analyzed by custom 

design end point PCR assay (KASP assay, LGC), according to manufacturer’s protocol on 

a CFX384 Touch Real-Time PCR Detection System (BioRad). DNA obtained from WT and 

pooled KI cells originally prepared for the ICE assay was used as a control. Single cell 

clones scoring positive for the mutant allele in a bi-allelic discrimination plot were 

considered as candidates, unfrozen, expanded and analyzed further.  

 

Genetic and molecular characterization of CRISPR/Cas9 knock-in cells 

Homozygous or heterozygous CRISPR/Cas9 KI was confirmed by Sanger sequencing of 

candidate clones using the same amplification strategy as detailed for the ICE assay. For 

heterozygous T592E KI, allele specific sequencing was performed, as indicated for 

CRISPR/Cas9 KO, using SAM_Seq_Gen-23_FW and SAM_Seq_Gen1116_RV primers and 

a slightly different PCR protocol (2 min, 94°C; 35x (20 s, 94°C; 30 s, 62°C; 45 s, 72°C); 1.5 

min, 72°C). To exclude large genomic deletions, quantitative genomic PCR (qgPCR) assay 

was performed (Weisheit et al. 2020). Therefore, 60 ng of fresh prepared DNA from 

homozygous KI clones was used in a PrimeTime Gene Expression assay (IDT), together 

with an appropriate set of primers and a probe (IDT; Tab. 9) on a CFX384 Touch Real-

Time PCR Detection System. Human TERT TaqMan Copy Number Reference Assay was 

used as a copy number reference (Thermo Fischer). For detection of T592 KI variants in 

expressed mRNA, RNA from transdifferentiated BlaER1 clones was isolated using 

Nucleospin RNA extraction Kit (Macherey Nagel). 1.5 µg of isolated RNA was treated 

with 1 U of DNase I in DNase I Reaction Buffer (Thermo Fischer; 15 min, 21°C). The 

reaction was stopped by addition of 1 µl STOP solution (Thermo Fischer; 10 min, 70°C). 

Reverse transcription was performed with SuperScript III First-Strand Synthesis System 

for RT-PCR (Thermo Fischer), using the provided Oligo(dT)20 primer and according to 

manufacturer’s protocol, followed by RNAse H digest. For amplification, KOD Hot Start 

DNA Polymerase (2 min, 95°C; 35x (20 s, 95°C; 10 s, 59°C; 15 s, 70°C)) or KAPA HiFi 

HotStart ReadyMix (3 min, 95°C; 35x (20 s, 98°C; 15 s, 58°C; 60 s, 72°C); 60 s, 70°C) were 

used, together with 3 µl of 1:40 or 1:10 diluted cDNA respectively, as well as 0.3 µM 
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SAMHD1_mRNA_Seq_1630_fw and SAMHD1_mRNA_Seq_2624_rv primers (Tab. 7). 

Following gel cleanup, the PCR product was sequenced with the 

SAMHD1_mRNA_Seq_1630_fw primer. Also, TA cloning and allele specific sequencing 

of cDNA was performed as described in the previous sections, after amplification with 

GoTaq polymerase (3 min, 95°C; 35x (20 s, 98°C; 30 s, 58°C; 45 s, 72°C); 1.5 min, 72°C) 

using 0.5 µM of the same primer and 3 µl of 1:10 diluted cDNA.  

 

2.2.4 Transient cDNA overexpression 

Transient cDNA overexpression was achieved by transfection using polyethylenimine 

(PEI) reagent (Sigma-Aldrich) or Lipofectamine 2000 (Thermo Fischer). In order to test 

the expression of plasmids, 7.5 x 105 293T/17 cells were seeded per well of a 6-well 

tissue culture plate. The next day, 8 µl of 18 µM PEI reagent were diluted in 125 µl 

OptiMEM (Thermo Fischer) and again mixed 1:1 with 2 µg plasmid DNA pre-diluted in 

the same volume of OptiMEM. After incubating 20 min at room temperature (RT), the 

transfection mixture was added to the cells. Cell culture medium was changed directly 

before and one day after transfection. Cell lysates were obtained two days post 

transfection (see section 2.2.8). PEI transfection protocol was also used for production 

of HIV-1 reporter virus and virus-like particles containing Vpx (VLP-Vpx; see section 

2.2.6). Lipofectamine 2000 was used according to manufacturer’s protocol for lentiviral 

particle production and immunofluorescence (for details see sections 2.2.5). 

 

2.2.5 Lentiviral transduction of cDNA 

Production of lentiviral particles  

3rd generation lentiviral particles were produced by Lipofectamine 2000 based 

transfection of HEK 293T/17 cells in 6 cm tissue culture dishes. Therefore, 1.2 x 106 cells 

were seeded on a 6 cm dish pre-coated with 0.01 mg/mL poly-L-lysine (PLL; Sigma-

Aldrich; 30min, 37°C) and co-transfected one day after seeding with 2.6 µg pMDL-gp-

RRE, 2 µg pCMV-VSV-G, 1 µg pRSV-rev and 4 µg of the respective pLX304 based lentiviral 

transfer plasmid. At day one after transfection, medium was replaced. Cell culture 

supernatant was harvested at day two and three after transfection, passed through a 

0.45 µm syringe filter and stored in three aliquots at -80°C. For particle production in 10 
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cm dish format, the same strategy was used, but multiplying the variable inputs by factor 

2.5 to obtain 5 aliquots of viral particles at both days of harvest.  

 

Transduction and selection of mammalian cells 

BlaER1 cells were transduced 3 times with particle containing supernatant. Therefore, 

one aliquot of lentiviral particles was added to 1 x 105 cells per well of a 6-well plate. 

Transduction was enhanced by spinoculation (200g, 1.5 h, 32°C) and treatment with 8 

µg/ml Polybrene Transfection Reagent (Merck) for 3 h together with the addition of viral 

particles. The next day, cells were centrifuged at 200g for 10 min and resuspended in 1 

ml fresh medium, before the next aliquot of lentiviral particles was added. If stated for 

the specific experiment, transduced cells were selected for 7 days with 10 µg/ml 

blasticidin (Invivogen). The blasticidin containing medium was changed once and cells 

were split in a way to avoid confluency. After selection, cells were passaged at least for 

one week before using them in experiments.  

 

2.2.6 HIV-1 infection experiments 

Production of HIV-1 reporter virus particles and VLP-Vpx 

For production of VSV-G pseudotyped HIV-1 luciferase and HIV-1-mCherry single cycle 

reporter viruses, 2 x 107 HEK 293T/17 cells were seeded in 175 cm2 tissue culture flasks 

and transfected with 5.8 µg pCMV-VSV-G, together with 11.6 µg of the respective 

pNL4.3 E- R- luc or pNL4.3 IRES mCherry E- R+ vector (Tab. 3) and 70 µl of 18 µM PEI. Vpx 

containing VLPs were produced using 2.3 µg pCMV-VSV-G and 15.2 µg pSIV3+ in an 

analogue manner. Particle containing supernatant was harvested at day 2 and 3 after 

transfection, centrifuged to pellet cell debris (1500rpm, 10 min, 4°C), filtered through a 

0.45 µm filter and digested with 1 U/ml DNAase I (NEB; 1 h, RT). Viral particles then were 

chilled on ice for 2 h, purified through a 20% sucrose gradient (2h, 106750g, 4°C), 

resuspended in DPBS, pooled and stored in aliquots at -80°C. HIV-1 particles were 

titrated on HeLa TZM-bl β-galactosidase reporter cells. Therefore, 1.5 x 106 cells were 

seeded on a 96-well tissue culture plate for 24 h. Viral particles were then added in serial 

dilutions in 8 technical replicates. Infection was allowed to proceed for 2 days, before 

washing twice with DPBS and paraformaldehyde (PFA) fixation (15 min, RT). After two 
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additional washing steps, X-Gal staining solution (Tab. 15) was applied overnight at 37°C 

and TCID50 was calculated.  

 

Infection of mammalian cells 

For HIV-1 infection, 3 x 104 transdifferentiated BlaER1 cells per well of a 96-well F-

bottom tissue culture plate were seeded in 100 µl cell culture medium. BlaER1 cells were 

allowed to settle for 2 h. For luciferase readout, cells were seeded in white 96-well F-

bottom tissue culture treated plates in technical triplicates. For mCherry readout, 6-12 

wells were seeded per condition in order to obtain sufficient cells for flow cytometry. 

HIV-1 single cycle reporter virus pNL4.3 E- R- luc (HIV-1-luc) or pNL4.3 IRES mCherry E- R+ 

(HIV-1-mCherry) particles were added according to the indicated MOI diluted in 50 µl 

cell culture medium, followed by spinoculation (1.5 h, 200g, 32°C) and incubation at 37°C 

and 5% CO2 for 24 h. For luciferase readout, 50 µl of Britelite plus reagent (PerkinElmer) 

was added per well and incubated for 5 min at RT. Luciferase signal was measured on a 

Pherastar FS (BMG). For flow cytometry readout of HIV-1-mCherry infection, cells were 

re-suspended and transferred into V-bottom plates, centrifuged (200g, 10 min, 4°C), 

pooled and proceeded as detailed in section 2.2.10. VLP-Vpx particles were applied 

together with HIV-1, as indicated. The amount of VLP-Vpx used in all experiments was 

optimized for complete SAMHD1 degradation. To show VLP-Vpx-mediated SAMHD1 

degradation, 4.4 x 105 transdifferentiated BlaER1 cells were treated in a 12-well tissue 

culture plate in the same conditions and concentrations as stated above. 

 

2.2.7 RT-qPCR 

For real time quantitative PCR (RT-qPCR), RNA was isolated using Nucleospin RNA 

extraction Kit (Macherey-Nagel) and analyzed for mRNA expression in technical 

triplicates, using QuantiTect SYBR Green RT-PCR Kit (QIAGEN) in 384-well format on a 

CFX384 (30 min, 50°C; 15 min, 95°C; 44x (15 s, 95°C; 1 min, 56 °C, 1 min, 72°C). Melting 

curve analysis was performed (15 s, 95°C; 1°C /s, 60-95°C). Primers for RT-qPCR are 

detailed in Tab. 8.  
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2.2.8 Immunoblot 

For immunoblot, cells were washed in DPBS, lysed in RIPA buffer (Tab. 15) supplemented 

with proteinase and phosphatase inhibitor (Roche) for 30 min on ice. Lysate was cleared 

(30 min, 15000g, 4°C) and protein content was measured by Bradford assay using 

Protein Assay Dye Reagent Concentrate (BioRad). 20 µg total protein were denatured 

(10 min, 70°C) in NuPAGE LDS Sample Buffer and Reducing Reagent (Thermo Fischer) 

and separated on a NuPAGE 4-12% Bis-Tris gradient gel (Thermo Fischer) in MOPS 

running buffer (Tab. 15) supplemented with NuPAGE antioxidant (Thermo Fischer) at 

180 V in an XCell SureLock Mini-Cell (Thermo Fischer) for 1.5 h. Transfer was performed 

in NuPAGE Transfer buffer (Thermo Fischer) supplemented with 9.4% methanol and 

NuPAGE antioxidant, using an XCell II Blot Module in NuPAGE Transfer Buffer (Thermo 

Fischer) onto a Hybond P 0.45 PVDF membrane (GE Healthcare) at 30 V for 1 h and 50 

min. The membrane was blocked in 5% bovine serum albumin (BSA; Carl Roth) or 5% 

milk powder (Carl Roth) in TBST (Tab. 15; 2 h, 4°C) and cut horizontally according to 

target antigens. Primary antibodies listed in Tab. 12 were diluted in 5% BSA or milk 

powder in TBST and were applied overnight at 4°C under constant agitation. After 

washing three times in TBST (10 min, RT), anti-rabbit or -mouse IgG, horseradish 

peroxidase (HRP)-linked antibodies were applied (Tab. 13; 2 h, 4°C) and the membrane 

was again washed three times with TBST (10 min, RT), before detection on a FUSION FX7 

(Vilber Lourmat) using ECL Prime reagent (GE). If required, membranes were stripped of 

bound antibody in stripping buffer (Tab 15; 1 h, 65°C). Band densities were determined 

with FUSION software (Vilber Lourmat). 

 

2.2.9 Immunoprecipitation and phosphoproteomics 

For mass spectrometric analysis of SAMHD1 residue phosphorylation, endogenous 

SAMHD1 was purified by immunoprecipitation and separated by gel electrophoresis. 

Therefore, 2-5 x 107 transdifferentiated BlaER1, native THP-1 or THP-1 cells activated 

with PMA for 48 h were washed in DPBS and lysed in NET lysis buffer (Tab. 15) 

supplemented with protease and phosphatase inhibitors for 30 min on ice. The lysate 

was cleared by centrifugation (15000g, 15 min, 4°C) and protein concentration was 

determined by Bradford assay. 300 µg protein were diluted in 0.1% NP-40 in TBS 
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supplemented with protease and phosphatase inhibitors and incubated under constant 

rotation with 7 µg of anti-SAMHD1 (Proteintech; 2 h, 4°C). Protein G Sepharose 4 Fast 

Flow (GE Healthcare) beads were washed twice in 0.01% NP-40 in TBS (5 min, 4°C; 2000 

rpm, 2 min), re-suspended in protein lysate pre-incubated with antibody and incubated 

for 1 h at 4°C. Subsequently, the beads were washed twice in 0.1% NP-40 in TBS and 

three time in TBS in the presence of protease and phosphatase inhibitors. After three 

additional washing steps in H2O, the beads were boiled in NuPAGE LDS Sample Buffer (5 

min, 95°C) and separated on a NuPAGE 4-12% Bis-Tris gradient gel (1.5 h, 180 V). Then, 

the gel was stained with Coomassie Brilliant Blue R-250 (BioRad; 3 h, RT) and washed 

overnight in H2O. The appropriate size band was cut out, subjected to in-gel digest with 

18 µl of 20 ng/µl MS grade trypsin (Pierce) in the presence of 0.01% ProteaseMax 

(Promega) in 200 mM ammonium bicarbonate and 10 mM Tris (pH 8.5). After absorption 

of the latter solution, 25 µl of 0.01% ProteaseMax in 50 mM ammonium bicarbonate 

and 10 mM Tris (pH 8.5) were added and incubated at 37°C overnight. The resulting 

peptide mixture was subjected to C18 Zip Tip clean-up (Merck) before being analyzed 

by targeted mass spectrometry in tSIM/ddMS2 mode with high-resolution LC-MS/MS, 

using an Ultimate 3000 Nano Ultra High Pressure Chromatography (UPLC) system 

interfaced with a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer via an 

EASY-spray (C-18, 15 cm) column (Thermo Fisher).  

 

Table 16: Target peptides and phosphopeptides for tSIM/ddMS2 analysis  

Phosphorylation sites covered Peptide sequence + # phosphates I II 

T21, S23, T25, S27, S33 TPSNTPSAEADWSPGLELHPDYK + 0-5 PHOS 1-5 0-2 

S18, T21, S23, T25, S27, S33 CDDSPRTPSNTPSAEADWSPGLELHPDYK + 0-3 PHOS 1-3 0-3 

T74, S84 ENEITGALLPCLDESR + PHOS 1 0-1 

S102 LLSYIQR + PHOS 1 - 

S278, S283 EQIVGPLESPVEDSLWPYK + PHOS 1 1 

T411, T420 ISTAIDDMEAYTK + PHOS 1 1 

T463, T460 NLFKYVGETQPTGQIK + PHOS 1 - 

T463, T460 YVGETQPTGQIK + PHOS 1 - 

T579, T592 NFTKPQDGDVIAPLI(T/A/E)PQK + 0-2 PHOS 1-2 0-1 

T579, T592 NFTKPQDGDVIAPLI(T/A/E)TPQKK + 0-2 PHOS 1-2 0-1 

T579, T592 NFTKPQDGDVIAPLITPQKK* + 0-2 PHOS 1-2 1-2 

T592 PQDGDVIAPLITPQK + 0-1 PHOS 1 0-1 

T592 PQDGDVIAPLITPQKK + 0-1 PHOS 1 0-1 

 GGFEEPVLLK   

 VGNIIDTMITDAFLK   
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Data analysis was executed using Skyline software. Phosphopeptide precursor peak 

areas in the different conditions were normalized according to the peak area of a non-

phosphorylated SAMHD1 peptide (GGFEEPVLLK) in each condition. Relative 

phosphopeptide abundances were derived from MS1 or (sum of) fragment peak areas. 

Distinction between different phospho-forms of the same peptide was made by only 

considering distinguishing fragment peak areas.   

 

2.2.10  Flow cytometry 

Cell cycle synchronization and analysis by flow cytometry 

Cell cycle synchronization and analysis in HeLa cells was performed by double thymidine 

block, as described earlier (Schott et al. 2018). 5 x 105 HeLa cells were seeded in a 10 cm 

dish. The following day, the cell culture supernatant was changed to medium containing 

2 mM thymidine. After 16 h at 37°C, cells were washed three times in DPBS and medium 

supplemented with 25 μM 2’-deoxycytidine was added for 8 h at 37°C. Then thymidine 

treatment was repeated, followed by a 2nd release with 25 μM 2’-deoxycytidine 

containing medium. Time points post 2nd release were harvested as indicated. 

Therefore, cells were harvested using trypsin and washed twice in DPBS before 

downstream immunoblot and flow cytometry analysis. While harvesting and washing, 

cells were kept on ice or at 4°C. Subsequently, HeLa cells were fixed by dropwise addition 

of ice cold 70% ethanol (2h, 4°C) and washed twice in DPBS before staining. Then, cells 

were passed through a 60 µM cell strainer, stained with FxCycle PI/RNase Staining 

Solution (Thermo Fisher; 30 min, RT) and analyzed on an LSRFortessa Cell Analyzer (BD). 

FCS Express V6 (De Novo Software) was used for gating and cell cycle quantification in 

living GFP+ single HeLa cells as described previously (Schott et al. 2018).  

 

Analysis of cell surface expression and reporter virus infection 

For flow cytometry analysis of BlaER1 transdifferentiation and expression of cell surface 

markers, 1 x 106 native or transdifferentiated BlaER1 cells were collected, washed once 

in FACS buffer (Tab. 15; 10 min, 300g, 4°C) and stained with the respective antibodies or 

isotype controls (Tab. 12), together with Fixable Viability Dye eFluor 780 (FVD780;  
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Figure 12: Gating strategy for analysis of BlaER1 transdifferentiation and cell surface marker expression.  

Flow cytometry gating strategy for quantification of CD19- CD11b+ transdifferentiated BlaER1 cell 

population in bulk transdifferentiated cells, with parent to daughter gates shown from the upper left to 

the lower right. For analysis of transdifferentiation, cells were measured on an LSRFortessa Cell Analyzer 

(BD). FlowJo (BD) was used for gating, quantification and visualization. 

Thermo Fischer; 20 min, 4°C). For analysis of BlaER1 transdifferentiation and surface 

marker expression, FC Block (BD) was added to the staining cocktail. Stained cells were 

washed in FACS buffer twice and fixed in 2% paraformaldehyde (30 min, RT), before 

analyzing on a LSR II instrument (BD). The gating for FACS analysis of BlaER1 

transdifferentiation and expression of cell surface markers with FlowJo V10 (BD) is 

detailed in Fig. 12. For readout of HIV-1-mCherry infection, cells were washed and 

stained with CD11b-APC and FVD780, as detailed above. Infected cells were fixed, 

analyzed on a BD LSRFortessa and quantified with FlowJo, as illustrated in Fig. 13. 

 

Intracellular staining for SAMHD1 expression 

For intracellular SAMHD1 staining in HIV-1-mCherry infection experiments, BlaER1 cells 

pooled form 12 infected wells of a 96 well plate (see 2.2.6) were stained with CD11b-

APC and FVD780 in 96-well V-bottom plates, as detailed above. Subsequent to cell  
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Figure 13: Gating strategy for quantification of HIV-1-mCherry reporter virus infection in 

transdifferentiated BlaER1 cells.  

Flow cytometry gating strategy for quantification of HIV-1-mCherry reporter virus infection in the CD11b+ 

transdifferentiated BlaER1 cell population, with parent to daughter gates shown from the upper left to 

the lower right. For analysis of infection, cells were measured on an LSRFortessa Cell Analyzer (BD). FlowJo 

(BD) was used for gating, quantification and visualization.  

surface staining and washing, cells were fixed in pre-warmed Cytofix Buffer (BD; 37°C, 

10 min). After centrifugation (300g, 10 min, 4°C), Cytofix Buffer was discarded and cells 

were permeabilized with chilled Perm Buffer III (BD; 2min on ice). Permeabilization was 

stopped by addition of FACS buffer and cells were washed twice before staining with 

anti-SAMHD1 or an isotype control (Tab. 12; 60 min, RT). Then, cells were again washed 

twice and stained with secondary anti-rabbit antibody coupled to DyLight 405 (Tab. 14; 

60 min RT). After two additional washing steps, stained cells were analyzed on a BD 

LSRFortessa, employing the gating strategy detailed in Fig. 14. 
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Figure 14: Gating strategy for quantification of HIV-1-mCherry reporter virus infection in SAMHD1 

overexpressing transdifferentiated BlaER1 cells.  

Flow cytometry gating strategy for quantification of HIV-1-mCherry reporter virus infection in SAMHD1+ 

CD11b+ transdifferentiated BlaER1 cells after bulk transduction for SAMHD1 overexpression. Parent to 

daughter gates are shown from the upper left to the lower right. For a  nalysis of infection, cells were 

measured on an LSRFortessa Cell Analyzer (BD). FlowJo (BD) was used for gating, quantification and 

visualization.  

2.2.11 Quantification of cellular dNTP content and concentration 

For measurement of cellular dNTP levels, 2 x 106 transdifferentiated BlaER1 cells or 293T 

cells transfected with 8 µg of pcDNA3.1(+)-nFlag-SAMHD1 using Lipofectamin 2000 in a 

six well format for 48 h, were washed in DPBS and incubated with 65% ice cold methanol 

(95°C, 3 min) in order to extract dNTPs. After centrifugation (14 000 rpm, 3min, 4°C), cell 

free supernatant was vacuum dried at 45°C and quantification of all four dNTPs by single 

nucleotide incorporation assay was performed, as described previously (Diamond et al. 

2004). CD19 depletion was accomplished using CD19 microbeads and MS columns 

(Miltenyi), following manufacturer’s recommendations. Cell volumes were determined 

by seeding respective cell types on a Cell Carrier-96 well plate (Perkin Elmer) coated with 

10% Poly-D-Lysine (Sigma; 1.5h, RT). After centrifugation (5 min, 300g), cells were fixed 

in 4% PFA (15 min, 37°C), permeabilized with 0.1% Triton X-100 in DPBS (5 min, 37°C) 
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and stained using HCS CellMask Deep Red Stain (Thermo Fischer; 30 min, RT). Z-Stack of 

stained cells was acquired using confocal imaging platform Operetta (Perkin Elmer) and 

volume was calculated as a sum of cell areas in all relevant Z-stacks using Harmony 

software (Perkin Elmer). 

 

2.2.12 Protein structure prediction 

For protein structure prediction, AlphaFold implemented in the UCSF ChimeraX 

software was used (Jumper et al. 2021; Pettersen et al. 2021; Varadi et al. 2022). 

SAMHD1 protein prediction structure as predicted by AlphaFold (AF-Q9Y3Z3-F1-

model_v2) was used. For comparative analysis of SAMHD1 mutants de novo predictions 

were generated for full length human SAMHD1 amino acid sequence (UniProtKB 

Q9Z3Y3) or manually annotated mutants using the ChimeraX AlphaFold (host: 

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold

2.ipynb) or the RoseTTAFold (host: http://robetta.bakerlab.org/) prediction tools (Baek 

et al. 2021; Jumper et al. 2021; Pettersen et al. 2021; Varadi et al. 2022; Mirdita et al. 

2022). To estimate the effect of SAMHD1 mutants on protein stability, DynaMut analysis 

was applied (Rodrigues et al. 2018).  

 

2.2.13 Statistics 

Statistical analysis was performed using GraphPad Prism (V9). If not otherwise stated, 

mean and standard deviation of biological replicates are indicated. Linear regression was 

used to analyze infections over a wide range of MOIs. Statistical significance was 

assessed using unpaired two-tailed t-test, as well as non-parametric Kruskal-Wallis test 

or parametric One-Way ANOVA, corrected against multiple testing using Dunn’s or 

Dunnet correction, respectively. The level of statistical significance is indicated in figures 

with asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not significant).  
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3. RESULTS 

3.1 Transdifferentiated BlaER1 cells are a novel macrophage 
model to study SAMHD1-mediated restriction 

3.1.1 BlaER1 transdifferentiation is reliable and robust 

Myeloid models to study HIV-1 restriction by mutagenesis are largely limited to PMA-

activated macrophage-like cells. In order to expand our toolkit and to study SAMHD1 

restriction and regulation in a more physiological macrophage model, we decided to 

establish transdifferentiated BlaER1 cells, as a novel model for HIV-1 infection in myeloid 

cells. Native B cell derived BlaER1 cells are transdifferentiated into macrophage-like cells 

via induction of the macrophage transcription factor CEBPα, which was fused to the 

estradiol receptor. Transdifferentiation is sustained by IL-3 and M-CSF treatment 

(Rapino et al. 2013). We used a transdifferentiation protocol adapted to the 6-well 

format (Stefan Bauer, unpublished), which enabled us to generate transdifferentiated 

BlaER1 macrophage-like cells in larger cell culture volumes, as compared to the original 

protocol described for the 96-well format (Gaidt et al. 2016; Gaidt et al. 2018). To control 

for successful and reliable transdifferentiation using this adapted protocol, we analyzed 

B cell marker CD19 and macrophage marker CD11b expression on native and 

transdifferentiated BlaER1 cells by flow cytometry. As demonstrated earlier (Rapino et 

al. 2013), transdifferentiation of BlaER1 cells resulted in loss of CD19 and acquisition of 

CD11b in the vast majority of cells (Fig. 15A). Using the adapted protocol, 

transdifferentiation was highly reproducible and yielded 89.3 ± 8.8% (n = 33) of CD19- 

CD11b+ cells in living GFP+ BlaER1 cells (Fig. 15B). Only in two out of 33 

transdifferentiation attempts, we detected less than 75% of CD19- CD11b+ (open circles 

Fig. 15B), which we considered outliners and for which the cells were not used for 

downstream experiments. Thus, BlaER1 transdifferentiation using the adapted protocol 

(Stefan Bauer, unpublished) is highly reproducible and yields a high proportion of CD19- 

CD11b+ macrophage-like BlaER1 cells. 
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Figure 15 : BlaER1 transdifferentiation is reliable and robust.  

(A) Representative flow cytometry analysis of CD19 and CD11b surface expression in native (n) and 

transdifferentiated (td) BlaER1 cells. Relative frequencies of CD19+ CD11b- and CD19- CD11b+ cell 

populations are indicated as % of living GFP+ cells (n = 33). (B) Relative quantification of macrophage-like 

CD19- CD11b+ cells in living GFP+ native (n) or transdifferentiated (td) BlaER1 cells. Every dot represents 

an individual transdifferentiation approach. Experiments in which transdifferentiated BlaER1 cells show  

< 75% CD19- CD11b+ cells in living GFP+ cells were excluded from downstream analysis (open circles). Error 

bars correspond to standard deviation (nn = 30, ntd = 33).  

3.1.2 Transdifferentiated BlaER1 cells express macrophage markers and 

HIV-1 (co-) receptors 

With transdifferentiation, the transcriptome of BlaER1 cells changes drastically and they 

adopt a gene expression profile closely resembling human monocyte-derived 

macrophages (Rapino et al. 2013). In order to validate these findings on a protein level, 

we analyzed surface expression of monocyte, macrophage and DC markers CD14, 

CD163, CD206, CD11c and CD1a by flow cytometry (Fig. 16). In concordance with their 

B cell ontogeny, native BlaER1 cells did not express CD14, CD163, CD206, CD11c or CD1a. 

After transdifferentiation however, the vast majority of BlaER1 cells showed CD163 and 

CD11c expression (Fig. 16), which, together with the expression of CD11b (Fig. 15), is in 

line with a myeloid phenotype. CD14 expression, a marker mainly found in monocytes 

and tissue resident macrophages, was differentially distributed in the 

transdifferentiated BlaER1 cell population (Fig. 16) (Uhlen et al. 2019; Karlsson et al. 

2021). Few cells remained CD14-, while most cells showed intermediate or high CD14 

expression, indicating that two subpopulations of transdifferentiated BlaER1 cells might 

exist. Also, a subset of BlaER1 cells acquired macrophage and myeloid DC marker CD206  
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Figure 16: Transdifferentiated BlaER1 cells express macrophage markers and HIV-1 (co-) receptors.  

Cell surface expression of indicated monocyte-derived macrophage or dendritic cell associated markers 

CD14, CD163, CD206 or CD11c and CD1a respectively, as well as HIV-1 (co-) receptors CD4, CXCR4 (CD184) 

and CCR5 (CD195), as analyzed by flow cytometry in living GFP+ cells of native (blue) and 

transdifferentiated (red) BlaER1 cells. HeLa TZM-bl cells were used as positive controls for HIV-1 (co-) 

receptors. Solid or dashed black lines indicate respective isotype or fluorescence minus one (FMO) control 

(n = 3). 

expression, after transdifferentiation (Uhlen et al. 2019; Karlsson et al. 2021). We did 

not detect CD1a expression in transdifferentiated BlaER1 cells. CD1a is a marker of 

Langerhans cells, as well as for some myeloid DC and monocyte subsets (Uhlen et al. 

2019; Karlsson et al. 2021). Taken together, transdifferentiated BlaER1 cells express 

surface markers associated with a monocyte or macrophage-like phenotype.  

In vivo, macrophages are a relevant HIV-1 target cells due to HIV-1 receptor CD4 and 

CXCR4 or CCR5 co-receptor surface expression and their role in HIV-1 transmission, 

persistence and pathogenesis (Verani et al. 1998; Sattentau and Stevenson 2016). By 

flow cytometry analysis, we could detect CD4 and CCR5 surface expression on the 

majority of transdifferentiated, but not native BlaER1 cells (Fig. 16). CCR5 expression in 

transdifferentiated BlaER1 cells was comparable to HeLa TZM-bl cells, which were 

previously modified for overexpression of CCR5 and CD4 (Platt et al. 1998). CD4 
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expression in transdifferentiated BlaER1 cells was low, as compared to HeLa TZM-bl 

cells, but clearly higher than the isotype control in the main macrophage-like population. 

CXCR4 is expressed on both native and transdifferentiated BlaER1 cells at levels slightly 

higher than in HeLa TZM-bl cells (Fig. 16). In conclusion, expression of HIV-1 (co-) 

receptors indicates that macrophage-like transdifferentiated BlaER1 cells might be 

amenable to infection with non-pseudotyped CCR5- and CXCR4- tropic HIV-1. 

 

3.1.3 BlaER1 cells carry a productive endogenous retrovirus and show 

elevated baseline ISG levels 

BlaER1 cells have successfully been used to study innate immune signaling (Gaidt et al. 

2016; Gaidt et al. 2017; Greulich et al. 2019). However, several groups (Oliver Keppler, 

Veith Hornung, Stefan Bauer, personal communication) reported a possible 

contamination of the BlaER1 cell line with the squirrel monkey retrovirus (SMVR), an 

endogenous retrovirus present in a number of cell lines (Uphoff et al. 2010; Uphoff et 

al. 2019). In order to test, whether our batch was also affected, we used SMRV env and 

gag specific PCR (Uphoff et al. 2010). SMRV env and gag were detected in early passage 

BlaER1 cells, as well as in SAMHD1 KO single cell clones derived from the original BlaER1 

cell batch (for details see section 3.2.3), but not in other cell lines used in this work (Fig. 

17A).  

BlaER1 cells have been generated based on the RCH-ACV cell line, which previously has 

not been reported to be infected with SMRV and for which the original stocks are SMRV-

negative (Thomas Graf, unpublished). Likely, SMRV was accidentally transmitted from a 

SMRV-positive cell line by co-culture (Thomas Graf, personal communication) with 

SMRV-positive Namalwa cells (Uphoff et al. 2010). To test if the SMRV clone present in 

BlaER1 cells is able to produce viral particles, we measured C-type retrovirus reverse 

transcription (RT) activity in the cell free supernatant obtained from native and 

transdifferentiated BlaER1 cells (Fig. 17B). RT activity was clearly detectable in native 

WT BlaER1 cells. In transdifferentiated WT and SAMHD1 KO BlaER1 cells, we detected 

lower levels of C-type retrovirus RT activity, which however was consistently above the 

background activity found in non-contaminated cells (Fig. 17B). Therefore, we conclude  
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Figure 17: BlaER1 cells carry productive endogenous retrovirus and show elevated baseline ISG levels.  

(A) Detection of SMRV gag and env in genomic DNA isolated from indicated cell types or no template 

control (NTC) by PCR amplification. Primers specific for SAMHD1 exon 16 were used as controls (n = 1). 

(B) Measurement of C-type retrovirus reverse transcriptase (RT) activity in cell free supernatant  obtained 

from native (n) and transdifferentiated (td) BlaER1, as well as cycling THP-1 cells (n = 1). (C) RT-qPCR 

analysis of ISG54 mRNA expression in native (n) and transdifferentiated (td) BlaER1 cells, as well as cycling 

(- PMA) THP-1 or THP-1 cells activated for 24 h with 60 ng/ml PMA (+ PMA). ISG54 mRNA expression was 

normalized to RPL13a and again to PMA-activated THP-1 cells according to 2-ΔΔCt method. Error bars 

indicate standard deviation of biological triplicates (n = 2).  

that native BlaER1 cells are in principle able to produce infectious SMRV particles and 

should be handled and quarantined accordingly.  

Endogenous retroviruses can modify innate sensing and might serve as a source of 

PAMPs to trigger immune activation and ISG response (Schmidt et al. 2019a; 

Srinivasachar Badarinarayan and Sauter 2021). To evaluate if transdifferentiated BlaER1 

cells could be used as a model for HIV-1 sensing in macrophages, we analyzed baseline 

ISG expression in native and transdifferentiated BlaER1 cells. While we could not 

observe elevated ISG54 expression in native BlaER1 cells, when compared to cycling and 

PMA-activated THP-1 cells, we observed high baseline ISG54 expression in 

transdifferentiated BlaER1 cells (Fig. 17C). Therefore, due to SMRV contamination and 

elevated baseline ISG levels, BlaER1 cells might not be an ideal model to study HIV-1 

sensing and induction of ISG response in macrophage-like cells. However, this caveat 

can very likely be overcome using adequate control conditions. 
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3.1.4 Transdifferentiated BlaER1 cells express SAMHD1 

dephosphorylated at residue T592 

SAMHD1 is a major anti-lentiviral restriction factor in myeloid cells (Hrecka et al. 2011; 

Berger et al. 2011; Laguette et al. 2011). To test if transdifferentiated BlaER1 cells could 

serve as a model to study SAMHD1-mediated HIV-1 restriction in macrophages, we 

analyzed SAMHD1 expression by immunoblot. Transdifferentiated, but not native 

BlaER1 cells showed a high level of SAMHD1 expression, which was comparable to 

cycling THP-1 cells (Fig. 18). Also, SAMHD1 in transdifferentiated BlaER1 cells was 

completely dephosphorylated at residue T592. Relative SAMHD1 T592 phosphorylation 

was 31-fold lower in transdifferentiated BlaER1 compared to cycling THP-1 cells (0.032 

± 0.013 relative SAMHD1 pT592 normalized to cycling THP-1, n = 6, Fig. 18). SAMHD1 

T592 de-phosphorylation is an important pre-requisite for SAMHD1-mediated HIV-1 

restriction. SAMHD1 T592 phosphorylation is mediated by cyclin A2 in complex with 

CDK1 in cycling cells (Cribier et al. 2013; Welbourn et al. 2013; White et al. 2013b). In 

line with this, cyclin A2 and cyclin B1 expression was drastically reduced in 

transdifferentiated BlaER1 cells (Fig. 18). Low cyclin expression also confirms the 

reported G1/G0 arrest in transdifferentiated BlaER1 cells (Rapino et al. 2013). Taken 

together, high expression of SAMHD1 completely dephosphorylated at residue T592 

suggests that SAMHD1 could serve as an active restriction factor in transdifferentiated 

BlaER1 cells.  

 

Figure 18 : Transdifferentiated BlaER1 cells express 

SAMHD1 which is dephosphorylated at residue T592.   

Representative immunoblot analysis of SAMHD1, Cyclin B1 

and Cyclin A2 expression in native (n) and transdifferentiated 

(td) BlaER1 cells, as well as cycling THP-1 cells. GAPDH was 

used as a loading control. Mean of SAMHD1 T592 

phosphorylation (pT592) relative to total SAMHD1 

expression in transdifferentiated BlaER1 cells was normalized 

to cycling THP-1 cells (n = 6).  
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3.2 SAMHD1 is a major HIV-1 restriction factor in 
transdifferentiated BlaER1 cells 

3.2.1 VLP-Vpx-mediated SAMHD1 depletion increases HIV-1 infection in 

transdifferentiated BlaER1 cells 

HIV-2 and SIVmac effector protein Vpx targets SAMHD1 for proteasomal degradation 

leading to fast and efficient depletion of SAMHD1 (Berger et al. 2011; Hrecka et al. 2011; 

Laguette et al. 2011). To define the restrictive capacity of SAMHD1 in the context of 

transdifferentiated BlaER1 cells, we infected the cells with a single-cycle HIV-1 luciferase 

reporter virus (HIV-1-luc), in presence or absence of VLPs containing SIVmac251 Vpx (VLP- 

Vpx). VLP-Vpx treatment led to efficient degradation of SAMHD1 (0.013 ± 0.007 relative 

SAMHD1 expression normalized to no VLP-Vpx, n = 3) (Fig. 19A) and strongly increased 

HIV-1-luc infection (Fig. 19B). Comparison of linear regression of untreated or VLP-Vpx 

treated cells, revealed a significant increase over a wide range of MOIs. Thus, SAMHD1 

seems to efficiently block HIV-1 infection of transdifferentiated BlaER1 cells. This block 

can be overcome by VLP-Vpx treatment in trans.  

  

 

Figure 19: VLP-VPX-mediated SAMHD1 depletion increases HIV-1 infection in transdifferentiated BlaER1 

cells.  

(A) Transdifferentiated BlaER1 cells were treated with VLP-Vpx or medium for 24 h. SAMHD1 degradation 

was measured by immunoblot and quantified relative to GAPDH expression, followed by normalization to 

medium treated control (mean of n = 3). (B) VLP-Vpx or medium treated transdifferentiated BlaER1 cells 

were infected at the time point of treatment with VSV-G pseudotyped HIV-1 single-cycle luciferase 

reporter virus pNL4.3 E- R- luc at an MOI of 0.1, 0.33 and 1. Relative light units (RLUs) were quantified by 

luciferase measurement in cells at 24 hours post infection (hpi). Linear regressions (dashed lines) were 

calculated and differences of slopes tested for significance (p = 0.0125, n = 3, unpaired t-test). Error bars 

correspond to standard deviation (* p < 0.05).  
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3.2.2 CRISPR/Cas9 ribonucleoprotein-mediated knock-out is efficient in 

BlaER1 cells 

In order to genetically study SAMHD1 and to validate its anti-viral restriction by forward 

genetics, we decided to use the CRISPR/Cas9 KO technology. So far, CRISPR/Cas9 KO in 

BlaER1 cells was achieved using plasmid-based guide RNA (gRNA) and Cas9 co-

expression systems (Ran et al. 2013; Schmid-Burgk et al. 2014; Gaidt et al. 2016). Even 

though this methodology can be highly efficient, recent evidence indicates that RNP 

based CRISPR/Cas9 KO can reach a higher efficiency especially in primary cells, but also 

in delicate or hard to transfect cell lines (Hultquist et al. 2016; Seki and Rutz 2018). 

Therefore, we adopted the published methodology and developed a KO pipeline, in 

which Cas9 RNP is assembled with tracrRNA and gene specific crRNA in vitro and 

subsequently introduced into native BlaER1 cells via nucleofection (Fig. 20A). By 

optimizing the standard nucleofection protocol, we were able to reach high 

nucleofection efficiencies (up to 42%) in BlaER1 cells (data not shown). To assess KO 

efficiency in BlaER1 cells, we designed crRNAs directed against CD19 and monitored 

CD19 surface expression 120 h after RNP nucleofection by flow cytometry. Depending 

on the specific crRNA target sequence, RNP treatment resulted in 35 to 60% CD19- KO 

cells, indicating our CRISPR/Cas9 RNP protocol to be highly efficient in BlaER1 cells (Fig. 

20B). The TIDE assay allows an estimation of CRISPR/Cas9 InDel efficiencies in bulk 

preparation of cells (Brinkman et al. 2018) (Fig. 20A). When generating SAMHD1 KO 

cells, we directly compared CRISPR/Cas9 InDel efficiencies in BlaER1 cells treated with a 

RNP directed against SAMHD1 exon 1 (crRNA-SAMHD1-ex1_NF) or a plasmid based 

system (pU6-(SAMHD1_ex1)_CBh-Cas9-T2A-mCherry), targeting the same sequence 

(Fig. 20C). InDel efficiency in RNP treated cells was high (60.3%) and 4-fold higher than 

in cells in which the plasmid based CRISPR system was introduced by nucleofection. Low 

efficiency of the CRISPR plasmid system might be explained by a higher proportion of 

cell death in the plasmid treated condition and a non-optimal expression of promotors 

in native BlaER1 cells (data not shown). In conclusion, we show that RNP based 

CRISPR/Cas9 strategy in BlaER1 cells is highly efficient and might be superior to plasmid-

based CRISPR/Cas9 KO approaches. 
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Figure 20: Strategy based on CRISPR/Cas9 ribonucleoprotein allows efficient generation of SAMHD1 

knock-out BlaER1 cells.  

(A) Our CRISPR/Cas9 knock-out (KO) strategy was based on in vitro assembled ribonucleoprotein (RNP) 

consistent of Cas9 protein tracrRNA and a target specific crRNA. RNPs were introduced into cells via 

nucleofection and the efficiency of InDel formation was analyzed using TIDE assay in bulk preparations 

(Brinkman et al. 2018). Bi-allelic KO in single cell clone generated by limited dilution was analyzed by allele 

specific sequencing and confirmed by immunoblot on the protein level. (B) Native BlaER1 cells were 

nucleofected with CRISPR/Cas9 protein after in vitro complexation with one of two crRNA targeting the 

CD19 gene (crRNA-CD19-1 and crRNA-CD19-2) or a non-targeting control (crNTC-1). CD19 expression in 

living GFP+ BlaER1 cells was analyzed 120 h after nucleofection, by flow cytometry (n = 1). (C) Sanger 

sequencing reads of bulk preparations obtained from BlaER1 cells nucleofected with non-targeting control 

RNPs (crNTC-1), RNPs targeting SAMHD1 exon 1 (crRNA-SAMHD1-ex1_NF), or a plasmid encoding Cas9 

and a CRISPR guide RNA targeting the same sequence. Efficiencies of InDel formation as determined by 

TIDE assay are indicated (n = 1). (D) Single cell clones generated from crRNA-SAMHD1-ex1_NF treated 

BlaER1 cells  were Sanger sequenced after TA-cloning to separate alleles and aligned to WT. The extent of 

insertions (red) and/or deletions (InDels) are indicated, as well as the position of the premature stop 

codon (gray) introduced by the respective genetic modification. (E) Genetically confirmed SAMHD1 knock-

out clones were analyzed via immunoblot for SAMHD1 expression in transdifferentiated BlaER1 cells. 
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GAPDH was used as loading control (n = 7). (E) Percentage of CD19- CD11b+ cells in living GFP+ 

transdifferentiated WT and SAMHD1 KO cells were quantified by flow cytometry (#1 p = 0.6679, #2 p > 

0.9999, #3 p = 0.1913, n = 7, Kruskal–Wallis test). Error bars correspond to standard deviation (ns, not 

significant). 

3.2.3 CRISPR/Cas9-mediated knock-out of SAMHD1 in BlaER1 cells 

Since generation of InDels using RNPs directed against SAMHD1 exon 1 seemed highly 

efficient, we also anticipated a high frequency of phenotypic SAMHD1 KO. Indeed, after 

generation of single cell clones by limited dilution (Fig. 20A), we screened for absence 

of SAMHD1 expression in transdifferentiated BlaER1 cells by immunoblot and could 

identify several clones that showed no detectable SAMHD1 protein expression. In order 

to validate potential KO clones on a genetic level, we performed allele specific Sanger 

sequencing. Three clones showed bi-allelic InDels resulting in a frameshift and a 

premature stop codon after not more than 65 amino acids (Fig. 20D). The parental RCH-

ACV cell line of BlaER1 cells does not harbor a duplication in chromosome 20, suggesting 

that all available SAMHD1 loci were detected and are modified in the SAMHD1 KO clones 

(Jack et al. 1986). Importantly, the exact sequence of all six InDels was non-identical (Fig. 

20D), indicating that we could identify three completely independent single cell 

SAMHD1 KO clones. Genetically validated SAMHD1 KO clones were again confirmed for 

absence of detectable SAMHD1 expression in transdifferentiated BlaER1 cells (Fig. 20E). 

Importantly, transdifferentiation of BlaER1 SAMHD1 KO single cell clones still was highly 

efficient and not affected by SAMHD1 KO (Fig. 20F). 

 

3.2.4 SAMHD1 knock-out relieves block to HIV-1 reporter virus infection 

in BlaER1 macrophages 

To test the restrictive potential of transdifferentiated SAMHD1 KO BlaER1 cells clones, 

we performed an infection experiment using HIV-1-luc at MOI 0.1, 0.33 and 1. As 

expected, genetic depletion of SAMHD1 led to a strong increase of HIV-1-luc infection 

over a wide range of MOIs (Fig. 21A). Comparing linear regressions calculated based on 

different MOIs, we saw a highly significant increase of HIV-1-luc infection in all three 

validated SAMHD1 KO clones. Even though BlaER1 transdifferentiation is highly efficient, 

a minor CD11b- CD19+ cell population persists (Fig. 21B) and might contribute to the  
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Figure 21 SAMHD1 knock-out relieves block to HIV-1 reporter virus infection in BlaER1 macrophages.  

(A) Transdifferentiated BlaER1 WT and SAMHD1 KO cell clones were infected with pNL4.3 E- R- luc (VSV-

G) and RLUs quantified 24 hpi. Statistical significance of differences between linear regressions (dashed 

lines) in SAMHD1 KO clones compared to WT are indicated (p < 0.0001 for Clone #1, 2 and 3, n = 7, One-

way ANOVA). (B) Residual CD19+ cells in transdifferentiated BlaER1 cell preparations, were depleted using 

magnetic bead separation and infected with pNL4.3 E- R- luc (VSV-G) (C). RLUs were quantified 24 hpi and 

linear regressions are shown (n = 1). Error bars indicate standard deviation of technical triplicates. (D, E, 

F, G) Transdifferentiated WT and SAMHD1 KO cell clones were infected with VSV-G pseudotyped HIV-1 

single cycle mCherry reporter virus pBR HIV1 M NL4.3 IRES mcherry E- R+ at MOI 1. Living GFP+ were 

analyzed for CD11b expression (D) and percentage of mCherry+ cells was quantified by flow cytometry in 

living GFP+ CD11b+ BlaER1 cells at 24 hpi. (E) Representative histograms are shown for mock and HIV-1 

mCherry reporter virus infected transdifferentiated WT and SAMHD1 KO BlaER1 cell clones. Percentage 

of mCherry+ in living GFP+ CD11b+ BlaER1 cells (F) or mean fluorescence intensity is shown (G). Bar graphs 

indicate mean of experiments, dots individual biological replicates for %mCherry+ cells (Clone #1 p = 

0.3633, #2 p = 0.0360, #3 p = 0.0013, n = 5, Kruskal–Wallis test) and MFI (Clone #1 p = 0.0053, #2 p < 

0.0001, #3 p < 0.0001, n = 5, One-way ANOVA). (A, F, G) Error bars correspond to standard deviation of 

biological replicates (* p < 0.05; ** p < 0.01; **** p < 0.0001; ns, not significant). 
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luciferase signal measured after infection with HIV-1-luc or bias the number of CD11b+ 

infected cells and thus might affect the outcome of infection experiments.  

To investigate the impact of this minor native-like cell population on HIV-1-luc infection, 

we performed CD19 depletion on transdifferentiated WT and SAMHD1 KO BlaER1 cells 

using magnetic bead separation (Fig. 21B). CD19 depletion drastically reduced the 

proportion of residual native-like CD19+ CD11b- cells in transdifferentiated BlaER1 cells 

below 0.05%, leading to highly pure (> 99%) CD19- CD11b+ macrophage-like cell 

population. We infected the purified cells with HIV-1-luc (Fig. 21C). CD19 depletion 

slightly decreased the level of infection in SAMHD1 KO, but importantly reduced the 

level of residual infection in WT BlaER1 cells to a minimum, consistent with the 

hypothesis that residual native-like cells support HIV-1 infection independent of 

SAMHD1-mediated restriction.  

To rule out a potential confounding effect of a minor CD11b- native-like population, we 

developed a flow cytometry workflow combining the use of a single-cycle HIV-1-

mCherry reporter virus (HIV-1-mCherry) together with staining for living CD11b+ cells. 

Using this strategy, we could specifically analyze and quantify the infection in 

transdifferentiated CD11b+ macrophage-like BlaER1 cells, even though a substantial 

proportion of CD11b- cells was infected at 24 hours post infection (hpi) (Fig. 21D and E). 

HIV-1-mCherry infection, as measured by the percentage of mCherry+ cells and by mean 

fluorescence (MFI) in CD11b+ living GFP+ transdifferentiated BlaER1 cells, was strongly 

and significantly increased upon SAMHD1 KO at 24 hpi (Fig. 21F and G). This confirms 

that SAMHD1 is a major anti-lentiviral restriction factor in macrophage-like 

transdifferentiated BlaER1 cells. We conclude that transdifferentiated BlaER1 cells are a 

good model to study SAMHD1-mediated HIV-1 restriction. 

 

3.3 CRISPR/Cas9 knock-in strategy validates regulation of 
SAMHD1 by phosphorylation at T592 

3.3.1 Overexpressed SAMHD1 is hyperphosphorylated  

Previous analysis of the restrictive potential of SAMHD1 mutants has so far been limited 

to assays employing SAMHD1 overexpression and rescue of restriction in a SAMHD1- 
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Figure 22: Overexpressed SAMHD1 is hyperphosphorylated.  

(A) Hela cells 3X transduced with pLX304-nEGFP-SAMHD1 and selected for blasticidin resistance were 

synchronized using double thymidine block and analyzed for SAMHD1 expression and T592 

phosphorylation at several time points post release by immunoblot. Ratio of SAMHD1 T592 

phosphorylation (pT592) relative to SAMHD1 expression was normalized to cycling HeLa cells. Cell cycle 

distribution was analyzed by flow cytometry using automated cell cycle determination (* manual cell cycle 

gating) (n = 1). (B) Immunoblot analysis of U937 cells transduced 3X with empty or nFlag-SAMHD1 

encoding pLX304 lentiviral particles and selected for blasticidin resistance. Cells were differentiated with 

100 ng/ml PMA for indicated time span. Relative SAMHD1 T592 phosphorylation was normalized to non-

PMA treated cells overexpressing SAMHD1. Data generated by Paula Rauch under supervision (n = 1).  

(C) Immunoblot analysis of SAMHD1 KO THP-1 cells transduced 5X with respective pLX304 particles and 

selected for blasticidin resistance. THP-1 cells were activated as indicated with 60 ng/ml PMA for 24 or 48 

h. Relative SAMHD1 T592 phosphorylation was normalized to endogenous SAMHD1 of PMA-treated WT 

THP-1 cells (n = 1). 
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negative background i.e. PMA-activated U937 cells (Cribier et al. 2013; Welbourn et al. 

2013; White et al. 2013b). However, we and others repeatedly failed to reliably 

reproduce even the well-established phenotype of phospho-mimetic T592E and 

phosphoablative T592A mutant overexpression in U937 and SAMHD1 KO THP-1 cells 

(not shown, Michael Schindler personal communication). This was found independent 

of the specific lenti- or retroviral vector system used, as well as of the level of SAMHD1 

expression achieved in bulk cell preparations (not shown). Additionally, rescue of 

SAMHD1-mediated restriction in PMA-activated SAMHD1-negative U937 and SAMHD1 

KO THP-1 cells lacked consistency and seemed to be unstable over time even though the 

cell population was selected for successful transgene integration (not shown, Felipe 

Diaz-Griffero personal communication). We thus hypothesized that overexpressed 

SAMHD1 might be dysregulated with regards to residue T592 phosphorylation, as 

compared to endogenous SAMHD1 expressed at physiological levels. This again might 

affect anti-viral activity.  

In order to better understand the effect of SAMHD1 overexpression on SAMHD1 T592 

phosphorylation, we analyzed cell cycle-dependent (de-) phosphorylation of 

overexpressed nEGFP-SAMHD1 in HeLa cells after release from double thymidine block. 

Cyclin expression and cell cycle analysis by flow cytometry indicated successful cell cycle 

synchronization of nEGFP-SAMHD1 overexpressing HeLa cells (Fig. 22A). However, 

overexpressed nEGFP-SAMHD1 showed only a minor increase in T592 phosphorylation 

in cells blocked in S-phase (+0 and +2 h) and upon progression through G2 (+4 and +7 h), 

when compared to cycling or G1/G0 HeLa cells. Also, no drastic decrease of T592 

phosphorylation was observed upon transition through mitosis (Fig. 22A, +9 to +11.5h). 

This was in stark contrast to cell cycle-dependent pT592 levels of endogenous SAMHD1 

in synchronized HeLa cells (Schott et al. 2018) and indicates that overexpressed SAMHD1 

is inadequately regulated by cell cycle-dependent mechanisms.  

To validate these findings for PMA-activated myeloid cells, we analyzed SAMHD1 

phosphorylation upon overexpression in U937 and SAMHD1 KO THP-1 cells (Fig. 22B and 

C). PMA treatment strongly induced expression of pLX304-nFlag-SAMHD1 construct in 

U937 and THP-1 cells. Indeed, also T592 phosphorylation reached high levels in PMA-

activated U937 and THP-1 cells overexpressing SAMHD1. Surprisingly, PMA treatment 

of U937 cells overexpressing SAMHD1 did increase T592 phosphorylation 2.4- to 7.0-
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fold relative to cycling U937 cells (Fig. 22B). In concordance, even though low cyclin A2 

expression in PMA-treated THP-1 cells suggested a near complete cell cycle arrest in 

G1/G0, T592 phosphorylation of overexpressed SAMHD1 was 23-fold higher in PMA-

activated THP-1 cells compared to the phosphorylation ratio of the endogenous 

SAMHD1 protein (Fig. 22C).  

In summary, overexpression of SAMHD1 leads to dysregulation of cell cycle-dependent 

T592 phosphorylation. Importantly, SAMHD1 in common myeloid models, such as PMA-

activated U937 and THP-1 cells, is hyperphosphorylated when overexpressed. This might 

impact anti-retroviral activity of SAMHD1 and affect stability and reliability of these 

model systems. Alternative methods to validate the restrictive activity of SAMHD1 

mutants in the myeloid models are urgently needed.  

 

3.3.2 CRISPR/Cas9 ribonucleoprotein-mediated knock-in can be achieved 

in BlaER1 cells 

One possibility to overcome problems with SAMHD1 mutant overexpression would be 

the introduction of specific mutations into the endogenous SAMHD1 locus. Recent 

developments in the field of gene editing using CRISPR/Cas9-mediated KI allow the 

introduction of single nucleotide changes at the genomic level via HR (Paquet et al. 2016; 

Renaud et al. 2016). However, efficiency of CRISPR/Cas9 KI is highly cell type- 

dependent. Efficient delivery of Cas9, gRNA and HDR template are key determinants of 

KI efficiency (Renaud et al. 2016). In addition, other cell intrinsic features i.e. the activity 

and choice of the different DNA DSB repair pathways clearly have a strong impact on KI 

efficiency (Liu et al. 2018b; van Chu et al. 2015; Maruyama et al. 2015). In order to avoid 

cell death induced by nucleofection of plasmid DNA (not shown), we decided to combine 

efficient delivery of Cas9 RNPs together with correction templates in form of ssDNA 

oligonucleotides, which can, especially when chemically modified, serve as good HDR 

template (Chen et al. 2011; Paquet et al. 2016; Renaud et al. 2016) and might be less 

immunogenic (Gaidt et al. 2017; Bartok and Hartmann 2020).  

BlaER1 cells express GFP. In order to easily quantify CRISPR/Cas9 KI efficiency in cycling 

BlaER1 cells, we made use of a GFP to BFP conversion assay (Glaser et al. 2016). Here, 

introduction of a GFP-specific Cas9 RNP together with a ssDNA correction template 
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Figure 23: CRISPR/Cas9 ribonucleoprotein mediated knock-in in BlaER1 cells.  

Cas9 RNP containing non-targeting crRNA-NTC or crRNA-GFP, directed against GFP, together with an 

ssDNA correction template introducing a mutation that confers GFP to BFP mutation (ssDNA_GFPtoBFP), 

were introduced into BlaER1 cells by nucleofection. As indicated, HDR enhancer was applied at 30 µM for 

24 h after nucleofection. GFP to BFP conversion was measured by flow cytometry after 9 days. The 

percentage the parental living cell gate is shown (n = 1). 

confers single nucleotide exchange leading to a GFP Y167H mutation and to GFP to BFP 

conversion. This can easily be measured by flow cytometry. Nucleofection of BlaER1 cells 

with RNPs containing crRNA-GFP-1 and ssDNA_GFPtoBFP led to the conversion of a 

substantial fraction (15.8%) of GFP+ BlaER1 cells into BFP+ cells 9 days after 

nucleofection, indicating that CRISPR/Cas9 KI can achieve high frequencies in BlaER1 

cells (Fig. 23). Only a minor fraction of BlaER1 cells remained GFP+, suggesting that 

overall efficacy of delivery and CRISPR editing was high. However, a large fraction of 

BlaER1 cells (76.2%) lost GFP expression without acquiring BFP expression. This indicates 

that non-homologous repair pathways are highly active in cycling BlaER1 cells, 

introducing random InDels in a large fraction of cells and outcompeting ssDNA 

correction template-dependent HDR.  

Small molecule-mediated inhibition of the NHEJ pathway or promotion of HDR pathways 

has been shown to favor HDR-dependent KI over insertions of InDels in various settings 

(Liu et al. 2018b; van Chu et al. 2015; Maruyama et al. 2015). Indeed, the commercially 

available Alt-R HDR Enhancer, led to a 2-fold increase in the efficiency of GFP to BFP 

conversion in cycling BlaER1 cells (Fig. 23). In conclusion, CRISPR/Cas9 RNP 

nucleofection together with the use of ssDNA correction templates allows CRISPR KI in 

cycling BlaER1 cells. 
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3.3.3 Generation and validation of SAMHD1 mutants introduced via 

CRISPR/Cas9-mediated knock-in into BlaER1 cells 

To generate endogenous SAMHD1 mutants of the residue T592 via CRISPR/Cas9-

mediated KI, we developed a pipeline based on the introduction of RNPs and ssDNA 

correction templates using nucleofection into cycling BlaER1 cells (Fig. 24A). 

Nucleofected cells were separated by limited dilution. Based on bulk sequencing, as well 

as TIDER and ICE assay (Brinkman et al. 2018; Hsiau et al. 2018), we expected low 

frequency of HDR events and a high proportion of alleles harboring non-specific InDels 

(Fig. 24E). To overcome this hurdle, we screened for KI candidate clones using the allele-

specific KASP-genotyping PCR screening assay (Fig. 24B). CRISPR/Cas9 KI in KASP+ 

candidate clones was validated by Sanger sequencing (Fig. 24C). Quantitative genomic 

PCR (qgPCR) was used to exclude large genomic deletions (Fig. 24D) (Weisheit et al. 

2020).  

Indeed, using Sanger sequencing, we were able to identify several homozygous KI clones 

harboring the SAMHD1 T592A or T592E mutation (Fig. 24C). Initially we were also able 

to identify heterozygous SAMHD1 T592E and T592A mutants (Fig. 24C). However, when 

analyzing the expression of both SAMHD1 allele variants in heterozygous SAMHD1 

mutants by reverse transcription and bulk, as well as allele specific Sanger sequencing 

of mRNA obtained from transdifferentiated BlaER1 cell clones, we were only able to 

identify the mutant allele (not shown). This indicated the absence of expression for the 

WT SAMHD1 allele. Therefore, heterozygous SAMHD1 mutants were not included in 

downstream analysis. CRISPR/Cas9 KI can lead to loss of single alleles and to pseudo-

homozygosity (Weisheit et al. 2020). Quantification of allele numbers of SAMHD1 exon 

16 revealed that the majority of homozygous single cell T592A and T592E KI clones still 

contained two alleles of SAMHD1 exon 16 (Fig. 24D). However, we could identify one 

out of 8 clones (Clone X), showing loss of one allele in qgPCR, indicative of pseudo-

homozygosity (Weisheit et al. 2020). In total, we were able to generate and validate two 

homozygous T592A, as well as three homozygous T592E BlaER1 KI mutants, 

corresponding to a homozygous KI frequency of ~1% and highlighting the necessity of 

KASP pre-screening to reduce the number of KI candidates (Fig. 24E). In our hands, 

prediction of KI efficiency using ICE and TIDER assays was not reliable and the outcome 

rather dependent on the specific mutation introduced (Fig. 24E).  
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Figure 24: A pipeline to generate mutants of SAMHD1 by CRISPR/Cas9 mediated knock-in.  

(A) Schematic representation of CRISPR/Cas9 meditated knock-in (KI) to generate mutants of SAMHD1 in 

BlaER1 cells. Cas9 ribonucleoprotein (RNP) together with ssDNA correction template was introduced into 

BlaER1 cells via nucleofection. Single cell clones generated by limiting dilution were screened using KASP 

assay and validated by Sanger sequencing and quantitative genomic PCR (qgPCR) (Weisheit et al. 2021). 

(B) Exemplary, allelic discrimination plot generated by KASP analysis of CRISPR/Cas9 SAMHD1 T592E KI 

single cell clones. Relative fluorescence units (RFUs) are given for WT (FAM) and mutant (HEX) specific 

PCR probes. Individual clones have been assigned into WT (yellow dots), heterozygous (green triangles) 
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and homozygous KI (blue squares) populations. Homo- and heterozygous candidate clones were assigned 

to be KASP+ and were analyzed further. (C) Representative sections of Sanger sequencing traces obtained 

from genomic SAMHD1 exon 16, highlighting successful mono- or bi-allelic single base exchange at the 

base triplet corresponding to amino acid position T592 in BlaER1 SAMHD1 KI T592A and T592E mutant 

single cell clones. No further mismatches were found up- or downstream of the section shown. Two 

independent sequencing runs were performed per clone. Homozygous T592E mutants were additionally 

confirmed by allele specific sequencing after TA-cloning. (D) Quantitative genomic PCR for SAMHD1 exon 

16 against reference gene TERT was performed and 2-Δct value obtained from SAMHD1 KI clones 

normalized to WT, to obtain the allele number. As a control half of the WT (WT 1/2) DNA was inoculated 

and Δct  of SAMHD1 calculated against ct of TERT which was obtained in the WT with normal DNA amount. 

Error bars indicate standard deviation of technical triplicates in a representative experiment (n = 2). (E) 

Table comparing KI efficiencies as estimated from ICE or TIDER assays (Brinkman et al. 2018; Hsiau et al. 

2018) to experimental  efficiency of KI for our KI approaches (two batches per mutation). Number of single 

cell clones obtained from CRISPR/Cas9 RNP and ssDNA correction oligo treated BlaER1 cells and number 

of clones scoring positive in KASP assay, as well as homo- (Mut/Mut) and heterozygous (Mut/WT) mutants 

identified by Sanger sequencing and confirmed by qgPCR, are shown. (F) Transdifferentiated SAMHD1 KI 

BlaER1 cells were analyzed by immunoblot for SAMHD1 expression and compared to WT cells. GAPDH 

was used as a loading control (representative for n = 3). (G) Percentage of CD19- CD11b+ cells in living GFP+ 

transdifferentiated WT and SAMHD1 KI cells were quantified by flow cytometry. Error bars indicated 

standard deviation of biological replicates (n = 4). 

In order to confirm the functionality of SAMHD1 T592E and T592A KI clones, we analyzed 

expression of SAMHD1 and BlaER1 transdifferentiation. SAMHD1 mutant protein in 

transdifferentiated homozygous T592A and T592E KI BlaER1 single cell clones was 

similar to WT protein in the respective parental cell line (Fig. 24F). Also, SAMHD1 KI had 

no negative impact on BlaER1 transdifferentiation (Fig. 24G). In summary, using our 

pipeline we were able to introduce homozygous T592A and T592E mutations into the 

endogenous SAMHD1 locus of BlaER1 cells. 

 

3.3.4 Homozygous SAMHD1 T592E, but not T592A mutation leads to loss 

of HIV-1 restriction in transdifferentiated BLaER1 cells 

In order to test endogenous SAMHD1 mutants for their HIV-1 restriction potential, we 

infected several clones of transdifferentiated homozygous SAMHD1 phosphoablative 

T592A and phosphomimetic T592E KI BlaER1 cell mutants with HIV-1-luc reporter virus 

at a variety of MOIs and measured relative light units (RLUs) after 24 hpi (Fig. 25A).  
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Figure 25: Homozygous SAMHD1 T592E, but not T592A mutation leads to loss of HIV-1 restriction in 

transdifferentiated BLaER1 cells.  

(A) Transdifferentiated BlaER1 WT and SAMHD1 KO cell clones were infected with pNL4.3 E- R- luc (VSV-

G) and RLUs were quantified 24 hpi. Statistical significance of differences between linear regressions 

(dashed lines) in SAMHD1 KI clones compared to WT are indicated (KO p < 0.0001, T592A/A Clone #1 p = 

0.9375, #2 p = 0.9065, T592E/E Clone #1 p < 0.0001, #2 p = 0.0053, #3 p < 0.0001, n = 7, One-way ANOVA). 

(B, C) Transdifferentiated homozygous SAMHD1 T592E and T592A BlaER1 KI clones were infected with 

VSV-G pseudotyped HIV-1 single cycle mCherry reporter virus pBR HIV1 M NL4.3 IRES mcherry E- R+ at 

MOI 1. Percentage of mCherry+ cells was quantified by flow cytometry in living GFP+ CD11b+ BlaER1 cells 

at 24 hpi. (B) Representative histograms are shown for mock and HIV-1 mCherry reporter virus infected 

cells. Percentage of mCherry+ cells in living GFP+ CD11b+ BlaER1 cells is indicated (n = 3). Percentage of 

mCherry+ cells in infected SAMHD1 KI clones (C) or mean fluorescence intensity were quantified (D). Bar 

graphs indicate mean of experiments for %mCherry+ cells, dots individual biological replicates (against 

WT: KO p < 0.0001, T592A/A Clone #1 p = 0.9977, #2 p = 0.9949, T592E/E Clone #1 p = 0.0070, #2 p = 

0.0002, #3 p < 0.0001; against KO: T592A/A Clone #1 p < 0.0001, #2 p < 0.0001, T592E/E Clone #1 p < 



 

96 
 

0.0001, #2 p = 0.0013, #3 p = 0.7947, n = 3, Kruskal–Wallis test) or MFI mCherry (against WT: KO p < 

0.0001, T592A/A Clone #1 p = 0.9997, #2 p > 0.9999, T592E/E Clone #1 p = 0.2414, #2 p = 0.0615, #3 p = 

0.0001; against KO: T592A/A Clone #1 p < 0.0001, #2 p < 0.0001, T592E/E Clone #1 p = 0.0009, #2 p = 

0.0039, #3 p = 0.9477, n = 3, One-way ANOVA). Error bars correspond to standard deviation of biological 

replicates (** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not significant). 

SAMHD1 T592E mutation led to a strong and significant increase in HIV-1-luc infection 

in all three homozygous SAMHD1 T592E mutant clones, which was consistent over a 

broad range of MOIs. In contrast, both homozygous SAMHD1 T592A mutant clones were 

resistant to HIV-1-luc infection, similar to WT BlaER1 cells (Fig. 25A).  

To confirm this, we infected transdifferentiated homozygous SAMHD1 T592A and T592E 

mutant BlaER1 KI clones with HIV-1-mCherry. We measured the increase of the 

percentage of mCherry+ cells and the MFI of mCherry in CD19+ macrophage-like living 

GFP+ cells, comparing them to the infection in WT and SAMHD1 KO cells. In all three 

clones, homozygous SAMHD1 T592E mutation significantly increased HIV-1-mCherry 

infection up to 31-fold in terms of percentage of mCherry+ cells (Fig. 25B and 25C). In 

contrast, transdifferentiated SAMHD1 T592A KI mutant clones completely preserved 

their restrictive potential and behaved like WT BlaER1 cells upon challenge with HIV-1-

mCherry reporter virus (Fig. 25B and 25C). Similar, analysis of MFI of mCherry in CD11b+ 

cells revealed a loss of HIV-1-mCherry restriction in all three homozygous SAMHD1 

T592E KI clones, indicating that the observed phenotype is independent of artificial 

thresholds introduced by manual gating (Fig. 25D).  

Thus, using CRISPR/Cas9 KI, we were able to validate the loss of HIV-1 restriction in 

SAMHD1 phosphomimetic T592E mutants in macrophage-like cells. In this model, 

mutants of SAMHD1 are analyzed in the native genomic context and show physiological 

expression levels, confirming the role of T592 phosphorylation in the regulation of the 

anti-viral activity of SAMHD1. 

 

3.3.5 SAMHD1 T592E or T592A knock-in does not affect dNTP levels in 

transdifferentiated BlaER1 cells 

Previous reports on the effect of SAMHD1 T592 phosphorylation on SAMHD1 dNTPase 

activity were in-conclusive (Majer et al. 2019). This might be at least partially due to the 

extensive use of overexpression models, when studying SAMHD1 phospho-site mutants 
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for their effect on dNTPase activity. Therefore, we wanted to correlate the effect of 

endogenous SAMHD1 T592 mutations on the HIV-1 restrictive potential with the cellular 

dNTPase activity in transdifferentiated BlaER1 cells.  

To do so, we measured intracellular dNTP levels of transdifferentiated BlaER1 WT, 

SAMHD1 KO and SAMHD1 T592A or T592E KI cells by primer extension assay (Tab. 17). 

Transdifferentiated WT BlaER1 cells contained low amounts of dATP (846 ± 63 fmol/106 

cells, n = 5), dCTP (788 ± 117 fmol/106 cells, n = 5), dGTP (724 ± 94 fmol/106 cells, n = 5) 

and dTTP (933 ± 342 fmol/106 cells, n = 5). Native WT BlaER1 cells showed substantially 

higher dATP amounts than transdifferentiated BlaER1 cells (7407 fmol/106 cells). 

Accordingly, depletion of the minor fraction of CD19+ cells after transdifferentiation 

further reduced the levels of dATP (578 fmol/106 cells), dCTP (661 fmol/106 cells), dGTP 

(295 fmol/106 cells) and dTTP (448 fmol/106 cells).  

 

Table 17: dNTP concentrations in BlaER1 cells with reference to literature values 

Cell type (reference) Genotype 
dATP 

[µM] 

dCTP 

[µM] 

dGTP 

[µM] 

dTTP 

[µM] 

native BlaER1 WT 9,25    

transdifferentiated BlaER1 WT 1,51 1,22 1,40 1,83 

 SAMHD1 KO #2 4,39 1,89 5,92 5,88 

 T592A/T592A #1 1,51 1,28 1,34 1,72 

 T592A/T592A #2 0,99 1,20 0,63 0,92 

 T592E/T592E #1 0,99 1,19 0,92 1,41 

 T592E/T592E #2 1,32 1,59 1,34 1,48 

transdifferentiated BlaER1 -CD19 WT 1,02 1,16 0,52 0,79 

resting T cells (Diamond et al. 2004)  1,72 1,88 1,51 1,67 

activated T cells (Diamond et al. 2004)  5,09 5,91 4,53 7,91 

MDMs (Schott et al. 2018)  0,02 0,05 0,07 0,02 

 

Since the activity of HIV-1 RT is likely to be dependent on cellular dNTP concentrations 

rather than total dNTP pools, we determined cellular dNTP concentrations as a function 

of transdifferentiated BlaER1 cell volume (569 ± 138 µm3, ncells = 15) (Tab. 17). We found 

transdifferentiated WT BlaER1 cells to harbor dNTP concentrations, similar or lower to 

those found in resting T cells (Diamond et al. 2004). Depletion of incompletely 

transdifferentiated (CD19+) cells from bulk preparations of transdifferentiated BlaER1 

cells further reduced dNTP concentrations (Tab. 17). As expected, SAMHD1 KO led to a 

significant increase in cellular dATP (2.3-fold), dGTP (3.2-fold) and dTTP (2.2-fold) levels  
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Figure 26 : SAMHD1 T592E or T592A knock-in does not affect dNTP levels in transdifferentiated BlaER1 

cells.  

(A, B, C, D) Cellular dNTP levels were measured in transdifferentiated homozygous SAMHD1 T592E and 

T592A BlaER1 KI mutants. dNTP amounts were compared to transdifferentiated WT and SAMHD1 KO 

BlaER1 cells. Amount of dATP (A), dCTP (B), dGTP (C) or dTTP (D) is depicted per 1 x 106 cells. Bar graphs 

indicate mean of experiments, dots individual biological replicates ((A) KO p < 0.0001, T592A/A Clone #1 

p = 0.9999, #2 p = 0.2879, T592E/E Clone #2 p = 0,6838, #3 p = 0.9532; (B) KO p = 0,1567, T592A/A Clone 

#1 p = 0.9775, #2 p = 0.8370, T592E/E Clone #2 p = 0,9996, #3 p = 0.7927; (C) KO p > 0,0001, T592A/A 

Clone #1 p = 0.9997, #2 p = 0.2837, T592E/E Clone #2 p = 0,9724, #3 p = 0.9997; (D) KO p = 0,0005, T592A/A 

Clone #1 p = 0.9989, #2 p = 0.1957, T592E/E Clone #2 p = 0,9757, #3 p = 0.9849, n = 3, One-way ANOVA). 

Error bars correspond to standard deviation (*** p < 0.01; **** p < 0.0001; ns, not significant). 

in transdifferentiated BlaER1 cells, as compared to WT cells while dCTP levels were not 

affected (Fig. 26). Importantly however, neither homozygous SAMHD1 T592E, nor 

T592A mutations in any clone led to an increase of cellular dNTP levels (Fig. 26). This 

suggests that SAMHD1 T592 phosphorylation does not regulate the levels or 

concentrations of cellular dNTPs in transdifferentiated BlaER1 cells. 
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3.3.6 SAMHD1 T592E or T592A knock-in does not affect dNTP pool 

composition in transdifferentiated BlaER1 cells 

SAMHD1 T592 phosphorylation has been proposed to alter SAMHD1 substrate 

specificity (Jang et al. 2016). To test if SAMHD1 T592 mutation and thus SAMHD1 T592 

phosphorylation alter cellular dNTP composition, we compared relative dNTP levels in 

transdifferentiated BlaER1 WT, SAMHD1 KO and SAMHD1 T592A and T592E KI mutants 

(Fig. 27). Since SAMHD1 KO only slightly affected cellular dCTP levels, dNTP composition 

in transdifferentiated BlaER1 SAMHD1 KO cells was shifted towards dATP, dGTP and 

dTTP. In contrast, neither SAMHD1 T592E nor SAMHD1 T592A KI mutants showed 

consistent differences in cellular dNTP composition (Fig. 27). In summary, dNTP 

measurements in transdifferentiated BlaER1 cells, harboring homozygous 

phosphomimetic T592E or phosphoablative T592A mutations in the endogenous 

SAMHD1 locus indicate that phosphorylation at SAMHD1 residue T592 has no major 

impact on cellular dNTP pools and is therefore unlikely to regulate SAMHD1 dNTPase 

activity in cells. 

 

 

Figure 27 : SAMHD1 T592E or T592A knock-in does not affect dNTP pool composition in 

transdifferentiated BlaER1 cells.  

Cellular dNTP levels were measured in transdifferentiated homozygous SAMHD1 T592E and T592A BlaER1 

KI mutants and compared to transdifferentiated WT BlaER1 and SAMHD1 KO cells. dNTP composition in 

individual BlaER1 SAMHD1 KI clones is shown, with total dNTP content set as 100%. Error bars indicate 

standard deviation of biological replicates (n = 3). 



 

100 
 

3.3.7 Vpx-mediated degradation of SAMHD1 T592E increases HIV-1 

infection similar to Vpx-treated SAMHD1 knock-out cells 

SAMHD1 might harbor several anti-viral functions which synergize to restrict HIV-1 

replication (Welbourn and Strebel 2016; Majer et al. 2019). These functions might 

cooperate in co-dependent or additive manner. Even though SAMHD1 dNTPase function 

seems not connected with the loss of restriction introduced by the T592E KI mutation, 

it still might contribute to restriction.  

 

 

Figure 28 : VPX mediated degradation of SAMHD1 T592E mutant does not further increase infection 

with HIV-1 reporter viruses.  

Transdifferentiated WT BlaER1, SAMHD1 KO, as well as SAMHD1 T592A or T592E KI clones were treated 

with VLP-Vpx or medium for 24 h. (A) Immunoblot of lysates obtained from transdifferentiated BlaER1 

WT or KI cells treated with VLP-Vpx or medium. (B, C, D) Transdifferentiated BlaER1 cells were infected 

with VSV-G pseudotyped HIV-1 single cycle mCherry reporter virus pBR HIV1 M NL4.3 IRES mcherry E- R+ 

(HIV-1-mCherry) at MOI 1 in presence or absence of VLP-Vpx. Infection was quantified by flow cytometry 

at 24 hpi. (B) Histograms show mCherry signal distribution in infected cells with or without VLP-Vpx 

treatment. %mCherry+ cells in living GFP+ CD11b+ BlaER1 cells is indicated for infection with (lower 

number) and without (upper number) treatment. Fold increase in infection in cells treated with VLP-VPX 

relative to untreated cells was calculated for %mCherry+ (C) or MFI of mCherry (D) in living GFP+ CD11b+ 

BlaER1 cells (n = 1). 
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Interestingly, two homozygous T592E KI clones showed lower levels of HIV-1-mCherry 

infection compared to the SAMHD1 KO clone #2 (Fig 25C and D). To understand if this 

was due to clonal effects, which were also observed for SAMHD1 KO (Fig. 21F and G), or 

to a residual anti-viral activity of the SAMHD1 T592E mutant, we depleted SAMHD1 via 

VLP-Vpx treatment in transdifferentiated BlaER1 WT, SAMHD1 KO as well as 

homozygous T592A KI clone #2 and T592E KI clone #2 and tested for restriction of HIV-

1-mCherry reporter virus (Fig. 28). As expected, VLP-Vpx led to the complete depletion 

of WT, T592A and T592E mutant SAMHD1 (Fig. 28A). While VLP-Vpx co-treatment in WT 

cells resulted in a 25.6- and 9.4-fold increase in the percentage of mCherry+ cells and 

mCherry MFI, respectively, VLP-Vpx treatment had no such effect on BlaER1 SAMHD1 

KO cells (Fig. 28B, C and D). Infection in homozygous T592A mutant was increased by 

9.6- and 6.9-fold. In contrast, VLP-Vpx treatment had only a minimal effect on infection 

rate and mCherry MFI in T592E KI clone #2 (2.1- and 2.6-fold). The increase of infection 

rate and MFI in SAMHD1 T592E KI cells was comparable to the one observed in SAMHD1 

KO control cells (1.7- and 1.5-fold) and thus likely due to non SAMHD1 related effects of 

Vpx. Even if preliminary, this data could indicate that SAMHD1 T592E mutant has no or 

only a very minor residual restrictive activity towards HIV-1, again, arguing against the 

dNTPase activity to be an independent anti-viral functional entity of SAMHD1.  

 

3.4 An adapted overexpression strategy allows screening of 
SAMHD1 mutants for anti-viral restriction in transdifferentiated 
BlaER1 cells 

3.4.1 SAMHD1 mutant overexpression in transdifferentiated SAMHD1 

knock-out BlaER1 cells only partially recapitulates published results 

We could demonstrate that genetic manipulation of endogenous SAMHD1 using 

CRISPR/Cas9-mediated KI allows the validation of SAMHD1 phosphorylation sites with a 

high degree of physiology in transdifferentiated BlaER1 cells. However, in order to 

screen a large number of SAMHD1 mutants for their effect on SAMHD1 anti-viral 

restriction activity, CRISPR/Cas9 KI comes with a substantial work burden. Therefore, we 

decided to implement a reliable model system to prescreen SAMHD1 mutants by 

overexpression. Rescue of SAMHD1 restrictive activity in myeloid cells has so far been 
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Figure 29: SAMHD1 mutant overexpression in transdifferentiated SAMHD1 knock-out BlaER1 cells only 

partially recapitulates published results.  

BlaER1 SAMHD1 KO #2 cells were transduced three times with lentiviral pLX304 vectors encoding WT 

nFlag-SAMHD1 or T592A and T592E mutants and subsequently selected for blasticidin resistance. (A) 

Immunoblot analysis of SAMHD1 expression and phosphorylation in transduced transdifferentiated 

SAMHD1 KO BlaER1 cells. Cycling THP-1, as well as native (n) and transdifferentiated WT BlaER1 cells 

served as a control. Cyclin A2 and B1 were detected. GAPDH was used as a loading control (representative 

for n = 3). (B, C, D) Transdifferentiated BlaER1 WT or SAMHD1 KO cell clones, as well as SAMHD1 KO cells 

transduced with lentiviral vectors for SAMHD1 mutant overexpression were infected with VSV-G 

pseudotyped HIV-1 single cycle mCherry reporter virus pBR HIV1 M NL4.3 IRES mcherry E- R+ at MOI 1. 

Percentage of mCherry+ cells was quantified by flow cytometry in living GFP+ CD11b+ BlaER1 cells at 24 

hpi. (B) Representative histograms are shown for mock and HIV-1 mCherry reporter virus infected cells. 

Percentage of mCherry+ cells in living GFP+ CD11b+ BlaER1 cells is indicated (representative for n = 3). 

Percentage of mCherry+ cells in infected SAMHD1 KI clones (C) or mean fluorescence intensity is shown 

(D). Bar graphs indicate mean of experiments for %mCherry+ cells or MFI mCherry, symbols represent 

individual biological replicates. Error bars correspond to standard deviation of biological replicates.  
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performed by transduction of SAMHD1 mutant constructs into SAMHD1-negative U937 

or SAMHD1 KO THP-1 cells (Cribier et al. 2013; White et al. 2013b; Welbourn et al. 2013). 

However, as detailed in section 3.3.1, we failed to implement these model systems. 

Transdifferentiated BlaER1 cells show low levels of SAMHD1 phosphorylation. Also, 

transdifferentiation relies on the induction of a myeloid transcription program, which 

might lead to a more profound dephosphorylation of SAMHD1 in transdifferentiated 

BlaER1 cells, possibly circumventing problems with hyperphosphorylation of 

overexpressed protein. Therefore, we wanted to test if SAMHD1 overexpression can be 

used to rescue HIV-1 restriction in transdifferentiated BlaER1 SAMHD1 KO cells and to 

test mutants of SAMHD1 for restrictive activity.  

To do so, we transduced cycling BlaER1 SAMHD1 KO clone #2 with lentiviral particles 

encoding WT nFlag-SAMHD1 or T592A and T592E mutants. Also, we used an empty 

control vector, not encoding any protein. We enriched transduced cells using antibiotic 

resistance. After transdifferentiation, exogenous nFlag-SAMHD1 was strongly expressed 

in the transduced and selected cell lines (Fig. 29A). While the nFlag-SAMHD1 T592E 

mutant showed good expression similar to endogenous SAMHD1, T592A mutation lead 

to a drastic reduction in nFlag-SAMHD1 expression, consistent with what we and others 

observed previously (not shown) (Herrmann et al. 2018). To test the restrictive activity 

of overexpressed SAMHD1 in transdifferentiated BlaER1 cells, we infected them with 

HIV-1-mCherry reporter virus and analyzed mCherry expression in CD11b+ 

transdifferentiated cells (Fig. 29B, C and D). Overexpression of WT nFlag-SAMHD1 only 

slightly reduced infection with HIV-1-mCherry reporter virus both in terms of percentage 

of mCherry+ cells and MFI of mCherry in transdifferentiated CD11b+ BlaER1 cells (Fig. 

29B, C and D). In contrast to our results obtained using CRISPR/Cas9 KI, we could not see 

a restrictive phenotype upon overexpression of nFlag-SAMHD1 T592A. Likely this was 

due to a low expression of the nFLag-SAMHD1 T592A mutant after transduction in 

transdifferentiated BlaER1 cells (Fig. 29A). We thus concluded that the current 

overexpression strategy is not suitable to analyze the restrictive phenotype of SAMHD1 

mutants by overexpression in transdifferentiated BlaER1 cells.  

 



 

104 
 

3.4.2 SAMHD1 overexpression yields a heterogenous pool of cells 

differentially expressing SAMHD1 

To better understand the composition of the polyclonal cell pool obtained after 

transduction with lentiviral particles encoding SAMHD1, we generated single cell clones 

from the transduced and selected polyclonal BlaER1 cell population. Surprisingly, 

expression of exogenous SAMHD1 in transdifferentiated BlaER1 cells varied strongly in-

between the individual single cell clones (Fig. 30A). While some cell clones showed an 

expression similar to the polyclonal population, other clones showed strongly increased 

or reduced nFlag-SAMHD1 expression. Importantly, one clone showed no detectable 

SAMHD1 expression, even though antibiotic resistance indicated successful 

transduction and expression of the resistance marker.  

To test the effect of differential SAMHD1 expression on HIV-1 restriction, we infected 

transdifferentiated BlaER1 single cell clones overexpressing nFlag-SAMHD1 with HIV-1-

mCherry reporter virus (Fig. 30B). Interestingly, most of the single cell clones showed 

complete resistance to HIV-1-mCherry infection. The level of restriction in most single 

cell clones was even higher compared to the parental pool cell population. Importantly, 

nFlag-SAMHD1 expression did not correlate with the level of residual HIV-1-mCherry 

infection in transdifferentiated BlaER1 cells (Fig. 30C). In fact, minimal nFlag-SAMHD1 

expression in clone 8 was sufficient to convert resistance to HIV-1 infection, similar to 

clones expressing 60-fold more nFlag-SAMHD1. Single cell clone #9 showed no 

detectable expression of nFlag-SAMHD1 (Fig. 30A). Accordingly, this clone was 

completely permissive to HIV-1-mCherry infection at the same extent as empty control 

transduced transdifferentiated SAMHD1 KO BlaER1 cells (Fig. 30B). These results 

indicate, that even after stringent selection, the polyclonal transduced cell population 

contains cells, which do not express exogenous nFlag-SAMHD1 after 

transdifferentiation. Absence of HIV-1 restriction in a proportion of the polyclonal cell 

population could explain the incomplete restriction phenotypes overexpressed 

SAMHD1.  
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Figure 30: SAMHD1 overexpression yields a heterogenous pool of cells differentially expressing 

SAMHD1.  

Single cell clones originating from BlaER1 SAMHD1 KO #2 cells transduced three times with lentiviral 

pLX304 vectors encoding nFLag-SAMHD1 and selected for blasticidin resistance were generated by 

limiting dilution. (A) Immunoblot analysis of SAMHD1 expression in transdifferentiated WT BlaER1 or  

SAMHD1 KO BlaER1 cells overexpressing SAMHD1 or transduced with an empty control vector. Polyclonal 

parental population (pool) and nine single cell clones were analyzed for SAMHD1 expression. Low and 

high exposure images are shown for SAMHD1. Relative SAMHD1 expression was calculated relative to 

loading control GAPDH and normalized to SAMHD1 expression in the parental cell pool (n = 1). (B) 

Transdifferentiated single cell clones derived from SAMHD1 KO cells transduced with lentiviral vectors for 

SAMHD1 overexpression were infected with VSV-G pseudotyped HIV-1 single cycle mCherry reporter virus 

pBR HIV1 M NL4.3 IRES mcherry E- R+ at MOI 1. The parental polyclonal cell pool, as well as SAMHD1 KO 

cells and cells transduced with an empty vector were used as controls. Percentage of mCherry+ cells was 

quantified by flow cytometry in living GFP+ CD11b+ BlaER1 cells at 24 hpi. Histograms shown mock and 

HIV-1 mCherry reporter virus infected cells. Percentage of mCherry+ cells in living GFP+ CD11b+ BlaER1 

cells is indicated (n = 1). (C) SAMHD1 expression normalized to GAPDH was plotted against percentage of 

mCherry+ cells of infected single cell clones and controls (n = 1). 
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3.4.3 Intracellular staining strategy for overexpressed SAMHD1 increases 

the performance of flow cytometry-based restriction assay 

To better understand the consequence of heterogeneous nFlag-SAMHD1 expression in 

transduced BlaER1 SAMHD1 KO cell pools in HIV-1 restriction rescue assays, we tested 

a flow cytometry gating strategy, for which we performed intracellular staining of 

SAMHD1 (Baldauf et al. 2012). Besides heterogeneous overexpression, long selection 

processes might also alter the outcome of restriction rescue experiments, for example 

by favoring inactivating modifications of SAMHD1 highly expressed in cycling cells (Majer 

et al. 2019). To avoid these problems, we decided to forgo on selection to enrich the 

successfully transduced cell population.  

By 3X transduction of SAMHD1 KO BlaER1 cells, we were able to achieve a considerable 

level of nFlag-SAMHD1 expression in transdifferentiated cells, even in the absence of 

selection (Fig. 31A). As observed previously, expression of nFlag-SAMHD1 T592A mutant 

was lower in the transdifferentiated transduced bulk BlaER1 cell population, as 

compared to WT or T592E mutant transduced cells. Concordantly, flow cytometry 

staining of SAMHD1 in transdifferentiated BlaER1 cells showed a significant lower 

frequency of transdifferentiated BlaER1 cells expressing the nFlag-SAMHD1 T592A 

mutant compared to the WT construct (Fig. 31B and C). However, in cells which express 

nFlag-SAMHD1 T592A, the MFI of SAMHD1 in SAMHD1+ CD11b+ cells were similar to WT 

and to T592E mutant transduced cells (Fig. 31D).  

We next wanted to assess the effect of differential expression of mutants on the rescue 

of HIV-1 restriction. Flow cytometry analysis of HIV-1-mCherry infection of 

transdifferentiated BlaER1 cells overexpressing SAMHD1 revealed predominant 

infection of SAMHD1- cells in nFlag-SAMHD1 transduced cell pools of transdifferentiated 

BlaER1 cells (Fig. 31B). However, only the nFlag-SAMHD1 T592E mutant transduced cells 

showed a clear SAMHD1+ mCherry+ cell population in line with the anticipated loss of 

restriction phenotype. Indeed, when specifically analyzing HIV-1-mCherry reporter virus 

infection in SAMHD1+ cells, both WT and T592A mutant showed very low frequency of 

infected cells (Fig. 31E). Restriction of HIV-1-mCherry infection, was highly significant for 

nFlag-SAMHD1 WT and T592A mutant overexpression, both in terms of the percentage 

of mCherry+ cells in SAMHD1+ CD11b+ transdifferentiated BlaER1 cells, as well as for MFI  
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Figure 31: Intracellular staining strategy for overexpressed SAMHD1 increases the performance of flow 

cytometry-based restriction assay.  

BlaER1 SAMHD1 KO clone #2 was transduced three times with lentiviral pLX304 vectors encoding WT 

nFlag-SAMHD1 or T592A and T592E mutants without subsequent selection. (A) Immunoblot analysis of 

SAMHD1 expression in transduced transdifferentiated SAMHD1 KO BlaER1 cells. Transdifferentiated WT 
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BlaER1 cells served as a control. Low and high exposure images are shown for SAMHD1. GAPDH was used 

as a loading control (representative for n = 9). (B to G) Transdifferentiated BlaER1 WT or SAMHD1 KO cell 

clones, as well as SAMHD1 KO cells transduced with lentiviral vectors for SAMHD1 mutant overexpression 

were infected with VSV-G pseudotyped HIV-1 single cycle mCherry reporter virus pBR HIV1 M NL4.3 IRES 

mcherry E- R+ at MOI 1. (B) Density plots show distribution of mCherry+ cells relative to SAMHD1 

expression in living GFP+ CD11b+ BlaER1 cells at 24 hpi as quantified by intracellular staining of SAMHD1 

and flow cytometry (representative for n = 9). SAMHD1 expression in CD11b+ transdifferentiated BlaER1 

cells was quantified and is shown as %SAMHD1+ cells (T592A p = 0.0004, T592E p = 0.2672, n = 8, Friedman 

test) (C) and mean fluorescence intensity (MFI) in SAMHD1+ transdifferentiated BlaER1 cells (D). MFI of 

SAMHD1 in cells overexpressing mutant SAMHD1 was normalized to WT (p = 0.2823, n = 9, unpaired t-

test). (E) Representative histograms show the distribution of mCherry signal in mock and HIV-1 mCherry 

reporter virus infected cells. Percentage of mCherry+ cells in living GFP+ CD11b+ SAMHD1+ BlaER1 cells is 

indicated (representative for n = 9). Bar graphs indicate mean of experiments for (F) %mCherry+ cells 

(against WT: T592A p = 0.0379, T592E p < 0.0001; against -empty: WT p < 0.0001, T592A p = 0.0013, T592E 

p = 0.3679, n = 9, Kruskal–Wallis test) or (G) MFI mCherry (against WT: T592A p = 0.0604, T592E p < 0.0001; 

against -empty: WT p < 0.0001, T592A p < 0.0001, T592E p = 0.1198, n = 9, One-way ANOVA) in the CD11b+ 

SAMHD1+ cell population. Dots represent individual biological replicates. Error bars correspond to 

standard deviation of biological replicates (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not 

significant).  

of mCherry in the SAMHD1+ CD11b+ cell population, when compared to empty control 

vector transduced cells (Fig. 31F and G). As expected, the nFlag-SAMHD1 T592E mutant 

was not able to restrict HIV-1-mCherry infection and T592E mutation led to a significant 

increase in the percentage of mCherry+ cells and the MFI of mCherry as compared to the 

WT SAMHD1 construct (Fig. 31E, F and G). Thus, by using an adapted flow cytometry 

staining and gating strategy, we were able to specifically assess HIV-1 restriction in 

SAMHD1 expressing cells and thus to overcome the problematic of differentially 

expressed SAMHD1 mutants, i.e. the T592A mutant, in restriction rescue experiments 

based on SAMHD1 mutant overexpression. 

 

3.4.4 Several residues of the dNTPase catalytic center seem to be 

dispensable for HIV-1 restriction 

Phosphorylation of SAMHD1 T592 inhibits HIV-1 restriction but seems not to affect 

SAMHD1 dNTPase activity. However, if SAMHD1 dNTPase activity is required for anti-

viral restriction in transdifferentiated BlaER1 cells, still is unclear. We therefore tested 
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several published functional SAMHD1 mutants by overexpression for rescue of HIV-1 

restriction in SAMHD1 KO cells using our novel flow cytometry staining and gating 

strategy.  

As observed in previous experiments in different cell lines (data not shown), 

overexpression of several SAMHD1 mutants yields drastically lower expression levels in 

transdifferentiated BlaER1 cells, when lysates from bulk transduced cells were tested by 

immunoblot (Fig. 32A). Namely, expression of primary allosteric site mutant R145Q 

(Rentoft et al. 2016), as well as the catalytic dNTPase core residue mutants H167A and 

D207A (Morris et al. 2020) was not detectable by immunoblot. Accordingly, expression 

of R145Q, H167A and D207A on the single cell level was also drastically reduced, both 

in terms of the percentage of SAMHD1+ cells, as well as in signal intensity (Fig. 32C). In 

fact, no clear SAMHD1+ population was detected and the SAMHD1 signal was rather 

continuous from SAMHD1-negative to dim, questioning the functionality and proper 

folding or localization of these SAMHD1 mutants. As a consequence, these mutants 

were also not able to restrict HIV-1-mCherry infection in SAMHD1+ CD11b+ 

transdifferentiated BlaER1 cells (Fig. 32D).  

The primary allosteric site mutant D137N and the putative RNase-negative mutant 

Q548A (Ryoo et al. 2014) showed reduced expression in bulk cell preparations (Fig. 32A). 

However, the percentage of SAMHD1+ cells was only slightly reduced for Q548A. 

Together with a slightly shifted SAMHD1+ population in the D137N and Q548A mutant, 

this indicates that expression levels per cell might be reduced (Fig. 32C). When tested 

for their restrictive activity, both SAMHD1 D137N and Q548A mutants showed an 

intermediate restrictive phenotype. Whether this is due to lower expression on single 

cell level or reduced restriction activity will demand further investigation.  

Two additional mutants of the catalytic dNTPase core D311A and Y315A (Morris et al. 

2020) showed normal expression both on bulk protein, as well as on the single cell level 

(Fig. 32A and C). The D311A mutation has been shown to abrogate SAMHD1 dNTPase 

activity in vitro (Goldstone et al. 2011). To confirm that the D311A mutation leads to loss 

of dNTPase activity in cells, we performed a dNTPase activity rescue experiment by 

transient transfection of nFlag-SAMHD1 WT or mutants into SAMHD1 KO 293T cells. 

293T cells showed 1.7-fold higher dATP levels, when SAMHD1 was genetically depleted 

by CRISPR/Cas9. Upon transfection of nFlag-SAMHD1 WT, as well as T592A or T592E  
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Figure 32: Several residues of the dNTPase catalytic center seem to be dispensable for HIV-1 restriction.  

BlaER1 SAMHD1 KO clone #2 was transduced three times with lentiviral pLX304 vectors encoding WT 

nFlag-SAMHD1 or respective SAMHD1 mutants without subsequent selection. Transduction with particles 

not encoding a transgene (-empty) were used as negative controls. (A) Immunoblot analysis of SAMHD1 

expression in transduced transdifferentiated SAMHD1 KO BlaER1 cells. Transdifferentiated WT or 

transduced KO BlaER1 cells served as a control. Low and high exposure images are shown for SAMHD1. 

GAPDH was used as a loading control (representative for n = 2). (B) Measurements of cellular dATP 

content in 293T WT or SAMHD1 KO cells transfected with nFlag-SAMHD1 WT or SAMHD1 mutant 

constructs. The amount of dATP is depicted per 1 x 106 cells (n = 1). (C, D) Transdifferentiated BlaER1 WT 
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or SAMHD1 KO cell clones, as well as SAMHD1 KO cells transduced with lentiviral vectors for SAMHD1 

mutant overexpression were infected with VSV-G pseudotyped HIV-1 single cycle mCherry reporter virus 

pBR HIV1 M NL4.3 IRES mcherry E- R+ at MOI 1. (C) Histograms show distribution of SAMHD1 expression 

in living GFP+ CD11b+ BlaER1 cells as quantified by intracellular staining of SAMHD1 and flow cytometry 

(representative for n = 2). Percentage of SAMHD1+ cells in CD11b+ cells is indicated. IgG isotype was used 

to control for unspecific staining. (D) Histograms show the distribution of mCherry signal in mock and HIV-

1 mCherry reporter virus infected cells. Percentage of mCherry+ cells in living GFP+ CD11b+ SAMHD1+ 

BlaER1 cells is indicated (representative for n = 2). 

mutant constructs, we were able to rescue dATP levels to amounts similar to WT cells 

(Fig. 32B). As expected, transfection of the SAMHD1 D311A mutant did not lower the 

dATP levels in 293T SAMHD1 KO cells, confirming loss of dNTPase activity of the D311A 

mutant in cells. Surprisingly, both D311A and Y315A mutant SAMHD1 were able to 

restrict HIV-1-mCherry infection in transdifferentiated SAMHD1 KO BlaER1 cells to the 

same level as the T592A mutant (Fig. 32D). This indicates, that at least some SAMHD1 

catalytic core residues and thus dNTPase activity might be dispensable for lentiviral 

restriction in macrophage-like cells.  

 

3.5 Phosphoproteomics of endogenous SAMHD1 allows the 
identification of novel potential phosphorylation sites  

3.5.1 Analysis of phosphorylated residues of endogenous SAMHD1 in 

myeloid cells 

Previously, we performed a non-targeted mass spectrometry analysis of SAMHD1 

phosphorylation based on recombinant SAMHD1 protein expressed in Sf9 insect cells. 

Our results indicated numerous potential SAMHD1 phosphorylation sites. However, if 

these potential phosphorylation sites are also modified in relevant human HIV-1 target 

cells and in conditions in which SAMHD1 is expressed from an endogenous locus and at 

normal expression levels was unclear.  

To confirm the presence of phosphorylated residues in a more relevant context, we 

performed a targeted liquid chromatography with tandem mass spectrometry (LC-

MS/MS) analysis of endogenous SAMHD1 (Fig. 33A). In a first attempt we analyzed 

SAMHD1 phosphorylation in HIV-1 permissive monocytic THP-1 cells in comparison with 

PMA-activated macrophage-like THP-1 cells, in which SAMHD1 is restrictive towards  
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Figure 33: Targeted phospho-mass spectrometry analysis of endogenous SAMHD1 extracted from  

THP-1 and transdifferentiated BlaER1 cells.  

(A) Schematic representation of the workflow used to analyze the phosphorylation of endogenous 

SAMHD1 in PMA-treated and cycling THP-1 cells, as well as in transdifferentiated WT BlaER1 cells, and 

SAMHD1 KI T592A and T592E mutant clones by targeted liquid chromatography with tandem mass 

spectrometry (LC-MS/MS). Phenotype of restriction towards HIV-1, as well as the T592 phosphorylation 

status is indicated for every cell type. (B) Immunoblot analysis of THP-1 cells activated or not with PMA, 

as well as transdifferentiated WT and SAMHD1 KI BlaER1 cells. Native BlaER1 cells served as a control. 

SAMHD1 expression and T592 phosphorylation (pT592) together with cyclin B1 and A2 expression was 

analyzed. Low and high exposure images are shown for SAMHD1 pT592. GAPDH was used as a loading 

control. Mean of SAMHD1 pT592 relative to total SAMHD1 expression was normalized to cycling THP-1 

cells. (C) Immunoblot analysis of supernatant (SN) obtained after antibody mediated pulldown of 

SAMHD1. Lysates before pulldown are shown for comparison. (D) Coommasie staining of protein fraction 

present on Protein G coupled Sepharose beads after SAMHD1 pulldown and separation by SDS-PAGE gel 

electrophoresis. The isolated SAMHD1 band, which was used for downstream mass spectrometric analysis 

is highlighted. P-LC-MS/MS measurements were performed by Rita Derua. 
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HIV-1. Additionally, we validated our findings in a second LC-MS/MS run, in which we 

included SAMHD1 isolated from macrophage-like BlaER1 cells, which also show 

SAMHD1-dependent restriction of HIV-1.  

As revealed by immunoblot and shown previously, SAMHD1 was phosphorylated at 

residue T592 in cycling THP-1 cells, whereas PMA-activation led to a strong (12.5-fold) 

decrease in SAMHD1 T592 phosphorylation in THP-1 cells (Fig. 33B). SAMHD1 T592 

phosphorylation was even lower in transdifferentiated BlaER1 cells. Low T592 

phosphorylation in PMA-activated THP-1, as well as in BlaER1 cells correlated with low 

cyclin A2 and B1 expression. In addition to our LC-MS/MS analysis of WT SAMHD1, we 

also included SAMHD1 T592A and T592E KI mutants in the second targeted mass 

spectrometry analysis, enabling us to investigate effects of SAMHD1 T592 

phosphorylation on further potential phosphorylation sites. Transdifferentiated BlaER1 

cells expressed WT SAMHD1 and SAMHD1 T592A and T592E KI mutants at similar levels, 

while cycling and PMA-activated THP-1 cells harbored slightly higher levels of SAMHD1 

(Fig. 33C).  

Pulldown of endogenous SAMHD1 using a polyclonal anti-SAMHD1 antibody bound to 

protein G on Sepharose beads led to loss of SAMHD1 from the supernatant after 

pulldown (Fig. 33C). A band corresponding to the size of SAMHD1 was visible by gel 

electrophoresis and Coomassie staining of the protein bound to the Sepharose beads 

(Fig. 33D).  

Targeted LC-MS/MS analysis of trypsin digested SAMHD1 phospho-protein confirmed 

several potential SAMHD1 phosphopeptides (Fig. 34). The most predominant 

phosphopeptides were those containing the T579 and T592 residues. Mono-

phosphorylated 577NFTKPQDGDVIAPLITPQK595 and two isoforms of the mono-

phosphorylated 577NFTKPQDGDVIAPLITPQKK596 peptides were detected at high 

abundancies in cycling THP-1 cells, while PMA-activated THP-1 cells and 

transdifferentiated BlaER1 cells showed strongly reduced abundancies of the mono-

phosphorylated forms (Fig. 34). Interestingly, the 577NFTKPQDGDVIAPLITPQKK596 di-

phosphopeptide was not detected in any of the LC-MS/MS analysis, indicating that T579 

and T592 phosphorylation are mutually exclusive. Also, while non-phosphorylated 

577NFTKPQDGDVIAPLITPQKK596 and 581PQDGDVIAPLITPQK595 were detected at very low 

abundancies, we were able to readily detect the non-phosphorylated 
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Figure 34: SAMHD1 phospho- and non-phosphopeptide  abundancies in THP-1 cells and in 

transdifferentiated BlaER1 cells.  

The heat map shows relative phospho- and non-phosphopeptide abundancies of endogenous SAMHD1 

extracted from cycling and PMA-activated, as well as from transdifferentiated BlaER1 WT and 

homozygous SAMHD1 T592E and T592A KI mutant cells. Abundancies were determined by targeted LC-

MS/MS analysis. The peak area of all precursors of the indicated SAMHD1 peptide corresponding to the 

indicated phosphorylation state were summarized and normalized against the sum of precursor peak 

areas of the GGFEEPVLLK control peptide, which is not modified by phosphorylation. The gradual increase 

of the red color intensity in the heat map corresponds to increased abundancy. For each peptide, covered 

possible phosphorylation sites are indicated. The asterisk indicates a second peptide isoform with 

identical sequence. The mutations in T592A and T592E introduced by KI are highlighted in red. Peptides 

which were not retrieved confidentially are weighted with zero abundancy. Peptides that were not 

retrieved in BlaER1 cells due to T592 mutation are marked in gray. P-LC-MS/MS measurements were 

performed by Rita Derua (n = 1 for BlaER1 cells, representative for n = 2 for THP-1 cells). 
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577NFTKPQDGDVIAPLITPQK595 form in all conditions, implying that even in cycling THP-1 

cells a substantial pool of SAMHD1 not phosphorylated at T579 or T592 might exist (Fig. 

34).  

Further pinpoint analysis of the C-terminal phosphopeptides revealed high abundancy 

of T592 and a low abundancy of T579 phosphorylation in cycling THP-1 cells. In fact, 

pT592 was 14.5-fold (± 2.0, n = 2) and 16.0-fold (± 3.5, n = 2) more abundant in the 

mono-phosphorylated form of the 577NFTKPQDGDVIAPLITPQK595 and 

577NFTKPQDGDVIAPLITPQKK596 peptide, respectively (data not shown). To better 

decipher T579 and T592 phosphorylation sites, we performed an alternative AspN-

digest followed by LC-MS/MS. Even though the non-phosphorylated 

585DVIAPLITPQKKEWN599, as well as the mono-phosphorylated form modified at residue 

T592 could be readily detected, we were not able to detect mono-phosphorylated 

585DVIAPLITPQKKEWN599 peptides containing pT579, again emphasizing the low 

abundancy of pT579 in any condition tested (data not shown). Importantly, both the 

T579 and the T592 phosphorylation sites on the 577NFTKPQDGDVIAPLITPQKK596 

phosphopeptide (Fig. 35A and B), but also on the other phosphopeptides covering T579 

and T592 (data not shown) were strongly de-phosphorylated upon PMA-activation and 

showed only residual phosphorylation in transdifferentiated BlaER1 cells. The 8.3-fold 

T592 dephosphorylation in PMA-treated THP-1 cells for the 

577NFTKPQDGDVIAPLITPQKK596 phosphopeptide, correlated with our results obtained by 

immunoblot from the same samples, indirectly validating the phospho-LC-MS/MS 

approach (Fig. 33B and 35A). Interestingly, even though we specifically targeted mutant 

T592A and T592E peptides, we were not able to detect a mono-phosphorylated form of 

any targeted T592A and T592E mutant peptide containing pT579, indicating that 

phosphorylation at T592 does not favor T579 phosphorylation (Fig. 34).  

S278 containing mono-phosphorylated 270EQIVGPLESPVEDSLWPYK288 was observed at 

low abundancy (Fig. 34), but specific peptide fragments were not detected indicating 

that this phosphopeptide might not be present in any of our conditions (data not 

shown). Phosphorylated forms of the 409ISTAIDDMEAYTK420 peptide covering the 

residues T411 or T420, was detected at moderate levels and seems to be slightly higher 

in abundancy in macrophage-like THP-1 and BlaER1 cells compared to cycling THP-1 cells  
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Figure 35: Phosphorylation of SAMHD1 residues in THP-1 cells and in transdifferentiated BlaER1 cells.  

(A to D) Pinpoint analysis based on SAMHD1 phosphopeptide fragments. The sum of all relevant 

fragments, which can distinguish between two or more potential phosphorylation sites present on a 

phosphopeptide detected by LC-MS/MS, was normalized against the sum of all fragments of the non-

phosphorylatabel SAMHD1 peptide GGFEEPVLLK. Subsequently, all conditions were normalized against 

cycling THP-1 cells. The normalized relative abundancy of (A) pT592 and (B) pT579 measured for the 

NFTKPQDGDVIAPLITPQKK, as well as (C) pT74 and (D) pS33 abundancies are shown. Bar graphs indicate 

mean of experiments, dots individual biological replicates. Error bars correspond to standard deviation of 

biological replicates (n = 2 for THP-1, n = 1 for BlaER1) (E) The sum of exclusive fragments of all fragments 

generated from the  di-phosphorylated CDDSPRTPSNTPSAEADWSPGLELHPDYKT peptide were calculated 

for any possible combination of modified residues in cycling and PMA-treated THP-1 cells (n = 1). P-LC-

MS/MS measurements and analysis in (E) were performed by Rita Derua. 

(Fig. 34). A pinpoint analysis suggests that the T411 is not modified, hinting towards a 

possible T420 phosphorylation (data not shown).  

Both in cycling and PMA-activated THP-1 and transdifferentiated BlaER1 cells we were 

able to detect moderate levels of the mono-phosphorylated 70ENEITGALLPCLDESR85 

peptide (Fig. 34). A fragment analysis revealed a high abundancy of pT74 in all samples, 

indicating that T74 phosphorylation is not differentially regulated in the conditions 
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tested (Fig. 35C). Equal pT74 abundancies in T592A and T592E mutants shows that T74 

phosphorylation is not sensitive to T592 phospho-status (Fig. 34 and 35C).  

For analysis of potential N-terminal SAMHD1 phospho-residues, we included two 

peptides, 21TPSNTPSAEADWSPGLELHPDYK43 and 

15CDDSPRTPSNTPSAEADWSPGLELHPDYK43, in our targeted LC-MS/MS analysis, covering 

S18, T21, S23, T25, S27 and S33. Mono-phosphorylated 

21TPSNTPSAEADWSPGLELHPDYK43 was found in high abundancy in cycling THP-1 cells 

and showed reduced abundancies upon PMA-activation, as well as in transdifferentiated 

BlaER1 cells, while the abundancy of the non-phosphorylated form of 

21TPSNTPSAEADWSPGLELHPDYK43 followed an inverse trend (Fig. 34). Fragment analysis 

revealed that most mono-phosphorylated peptides are modified at residue S33 (data 

not shown). Interestingly, pS33 levels decreased in THP-1 cells upon PMA treatment 2.4-

fold and were even lower in transdifferentiated BlaER1 cells, following pattern of pT592 

(Fig. 35D). Importantly, T592A or T592E KI had no influence on relative SAMHD1 pS33 

levels (Fig. 35D). While non-modified 15CDDSPRTPSNTPSAEADWSPGLELHPDYK43 was not 

detected, mono-, di- and tri-phosphorylated peptides could be retrieved with relatively 

low abundancies (Fig. 34). Remarkably, the abundancy of di-phosphorylated 

15CDDSPRTPSNTPSAEADWSPGLELHPDYK43 seemed slightly higher in macrophage-like 

cells. An initial fragment analysis of 15CDDSPRTPSNTPSAEADWSPGLELHPDYK43 mono-

phosphorylated peptide indicated dephosphorylation of T21 and T25 upon PMA-

activation of THP-1 cells (data not shown). However, a more sophisticated analysis of 

potential combinations of N-terminal di-phosphorylation sites in PMA-activated and 

non-treated THP-1 cells, showed that several combinations of phosphorylated residues 

might be possible (Fig. 35E). Therefore, our mass spectrometry data points towards a 

differential regulation of an N-terminal phospho-hub containing the residues S18, T21, 

S25, S27 and S33 upon PMA-activation in THP-1 cells in which pS33 is downregulated, 

while phosphorylation of several other residues may be increased (Fig. 35E). 
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3.5.2 Differential phosphorylation of a possible N-terminal phospho-hub 

does not alter SAMHD1 expression, localization or T592 phosphorylation 

and has no effect on anti-viral restriction activity 

To test the relevance of the N-terminal phospho-residues T21, T25 and S33, we 

generated phosphomimetic and phosphoablative mutants of SAMHD1 and tested them 

for SAMHD1 expression, T592 phosphorylation, SAMHD1 localization and anti-viral 

restriction activity. In order to account for differential regulation of these residues we 

included double mutants for T21 and T25, as well as T21A_T25A_S33D and 

T21E_T25E_S33A triple mutants, modelling an anti-regulatory phospho-status.  

The mutants were transduced into cycling SAMHD1 KO BlaER1 cells. All mutants were 

detected by immunoblot in bulk preparations of transdifferentiated BlaER1 cells (Fig. 

36A). None of the mutants showed a consistent effect on SAMHD1 T592 

phosphorylation, as measured by immunoblot (Fig. 36A and B). Using flow cytometry 

analysis of overexpressed SAMHD1 N-terminal phospho-mutants in CD11b+ 

transdifferentiated BlaER1 cells, we could not detect any differences with regards to the 

distribution of the SAMHD1+ cell population, percentage of SAMHD1+ cells or the MFI of 

SAMHD1 in SAMHD1+ cells (Fig. 36C, D and E). This indicates that the phospho-status of 

T21, T25 or S33, as well as combinations of these potential N-terminal phospho-sites do 

not affect SAMHD1 expression nor T592 phosphorylation in macrophage-like cells. 

SAMHD1 is predominantly localized nuclear due to a nuclear localization signal (NLS) 

located at the n-terminus between residue K11 and R14 (Fig. 6A and C) (Brandariz-Nuñez 

et al. 2012; Schaller et al. 2014). Since the investigated potential N-terminal phospho-

residues are close to the NLS, we hypothesized that they might influence cellular 

SAMHD1 distribution. We therefore tested all mutants for localization defects upon 

transient transfection into 293T cells. By confocal imaging with nuclear DAPI and 

cytoplasm counterstaining we did not detect an increased nucleus to cytoplasm ratio of 

the SAMHD1 signal for any of the N-terminal phosphorylation site mutants (Fig. 37A and 

B). As a control, the ΔNLS mutant showed clear cytoplasmic localization (Fig. 37A and B). 

Also, no striking differences in nuclear distribution, namely no nuclear aggregates, were 

observed (Fig. 37B), suggesting that phosphorylation of T21, T25 or S33 does not affect 

SAMHD1 localization.  
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Figure 36: Differential phosphorylation of N-terminal phospho-hub does not alter SAMHD1 expression 

or T592 phosphorylation.  

BlaER1 SAMHD1 KO clone #2 was transduced three times with lentiviral pLX304 vectors encoding WT 

nFlag-SAMHD1 or n-terminal phospho-site mutants without subsequent selection. Transduction with 

particles not encoding a transgene (-empty) were used as negative controls. (A) Immunoblot analysis of 
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SAMHD1 and cyclin A2 expression, together with SAMHD1 T592 phosphorylation in transduced 

transdifferentiated SAMHD1 KO BlaER1 cells. GAPDH was used as a loading control (representative for n 

= 3). (B) SAMHD1 T592 phosphorylation (pT592) in N-terminal phospho-site mutants was normalized to 

total SAMHD1 expression and again to pT592 level in WT nFlag-SAMHD1 transduced transdifferentiated 

SAMHD1 KO BlaER1 cells (n = 3). (C) Histograms show distribution of SAMHD1 expression in living GFP+ 

CD11b+ BlaER1 cells as quantified by intracellular staining of SAMHD1 and flow cytometry (representative 

for n = 3). The cells analyzed are infected with HIV-1-mCherry reporter virus as detailed below. Percentage 

of SAMHD1+ cells in CD11b+ cells is indicated. IgG isotype was used to control for unspecific staining. Bar 

charts show quantification of SAMHD1 expression in CD11b+ transdifferentiated BlaER1 cells as 

percentage of SAMHD1+ cells (D) (T21A p = 0.2888, T21E to T21E_T25E_S33A p > 0.9999, T592A p = 0.0398, 

T592E p = 0.2069, n = 3, Kruskal-Wallis test) and mean fluorescence intensity (MFI) of the signal 

corresponding to the SAMHD1 staining in SAMHD1+ transdifferentiated BlaER1 cells (E). MFI of SAMHD1 

in cells overexpressing mutant SAMHD1 was normalized to WT (n = 3). Bar graphs indicate mean of 

experiments. Dots represent individual biological replicates. Error bars correspond to standard deviation 

of biological replicates (* p < 0.05; ns, not significant).  

Next, we tested the restrictive activity of SAMHD1 T21, T25 and S33 mutants, as well as 

the indicated combinations, for their capability to restrict HIV-1-mCherry infection upon 

overexpression in transdifferentiated BlaER1 cells. Using the gating and staining strategy 

described above, we specifically analyzed HIV-1-mCherry infection in cells expressing 

nFlag-SAMHD1 WT or mutants (Fig. 38A). All N-terminal phospho-mutants tested, 

showed a restrictive potential similar to WT protein. More specifically percentage of 

mCherry+ cells in SAMHD1+ CD11b+ cells was not increased compared to WT nFlag-

SAMHD1 overexpression and the MFI of mCherry in SAMHD1+ CD11b+ cells was 

significantly lower, when compared to the empty vector control and not significantly 

different from WT nFlag-SAMHD1 transduced cells (Fig. 38B and C). Of note, also none 

of the combinatory T21A_T25A_S33D and T21E_T25E_S33A mutations affected HIV-1-

mCherry reporter virus restriction upon overexpression in transdifferentiated SAMHD1 

KO BlaER1 cells. Accordingly, we conclude that phosphorylation of T21, T25 and S33, as 

well as combinations of differential phosphorylation between these residues, do not 

regulate the anti-viral restriction activity of SAMHD1 in macrophage-like cells.  
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Figure 37: Differential phosphorylation of N-terminal phospho-hub does not alter SAMHD1 localization.  

293T SAMHD1 KO cells were transfected with nFlag-SAMHD1 WT and n-terminal phosphorylation site 

mutants, as well as a with ΔNLS control. Immunofluorescence staining of SAMHD1, together with DAPI 

and Cell Mask counterstaining allowed quantification of SAMHD1 localization after transient transfection 

and was analyzed by automated confocal imaging. (A) The ratio of mean fluorescence intensity (MFI) of 

SAMHD1 in the nucleus relative to the cytoplasm is shown. The mean indicated in the bar chart was 

calculated from 16 images per condition, harboring an average of 50 cells per frame (n = 1).  

(B) Representative image sections are shown. Cellular distribution of SAMHD1 localization is highlighted. 
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Figure 38: Differential phosphorylation of N-terminal phospho-hub has no effect on HIV-1 restriction. 

Transdifferentiated BlaER1 WT or SAMHD1 KO cell clones, as well as SAMHD1 KO cells transduced with 

lentiviral vectors for SAMHD1 N-terminal phospho-site mutant overexpression were infected with VSV-G 

pseudotyped HIV-1 single cycle mCherry reporter virus pBR HIV1 M NL4.3 IRES mcherry E- R+ at MOI 1. (A) 

Representative histograms show the distribution of the mCherry signal in mock and HIV-1 mCherry 

reporter virus infected cells at 24 hpi. Percentage of mCherry+ cells in living GFP+ CD11b+ SAMHD1+ BlaER1 

cells is indicated (representative for n = 3). Bar graphs indicate mean of experiments for (B) %mCherry+ 

cells (n = 3) or (C) mean fluorescent intensity (MFI) of mCherry (against -empty: all p < 0.0001; against -

empty: WT to T21E_T25E_S33A p > 0.999, T592A p = 0.8224, T592E p < 0.0001, n = 3, One-way ANOVA) 

in the CD11b+ SAMHD1+ cell population. Dots represent individual biological replicates. Error bars 

correspond to standard deviation of biological replicates (**** p < 0.0001; ns, not significant). 

3.5.3 Phosphorylation of SAMHD1 T579 might have an impact on its anti-

viral restriction activity 

Even though low in abundancy, we detected SAMHD1 T579 phosphorylation in 

endogenous SAMHD1, which was higher in HIV-1 permissive cycling THP-1 cells. 

Interestingly, pT579 and pT592 were co-regulated but seemed mutually exclusive. 

Therefore, we tested the effect of SAMHD1 T579 mutants, as well as combinations of 

T579 and T592 mutants on SAMHD1 expression and its anti-viral activity by 

overexpression of SAMHD1 mutants in transdifferentiated BlaER1 SAMHD1 KO cells. 

Upon transduction and transdifferentiation of SAMHD1 KO BlaER1 cells, all tested nFlag-

SAMHD1 mutant constructs were expressed in bulk cell preparations (Fig. 39A). Both the 

T579A and the T579E mutants showed reduced SAMHD1 pT592 levels in immunoblot 

upon overexpression in transdifferentiated BlaER1 cells, when compared to the 

overexpressed WT protein (Fig. 39B and C). However, pT592 phospho-status of T579A 

and T579E mutant did not differ significantly, indicating that the effect is independent 

of T579 phosphorylation. (Fig. 39C). Flow cytometry analysis reveals that all mutants 

tested showed a similar expression pattern on a single cell level, with a clear SAMHD1+ 

cell population (Fig. 39D). However, while T579A and T579E mutants showed only 

slightly reduced frequencies of SAMHD1+ cells in CD11b+ cells, modification of T592 

alone or in combination with T579 led to reduced frequencies of SAMHD1 expressing 

cells (Fig. 39E). In contrast, the MFI of SAMHD1 in SAMHD1+ CD11b+ cells was not 

affected by any of the mutants tested and comparable to overexpressed WT protein 

(Fig. 39F). Therefore, we conclude that T579A and T579E mutants do not affect SAMHD1  
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Figure 39: T579 phosphorylation does not alter SAMHD1 expression or T592 phosphorylation.  

BlaER1 SAMHD1 KO clone #2 was transduced three times with lentiviral pLX304 vectors encoding WT 

nFlag-SAMHD1 or T579 and T592 phospho-site mutants without subsequent selection. Transduction with 

particles not encoding a transgene (-empty) were used as negative controls. (A) Immunoblot analysis of 

SAMHD1 and cyclin B1 expression in transduced transdifferentiated SAMHD1 KO BlaER1 cells. GAPDH was 

used as a loading control (representative for n = 3). (B) Immunoblot analysis of SAMHD1 T579 mutant 

phosphorylation at residue T592 (representative for n = 3). (C) SAMHD1 T592 phosphorylation (pT592) of 

T579 phospho-site mutants was normalized to total SAMHD1 expression and again to pT592 level in WT 
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nFlag-SAMHD1 transduced transdifferentiated SAMHD1 KO BlaER1 cells (p = 0.8492, n = 3, unpaired t-

test). (D) Histograms show distribution of SAMHD1 expression in living GFP+ CD11b+ BlaER1 cells as 

quantified by intracellular staining of SAMHD1 and flow cytometry (representative for n = 3). The cells 

analyzed are infected with HIV-1-mCherry reporter as detailed below. Percentage of SAMHD1+ cells in 

CD11b+ cells is indicated. IgG isotype was used to control for unspecific staining. Bar charts show 

quantification of SAMHD1 expression in CD11b+ transdifferentiated BlaER1 cells as percentage of 

SAMHD1+ cells (E) (T579A p > 0.9999, T579E p > 0.9999, T592A p = 0.0021, T592E p = 0.0270, T579A_T592A 

p = 0.0193, T579A_T592E p = 0.2797, T579E_T592A p = 0.2797, T579E_T592E p > 0.9999, n = 3, Kruskal–

Wallis test) and mean fluorescence intensity (MFI) of the signal corresponding to the SAMHD1 staining in 

SAMHD1+ transdifferentiated BlaER1 cells (F) (n = 3). Bar graphs indicate mean of experiments. Dots 

represent individual biological replicates. Error bars correspond to standard deviation of biological 

replicates (* p < 0.05; ns, not significant). 

expression. In combination with T592 mutants, overall expression in a bulk population 

might be reduced, which however should not affect downstream restriction 

experiments due to gating for SAMHD1+ cells.  

In order to assess the restriction activity of single or combinatory T579 SAMHD1 

mutants, we infected transduced SAMHD1 KO BlaER1 cells after transdifferentiation and 

quantified HIV-1-mCherry reporter expression in the SAMHD1+ CD11b+ cell population 

(Fig. 40A). As expected, overexpression of WT nFlag-SAMHD1 and the T592A mutant led 

to a strong reduction in the frequency of mCherry+ cells, while the T592E mutant was 

not able to restrict HIV-1-mCherry infection in SAMHD1 KO cells (Fig. 40B). Interestingly, 

SAMHD1 T579E mutation led to an increase of the percentage of mCherry+ cells and a 

significant increase in the MFI of mCherry in SAMHD1+ CD11b+ BlaER1 cells in an extend 

similar to the T592E mutation (Fig. 40B and C). The T592A mutation showed an 

intermediated phenotype with a clear, but non-significant loss of restrictive activity, 

compared to WT. Surprisingly, any combination of both T579 and T592 phosphomimetic 

and -ablative mutation led to a strong loss of restriction activity, both in terms of 

percentage of mCherry+ cells, as well as in terms of the MFI of mCherry in SAMHD1+ 

CD11b+ BlaER1 cells (Fig. 40B and C). This was especially striking since the T579A_T592A 

double mutant mimics the situation in transdifferentiated WT BlaER1 cells or SAMHD1 

KO cells transduced with WT nFlag-SAMHD1, in which SAMHD1 is anti-virally active. 

Taken together our data on the mutational analysis of T579 remains inconclusive. While 

the partial loss of restrictive activity of the T579A mutant and the complete loss of 
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restriction in the combinatory mutants indicate a phospho-independent mechanism, 

the near complete loss of restriction by the T579E mutant, compared to the phenotype 

of the T579A mutant might still hint towards a regulatory role of pT579. 
 

 

Figure 40: T579 phosphorylation affects anti-viral restriction activity.  

Transdifferentiated BlaER1 WT or SAMHD1 KO cell clones, as well as SAMHD1 KO cells transduced with 

lentiviral vectors for SAMHD1 T579 and T592 phosphorylation-site mutant overexpression were infected 

with VSV-G pseudotyped HIV-1 single cycle mCherry reporter virus pBR HIV1 M NL4.3 IRES mcherry E- R+ 

at MOI 1. (A) Representative histograms show the distribution of the mCherry signal in mock and HIV-1 

mCherry reporter virus infected cells at 24 hpi. The percentage of mCherry+ cells in living GFP+ CD11b+ 

SAMHD1+ BlaER1 cells is indicated (representative for n = 3). Bar graphs indicate mean of experiments for 

(B) percentage of mCherry+ cells (n = 3) or (C) mean fluorescent intensity (MFI) of mCherry (against WT: 

T579A p = 0.3411, T579E p = 0.0288, T592A p = 0.2333, T592E p = 0.0467, T579A_T592A p = 0.0073, 
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T579A_T592E p = 0.0016, T579E_T592A p = 0.0018, T579E_T592E p = 0.0006; against -empty: WT p = 

0.0006, T579A p = 0.0385, T579E p = 0.4260, T592A p = 0.0627, T592E p = 0.2998, T579A_T592A p = 0.8466, 

T579A_T592E p = 0.9994, T579E_T592A p = 0.9976, T579E_T592E p > 0.9999, n = 3, One-way ANOVA) in 

the CD11b+ SAMHD1+ cell population. Dots represent individual biological replicates. Error bars 

correspond to standard deviation of biological replicates (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 

0.0001; ns, not significant). 

3.6 Analysis of the role of SAMHD1 in CRISPR/Cas9 KI and KO 
induced R-loop dynamics 

3.6.1 SAMHD1 depletion has no effect on CRISPR/Cas9 knock-out 

efficiency 

Genetic separation of SAMHD1’s anti-viral and dNTPase activity, indicates that the 

dNTPase activity is not or not solely mediating anti-viral restriction. Which function of 

SAMHD1 imposes a block to HIV-1 infection is thus still not clear (Majer et al. 2019). 

Recently SAMHD1 was proposed to prevent R-loop formation in the context of genome 

stability (Park et al. 2021). R-loops are DNA-RNA hybrid structures, occurring among 

others at transcription-replication conflict sites (García-Muse and Aguilera 2019). 

Physiological R-loops are difficult to manipulate and to control in an experimental setup. 

However, CRISPR/Cas9 editing also generates DNA-RNA hybrid structures, which 

resemble R-loops in many aspects (García-Muse and Aguilera 2019). CRISPR/Cas9 

editing can be precisely controlled in a time- and sequence-specific manner. Therefore, 

we decided to study the role of SAMHD1 in the context of CRISPR/Cas9 R-loop 

formation.  

To do so, we generated HeLa single cell clones that have previously been transduced 

with very low titers of pLX304-EGFP particles to create clonal single copy integrant EGFP 

reporter cell lines. By nucleofection of CRISPR/Cas9 RNPs containing crRNA-GFP-1, we 

were now able to measure loss of GFP expression by flow cytometry, as a surrogate for 

CRISPR/Cas9 KO efficiency. Treatment of HeLa-EGFP cells with VLP-Vpx directly after 

nucleofection of crRNA-GFP-1 or a non-targeting control, lead to a near complete 

degradation of SAMHD1 at least until 48 h (Fig. 41A). Frequency of EGFP- cells in living 

HeLa cells was strongly increased upon crRNA-GFP-1 treatment after 7 days, while in the 

crRNA-NTC-1 treatment groups all cells remained EGFP+ (Fig. 41B). Inversely, frequency 

of EGFP+ cells was reduced after 9 days, correlating with the amount of RNP used for  
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Figure 41 : SAMHD1 depletion has no effect on CRISPR/Cas9 knock-out efficiency.  

(A) Immunoblot shows SAMHD1 expression in HeLa pLX304-EGFP single cell clones treated with VLP-Vpx 

for 48 h. GAPDH was used as loading control. (B, C) Flow cytometry analysis and quantification of EGFP 

expression in VLP-Vpx treated or non-treated HeLa pLX304-EGFP single cell clones 9 days after 

nucleofection with the indicated amount of crRNA-NTC or crRNA-GFP containing CRISPR/Cas9 RNPs.  

(B) Frequencies of EGFP+ and EGFP- cells in living cells are indicated. (D) Immunoblot analysis of SAMHD1 

expression 4 to 48 h after VLP-Vpx treatment of  HeLa cells. Non-treated cells served as a control.  

(E, F) EGFP expression in HeLa pLX304-EGFP single cell clones pre-treated for 8 h with VLP-Vpx.  9 days 

after nucleofection of 0.75 µl of crRNA-NTC or crRNA-GFP containing CRISPR/Cas9 RNPs, cells were 

analyzed by flow cytometry. (E) Frequencies of EGFP+ and EGFP- cells in living cells are indicated.  

(F) Percentage of EGFP- cells in living cells was normalized to those of the respective clone not treated 

with VLP-Vpx. (G) Immunoblot analysis of SAMHD1 expression at the time point of nucleofection of VLP-

Vpx pre-treatment of  HeLa pLX304-EGFP single cell clones. Also, lysates obtained from CRISPR/Cas9 

mediated SAMHD1 KO HeLa pLX304-EGFP single cell clones #1 and #3 are shown. Non-treated cells served 

as a control. GAPDH was used as loading control. (H, I) EGFP expression in HeLa pLX304-EGFP single cell 

clones and SAMHD1 KO clones derived from clones #1 and #3.  9 days after nucleofection of 0.75 µl of 

crRNA-NTC or crRNA-GFP containing CRISPR/Cas9 RNPs, cells were analyzed by flow cytometry.  

(H) Frequencies of EGFP+ and EGFP- cells in living cells are indicated. (I) Percentage of EGFP- cells in living 

cells in SAMHD1 KO cell clones was normalized to those of the respective parent WT clone (n = 1 for all 

experiments). 

treatment in both clones (Fig. 41C). SAMHD1 depletion by VLP-Vpx co-treatment 

resulted in a slight but consistent reduction in EGFP+ cell frequency in HeLa-EGFP clone 

#3, implicating a slightly increased CRISPR/Cas9 KO efficiency upon SAMHD1 depletion. 

We hypothesized that the low effect might be due to a non-optimal timing and thus 

optimized VLP-Vpx treatment. Addition of VLP-Vpx to HeLa cells led to a fast degradation 

of SAMHD1 protein, with no SAMHD1 detectable after 6 h until 48 h post treatment (Fig. 

41D). In order to assure low SAMHD1 levels already at the time point of crRNA-GFP-1 

nucleofection, we thus pre-treated HeLa-EGFP single cell clones with VLP-Vpx for 8 h 

before introducing crRNA-GFP-1 or non-targeting control RNPs by nucleofection. With 

this experimental setup SAMHD1 was completely degraded at the time point of 

nucleofection (Fig. 41G). However, using our reporter assay we were only able to detect 

a slight increase in CRISPR/Cas9 GFP KO efficiency for clone #2 and #3, while KO 

efficiency in clone #1 and #4 remained unchanged (Fig. 41E and F).  
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In order to substantiate our results, we generated SAMHD1 KO single cell clones derived 

from two HeLa-EGFP single cell clones using CRISPR/Cas9. SAMHD1 KO was confirmed 

by allele specific Sanger sequencing and the absence of SAMHD1 expression in 

immunoblot (Fig. 41G). SAMHD1 KO however did not increase the percentage of EGFP- 

cells 9 days after nucleofection of crRNA-GFP containing RNPs, when compared to the 

parental WT HeLa pLX304-EGFP single cell clone (Fig, 41I and H). Therefore, we conclude 

that SAMHD1 depletion likely does not alter CRISPR/Cas9 KO efficiency in HeLa cells. 

 

3.6.2 SAMHD1 depletion has no effect on CRISPR/Cas9 knock-in 

efficiency 

HR to introduce CRISPR/Cas9 KI mutations requires the presence of an ssDNA correction 

template. We hypothesized that R-loops induced by CRISPR/Cas9 KI might be more 

complex and thus more sensitive to alterations in R-loop stability and dynamics. Hence, 

we analyzed the effect of SAMHD1 KO on the efficiency of CRISPR/Cas9-mediated KI. 

EGFP can be converted to BFP by single amino acid exchange using the crRNA-GFP 

containing RNPs and the ssDNA_GFPtoBFP oligo as a template for homologous 

recombination (Glaser et al. 2016). By measuring the efficiency of EGFP to BFP 

conversion in HeLa pLX304-EGFP single cell clones compared to SAMHD1 KO clones 

derived from these cell lines after nucleofection of crRNA-GFP containing RNPs and 

ssDNA_GFPtoBFP, we were able to quantify CRISPR/Cas9 KI efficiency by flow 

cytometry.  

Quantification of the percentage of BFP+ cells 9 days after nucleofection revealed no 

consistent differences between WT and the derived HeLa pLX304-EGFP SAMHD1 KO 

cells (Fig. 42A, B). While, both SAMHD1 KO clones derived from HeLa pLX304-EGFP clone 

#1 showed slightly enhanced EGFP to BFP conversion efficiency, the efficiency in 

SAMHD1 KO cells derived from clone #3 was similar or lower to the parental WT cell 

clone (Fig. 42B). Consequently, we conclude that SAMHD1 KO has no influence on 

CRISPR/Cas9 KI efficiencies in HeLa cells. Our findings speak against the hypothesis that 

SAMHD1 has a role in maintaining or resolving R-loops introduced by CRISPR/Cas9 KO 

or KI.  
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Figure 42 : SAMHD1 depletion has no effect on CRISPR/Cas9 knock-in efficiency.  

(A, B) BFP expression, as a consequence of GFP to BFP conversion, was quantified in HeLa pLX304-EGFP 

single cell clones and SAMHD1 KO clones derived from clones #1 and #3. Cells were analyzed by flow 

cytometry 9 days after nucleofection of 0.75 µl of crRNA-NTC or crRNA-GFP containing CRISPR/Cas9 RNPs. 

As an HDR template ssDNA_GFPtoBFP oligonucleotide was provided by nucleofection together with 

crRNA-GFP containing RNP. (A) Frequencies of single positive EGFP+ BFP- and EGFP- BFP+ cells in living cells 

are indicated. (B) Percentage of EGFP- BFP+ cells in living cells measured in SAMHD1 KO cell clones was 

normalized to those of the respective parental WT clone (n = 1). 
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4. DISCUSSION 

4.1 BlaER1 cells are a valuable tool to study SAMHD1-mediated 
HIV-1 restriction 

SAMHD1 is a major cellular dNTPase and a potent HIV-1 restriction factor (Berger et al. 

2011; Goldstone et al. 2011; Laguette et al. 2011; Hrecka et al. 2011; Baldauf et al. 2012; 

Descours et al. 2012; Franzolin et al. 2013). However, whether SAMHD1 dNTPase activity 

or dNTPase activity alone is meditating its anti-viral function and how this is regulated 

by T592 phosphorylation is still a matter of debate (Fig. 9) (Welbourn and Strebel 2016; 

Majer et al. 2019).  

 

4.1.1 Transdifferentiation robustly generates macrophage-like BlaER1 

cells 

To tackle this question with a novel toolkit, we used transdifferentiated BlaER1 cells as 

an alternative and versatile myeloid model to study HIV-1 infection in macrophage-like 

cells. Transdifferentiated BlaER1 cells closely resemble human macrophages and have 

successfully been used to study innate immune signaling (Rapino et al. 2013; Gaidt et al. 

2016). In contrast to PMA activated THP-1 or U937 cells, BlaER1 cell transdifferentiation 

relies on the activation of a fusion protein consisting of macrophage transcription factor 

C/EBPα and the estradiol receptor. It might therefore be an interesting physiological 

model for HIV-1 infection in macrophage-like cells (Rapino et al. 2013; Gaidt et al. 2018). 

For BlaER1 transdifferentiation, we applied an adapted protocol (Stefan Bauer, 

unpublished) which allows to generate high numbers of macrophage-like cell in the 6 

well format and thus to reduce cost and workload of the original 96 well based protocol 

(Gaidt et al. 2018). Rigorous quality control of the transdifferentiation approaches 

alongside experiments showed that using this adapted protocol we achieved high and 

consistent rates of transdifferentiation comparable to what has been published 

previously for the original transdifferentiation method (Fig. 15) (Rapino et al. 2013). This 

also allowed to forgo on routine enrichment of macrophage-like cells by magnetic bead 

depletion of CD19+ cells.  
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Transdifferentiated BlaER1 cells have been shown to closely resemble human MDMs, 

with regards to their transcriptomic profile (Rapino et al. 2013). In support of this, we 

could observe that cell surface expression of important myeloid markers such as CD14, 

CD163, CD206 and CD11c were highly expressed on transdifferentiated, but not on 

native BlaER1 cells, in line with the transcriptomic data (Fig. 16) (Rapino et al. 2013). 

Expression of CD14, CD163, CD206 and CD11c is in concordance with a tissue resident 

macrophage-like or monocyte derived cell phenotype of transdifferentiated BlaER1 

cells, whereas the differential expression profile of CD14 could point towards one or 

several subpopulations of macrophage- or monocyte-like cells (Fig. 16) (Uhlen et al. 

2019; Karlsson et al. 2021). For experiments sensitive to myeloid subset distribution, 

theses subpopulations should be investigated further. In addition to myeloid marker 

expression, transdifferentiated BlaER1 cells harbor HIV-1 (co-) receptors CD4, CXCR4 and 

CCR5 (Fig. 16), which makes them accessible to CCR5 and CXCR4 tropic HIV-1 WT virus 

infection and would allow spreading replication, or co-culture experiments (Keele et al. 

2008; Wilen et al. 2012). This again highlights the versatility of the BlaER1 cell model to 

study HIV-1 infection in myeloid cells.  

 

4.1.2 Transdifferentiated BlaER1 cells are less suitable to study HIV-1 

sensing 

Because BlaER1 cells were employed successfully to study innate immunity pathways, 

we also envisaged a potential use to investigate HIV-1 sensing in myeloid cells (Gaidt et 

al. 2016; Gaidt et al. 2017; Greulich et al. 2019). Unfortunately, BlaER1 cells were 

reported to be contaminated with SMRV (Oliver Keppler, Veith Hornung, Stefan Bauer, 

personal communication). Conclusively, we could detect SMRV contamination in all 

BlaER1 cell lines tested both on DNA and on RT activity level (Fig. 17A and B) (Uphoff et al. 

2010; Uphoff et al. 2019). Furthermore, we measured elevated ISG baseline levels in 

transdifferentiated BlaER1 cells (Fig. 17C). The presence of reverse transcription products of 

an endogenized retrovirus, which could be sensed by cellular PRRs, rather disqualifies 

transdifferentiated BlaER1 cells as an optimal model for HIV-1 sensing (Yin et al. 2020). Well-

designed control experiments however might overcome this caveat. Remarkably, even 

though SAMHD1 in principle could be restrictive towards SMRV reverse transcription 

(Gramberg et al. 2013; Majer et al. 2019), SAMHD1 KO did not increase the level of SMRV 
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DNA integration and RT activity in transdifferentiated BlaER1 cells (Fig. 17A and B), 

indicating that despite SMRV contamination, BlaER1 cells are a valid model to study the anti-

viral restriction activity of SAMHD1.  

 

4.1.3 SAMHD1 blocks HIV-1 infection in transdifferentiated BlaER1 cells 

Transdifferentiated but not native BlaER1 cells express SAMHD1 at levels comparable to 

cycling THP1 cells (Fig. 18). Importantly, SAMHD1 is completely dephosphorylated at 

residue T592 in transdifferentiated BlaER1 cells, indicative of an active anti-viral state. 

Quantitatively, SAMHD1 dephosphorylation was even more pronounced in 

transdifferentiated BlaER1 cells at residue T592, but also at further residues such as 

T579, and residues of the N-terminal phospho-hub, which are dephosphorylated in 

macrophage-like cells (Fig. 34 and 35) (White et al. 2013b).  

Using SAMHD1 degradation by providing Vpx in trans or CRISPR/Cas9-mediated 

SAMHD1 KO, we could show that SAMHD1 is a major restriction factor for HIV-1 

infection in transdifferentiated BlaER1 cells (Fig. 19, 21 and 28). This observation was 

independent of the reporter system and the MOI used to test SAMHD1-mediated 

restriction of HIV-1 single cycle virus infection (Fig. 19, 21 and 28). Also, presence or 

absence of a functional Vpr gene did not impact the qualitative outcome of SAMHD1 

restriction experiments (Fig. 21). However, the observed loss of restriction phenotype 

in SAMHD1 KO cells was more pronounced upon depletion of CD19+ or when specifically 

analyzing HIV-1 restriction in CD11b+ transdifferentiated BlaER1 cells (Fig. 21C). This was 

likely due to the absence of SAMHD1 expression and HIV-1 restriction in the remaining 

CD11b- native like cell population after bulk transdifferentiation, highlighting the 

superior performance of the flow cytometry based restriction assay (Fig. 21D to G). In 

conclusion, transdifferentiated BlaER1 cells are well suited to study SAMHD1 in the 

context of HIV-1 restriction in macrophages. 
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4.2 CRISPR/Cas9-mediated knock-in constitutes an elegant 
approach to validate the restrictive activity of SAMHD1  

4.2.1 A pipeline to generate mutants of SAMHD1 by CRISPR/Cas9-

mediated knock-in 

To test mutants of SAMHD1 for anti-viral restriction activity in a physiological genetic 

and relevant cellular context, we combined transdifferentiated BlaER1 cells, as a novel 

myeloid model, with CRISPR/Cas9 mediated knock-in. We developed a gene editing 

strategy compromising CRISPR/Cas9 RNP and ssDNA oligo introduction by 

nucleofection, KASP screening of single cell clones and rigorous validation by sequencing 

and qgPCR (Fig. 24A). The frequency of HDR events at the SAMHD1 T592 locus was low 

in transdifferentiated BlaER1 cells and in the range of KI efficiency reported by others 

previously in various cell lines (Fig. 24E) (van Chu et al. 2015; Hu et al. 2018c). Efficiency 

of CRISPR/Cas9 KI in BlaER1 cells is likely target specific, because several fold higher KI 

efficiencies were obtained for the optimized GFP to BFP conversion assay (Fig. 23) 

(Glaser et al. 2016). A high distance of cutting to editing site at the T592 locus, due to 

absence of appropriate crRNA target sites likely corrupted KI efficiency, highlighting the 

need for gene editing tools, which are less restricted to specific PAM sequences (Paquet 

et al. 2016; Hu et al. 2018b). Using a cocktail of small molecule inhibitors for NHEJ we 

were able to further increase the efficiency of CRISPR/Cas9 KI (Fig. 23), indicating that in 

principle HDR can be achieved at even higher efficiency in BlaER1 cells (Skarnes et al. 

2019).  

Although HDR efficiency was low in our setting, we were able to introduce point 

mutations that correspond to phosphoablative T592A and phosphomimetic T592E 

mutations into the genomic SAMHD1 locus. Our streamlined pipeline, in particular the 

KASP screening assay, made this possible. As an alternative to KASP screening, 

traditional PCR methods using mutant specific primers can be an option, if more than 

one single nucleotide exchange allow sufficient sequence discrimination (data not 

shown). For homozygous KI clone validation we employed rigorous allele specific Sanger 

sequencing and qgPCR to detect large genomic deletions at CRISPR editing sites (Fig. 24C 

and D) (Kosicki et al. 2018; Weisheit et al. 2020). The identification of one pseudo-

homozygous clone, out of six tested clones, highlights the necessity of such analysis. In 
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summary, we developed a streamlined CRISPR/Cas9 KI pipeline, which enables the 

generation of homozygous mutants even at target sites with relatively low accessibility. 

Likely, the efficiency and versatility of gene editing by CRISPR/Cas9 KI or similar 

techniques will increase, as better NHEJ inhibitors or HDR enhancer are developed (Liu 

et al. 2018a). Also, novel approaches such as prime editing will favor the use gene editing 

to validate mutant phenotypes (Anzalone et al. 2019; Petri et al. 2022). 

 

4.2.2 CRISPR/Cas9 knock-in as a superior genetic tool to study regulatory 

mutants of SAMHD1 

Overexpression of SAMHD1 mutants in the U937 background using retroviral 

transduction has several technical limitations. Even though PMA-activated U937 cells 

are often considered to be SAMHD1-negative, they can express small amounts of 

endogenous SAMHD1, which can be further enhanced upon interferon treatment (Riess 

et al. 2017). In this context it is interesting that we observed full restrictive activity of 

minimal amounts of exogenously expressed SAMHD1 in transdifferentiated BlaER1 cell 

clones and no correlation between the levels of SAMHD1 expression and anti-viral 

restriction capacity (Fig. 30). Conclusively, the presence of even low amounts of 

endogenous WT SAMHD1 in PMA-activated U937 cells might affect the function of 

overexpressed mutant SAMHD1 in heterotetramers. In addition, strong exogenous, 

often viral, promotors drive SAMHD1 expression, leading to high protein levels and to 

non-physiological phosphorylation ratios, i.e. hyperphosphorylation (Fig. 22). This might 

not only be valid for the T592 site but also for other yet to be discovered PTM sites. In 

mutants generated by CRISPR/Cas9 KI, modified SAMHD1 is expressed from the 

endogenous promotor, in a physiological context and under normal regulation.  

In BlaER1 cells, SAMHD1 is only expressed upon transdifferentiation (Fig. 18). As this is 

also the case for SAMHD1 mutants (data not shown), this supports a WT-like regulation 

of endogenous SAMHD1 mutants. Absence of SAMHD1 expression in native BlaER1 cells 

likely avoids an effect of constitutively expressed SAMHD1 mutants on cycling BlaER1 

cells. In line with this, we were unable to generate homozygous SAMHD1 T592 mutants 

in THP-1 cells, indicating that inducible expression of endogenous SAMHD1 is a 

considerable advantage of the BlaER1 cell system (data not shown).  
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The idea to use gene editing to study the biology and relevance of PTMs in cells emerged 

relatively recently (Portegijs et al. 2016; Sanchez et al. 2019). However, this 

methodology has proven to be remarkably versatile and useful to answer questions 

related to protein regulation in complex settings (Sankar et al. 2022). We are convinced 

that it will also gain importance in the field of anti-viral restriction and innate immunity. 

Therefore, our pipeline for CRISPR/Cas9 KI in relevant HIV-1 target cells might prove 

useful in multiple contexts. 

 

4.2.3 CRISPR/Cas9 knock-in validates the role of T592 phospho-

regulation for anti-viral restriction 

By generating several clones of homozygous SAMHD1 T592A and T592E mutants in 

BlaER1 cells, we were able to test the restrictive phenotype of endogenous SAMHD1 

mutants. We observed loss of HIV-1 restriction in transdifferentiated BlaER1 cells 

harboring homozygous SAMHD1 T592E mutations (Fig. 25). This is in concordance with 

a number of publications showing that, in contrast to SAMHD1 WT or the T592A mutant, 

overexpression of phosphomimetic T592E or T592D mutants is not able to confer 

resistance to HIV-1 infection in PMA differentiated U937 cells (Tab. 18) (Laguette et al. 

2011; Lahouassa et al. 2012; White et al. 2013b; Arnold et al. 2015). For the first time, 

we were thus able to validate the phenotypic consequence of SAMHD1 T592E 

phosphomimetic mutation, and hence the effect of T592 phosphorylation, for its anti-

viral restriction activity in myeloid macrophage-like cells, using a genetic model not 

based on overexpression.  

 

4.3 SAMHD1 dNTPase activity might not or not solely be 
responsible for HIV-1 restriction 

4.3.1 SAMHD1 actively suppresses dNTP levels in transdifferentiated 

BlaER1 cells 

The connection between SAMHD1 phospho-regulation and dNTPase activity still is not 

resolved (Fig. 9). To corroborate findings in U937 cells overexpressing SAMHD1 mutants, 

we therefore analyzed dNTP levels in transdifferentiated WT SAMHD1 KO and 

homozygous T592A and T592E mutant BlaER1 cells. In transdifferentiated WT BlaER1 
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cells we measured dNTP levels and concentrations, which were slightly lower or similar 

compared to dNTP concentrations in resting T cells (Tab. 17) (Diamond et al. 2004). After 

depletion of CD19+ native-like cells from bulk preparations of transdifferentiated BlaER1 

cells, we were able to further reduce the levels of all dNTPs, to values which were lower 

than those found in resting T cells (Tab. 17) (Diamond et al. 2004).  

Considering HIV-1 reverse transcriptase Km and Kd values measured in vitro, together 

with structured RNA regions in the HIV-1 RNA genome, which are thought to increase 

substrate requirements, this indicates that the dNTP concentrations found in 

transdifferentiated BlaER1 cells could in principle be low enough to restrict or delay HIV-

1 reverse transcription (Klarmann et al. 1993; Derebail and DeStefano 2004; Kennedy et 

al. 2010).  

Concomitantly, SAMHD1 KO raised cellular dNTP concentrations in transdifferentiated 

BlaER1 cells up to 4-fold (Fig. 26), which is reminiscent of the 5- to 8-fold increase in the 

dNTP pool size upon T cell activation and would be predicted to allow optimal HIV-1 

reverse transcription (Diamond et al. 2004; Kennedy et al. 2010). In summary, SAMHD1 

is an active dNTPase in transdifferentiated BlaER1 cells and maintains cellular dNTP 

levels below the threshold for efficient HIV-1 replication. 

 

4.3.2 Endogenous SAMHD1 T592E mutation genetically uncouples anti-

viral restriction and dNTPase activity 

In stark contrast to SAMHD1 KO, neither endogenous SAMHD1 T592E, nor T592A 

mutations increased cellular dNTP concentrations in transdifferentiated BlaER1 cells 

(Fig. 26). This finding is in line with previous data on dNTP levels from overexpression 

studies on SAMHD1 T592 mutants (Welbourn et al. 2013; White et al. 2013b; Welbourn 

and Strebel 2016). Our results indicate that the loss of restriction observed in the 

endogenous T592E mutants cannot be caused by increased dNTP levels or reduced 

SAMHD1 dNTPase activity in transdifferentiated BlaER1 cells. In addition, SAMHD1 

T592E and T592A mutations had no consistent effect on dNTP pool composition in 

transdifferentiated BlaER1 cells, ruling out an effect of the phosphomimetic mutation 

on SAMHD1 dNTPase substrate preferences and thus dNTP ratios, as proposed earlier 

(Fig. 27) (Jang et al. 2016). More specifically, in contrast to the findings by Jang et al. 
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endogenous SAMHD1 T592E mutations did not increase the cellular dCTP concentration 

(Fig. 26).  

Taken together mutagenic analysis of the residue T592 of endogenous SAMHD1 

indicates that SAMHD1 dNTPase activity or substrate preference in transdifferentiated 

BlaER1 cells is not regulated by T592 phosphorylation. Consequently, loss of HIV-1 

restriction in SAMHD1 T592E mutants cannot be attributed to changes in SAMHD1 

dNTPase activity. Thus, in line with previous reports (Welbourn and Strebel 2016), our 

data confirms that SAMHD1 anti-viral activity is not, or at least not exclusively, mediated 

by SAMHD1 dNTPase activity in macrophage-like cells.  

 

4.3.3 The functions of SAMHD1 in DNA damage response and replication 

could be linked to HIV-1 restriction 

SAMHD1 T592 phosphorylation may however regulate another functional entity of 

SAMHD1, which is necessary for full anti-viral restriction capacity (Majer et al. 2019). 

Multiple cellular functions of SAMHD1 have been described, which could be 

participating in anti-viral restriction (Fig. 5). SAMHD1 takes part in the resolution of 

stalled replication forks, which can occur under stress in cycling cells and, if not resolved, 

can lead to ssDNA intermediates and DNA double strand breaks (Coquel et al. 2018; 

Patel and Weiss 2018). Endo-/exonuclease MRE11 degrades part of the nascent DNA 

strand to generate 3’ ssDNA, which in turn facilitates fork reversal and resolution. 

SAMHD1 seems to be involved in endonuclease MRE11 recruitment and activation 

(Coquel et al. 2018). Interestingly, SAMHD1 T592 phosphorylation appears to be 

required for SAMHD1 participation in DNA end resection and resolution of stalled 

replication forks (Coquel et al. 2018). Complex lentiviral reverse transcription shares 

several features with cellular replication and eukaryotic replication forks (Majer et al. 

2019).  As an example, DNA polymerization, RNase activity, ssDNA, dsDNA and RNA:DNA 

hybrid structures, DNA bifurcations, as well as strand invasion and template switching 

are found in both processes (Arhel et al. 2007; Le Grice 2012; Hughes 2015; Meng and 

Zhao 2017). Thus, one could speculate that SAMHD1 more directly interferes with HIV-

1 restriction, by modifying the structure of the reverse transcription-nucleic acid 

complex or by recruiting endo-/exonucleases or further downstream effectors (Majer et 
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al. 2019). Interestingly, Coquel et al. found that the Y315A mutation leads to loss of 

SAMHD1-mediated resolution of stalled replication. Our initial data shows that the 

SAMHD1 Y315A mutant maintains its restrictive potential (Fig. 32). However, this 

contrasts with published reports and needs to be carefully validated (Tab. 18) (Arnold et 

al. 2015).  

DNA end resection is also involved in homologous recombination, a DNA double strand 

repair pathway active in S- and G2-phase (Ranjha et al. 2018). In this context, SAMHD1 

was shown to recruit CtIP, another endonuclease, to sites of DNA double strand breaks, 

to thereby promote end resection and to enable homologous recombination (Daddacha 

et al. 2017). Also, SAMHD1 modulates the outcome of NHEJ and modulates the length 

of random dNTP insertions at the break site (Akimova et al. 2021). HIV-1 replication is 

linked to the DNA damage response at multiple levels. HIV-1 infection can lead to DNA 

damage signaling through the ATR/Chk1 axis, replication stress and G2-arrest through 

the action of Vpr (Roshal 2003, Zimmermann 2006). Here, activation of SLX4-associated 

MUS81-EME1 endonuclease might be involved, again linking DNA damage associated 

endo-/exonucleases to HIV-1 replication (Laguette et al. 2014; Berger et al. 2015; 

Fregoso and Emerman 2016). Also, NHEJ pathway components, such as DNA-PKcs, are 

crucial for successful HIV-1 integration and prevent the activation of DNA damage 

signaling and apoptosis in response to HIV-1 infection (Daniel et al. 1999; Li et al. 2001; 

Skalka and Katz 2005). Thus, the role of SAMHD1 in DNA damage pathways could be 

linked to the restriction of HIV-1 replication. This could be at the level of reverse 

transcription, formation of the PIC or integration itself. However, since SAMHD1 was 

shown to specifically inhibit also reverse transcription, this would mean that such a 

mechanism either acts early or in addition to an early acting function of SAMHD1 

(Goujon et al. 2007; Srivastava et al. 2008; Hrecka et al. 2011; Baldauf et al. 2012; 

Descours et al. 2012). Interestingly, while the modulation of NHEJ by SAMHD1 seems to 

be dependent on its dNTPase activity (Akimova et al. 2021), Daddacha et al. proposed 

that the function of SAMHD1 in HR is independent an active catalytic center. This would 

be in line with our preliminary results on dNTPase deficient mutants (Fig. 32). If the role 

of SAMHD1 in DNA damage response is regulated by pT592 is currently unknown.  

How the ability of SAMHD1 to recruit DNA endo-/exonucleases relates to its anti-viral 

activity is not resolved (Majer et al. 2019). Still, it is imaginable that SAMHD1 T592 
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phosphorylation regulates different functional states of SAMHD1. Processes facilitated 

by SAMHD1 can possibly be mutually exclusive. When phosphorylated at residue T592, 

SAMHD1 could participate in the resolution of stalled replication forks or homologous 

recombination in cycling cells in S-Phase and G2-phase. However, then it would not be 

inhibiting viral replication. In contrast, upon transition into G1 or G0, SAMHD1 is rapidly 

dephosphorylated at residue T592. This mechanism could be essential in order to keep 

the time window, in which cells are permissive to DNA and retrovirus infection, 

restricted to cell cycle phases in which end resection is crucial (Schott et al. 2018). 

Through which mechanism SAMHD1 is able to recruit endo-/exonucleases to sites of 

stalled replication and DNA double strand breaks is not resolved. SAMHD1 was shown 

to bind to single-stranded RNA and DNA, as well as to RNA or DNA with complex 

secondary structures in vitro (Beloglazova et al. 2013; Seamon et al. 2015). If this is 

contributing to the recruitment of endo-/exonucleases in cells or anti-viral activity, is 

still open. In this direction, a recent report presents evidence that short 

phosphorothioate oligonucleotides can bind to the allosteric sites of SAMHD1, 

promoting formation of a distinct SAMHD1 tetramer (Yu et al. 2021). Mutations that 

abolish phosphorothioate oligonucleotide binding also reduced HIV-1 restriction 

potential. How SAMHD1 nucleic acid binding activity is regulated is currently not clear. 

The SAMHD1 phosphomimetic T592E mutant had no influence on ssRNA and ssDNA 

binding in vitro (Seamon et al. 2015). Intriguingly, ssDNA or ssRNA binding to SAMHD1’s 

dimer-dimer interface can inhibit the formation of catalytically active SAMHD1 tetramer 

and thus interferes with dNTPase activity (Seamon et al. 2016). This again could be 

reminiscent of SAMHD1 moonlighting between two mutually exclusive functions.  

Conversely, it could be hypothesized that two functions of SAMHD1 mechanistically 

linked and that both are necessary for full SAMHD1 function. This could follow an 

additive or synergistic logic. However, our preliminary data on depletion of SAMHD1 

T592E KI mutants, rather speaks against a second, T592 phospho-regulation 

independent function of SAMHD1 (Fig. 28, for detailed discussion see 4.4.1). 

Alternatively, two functional entities of SAMHD1 could follow an AND logic, in which on 

function licenses the other. As an example, low dNTP levels could sensitize HIV-1 

reverser transcription for additional anti-viral functions, such as DNA damage response 

associated mechanisms due to rNTP misincorporation, mutagenic stress and enhanced 



 

142 
 

pausing of RT (Hu and Temin 1990; Kennedy et al. 2012). Also, SAMHD1’s nucleic acid 

binding activity could modulate the localization and interactome of SAMHD1 and 

thereby allow context dependent anti-viral mechanisms (see section 4.4.2). A deeper 

investigation is needed to understand these phenomena in cells and to test whether this 

might be regulated by post-translational modifications. 

 

4.4.4 SAMHD1 might have a role in R-loop resolution, but does not alter 

CRISPR/Cas9 editing efficiency 

Recently, SAMHD1 was suggested to play a role in the prevention or resolution of R-

loops. R-loops are trimeric RNA:DNA structures that form at transcription-replication 

conflict sites, but also at sites of DNA damage (Fig. 7) (Park et al. 2021; García-Muse and 

Aguilera 2019). MRE11 complex and other endo-/exonucleases are important for the 

resolution of R-loops (Chang et al. 2019; García-Muse and Aguilera 2019). Thus, SAMHD1 

could be responsible for recruitment of factors, i.e. endo-/exonucleases, mediating R-

loop resolution. Furthermore, other proposed cellular functions of SAMHD1 strongly 

overlap with biological phenomena in which R-loops are involved, such as telomere 

maintenance and antibody class switch recombination (Fig. 5 and 7) (Majerska et al. 

2018; García-Muse and Aguilera 2019; Husain et al. 2020). Accordingly, whether the role 

of SAMHD1 in R-loop prevention, resolution of stalled replication forks, DNA damage 

response and class switch recombination are functionally connected, should be carefully 

addressed. 

In this line, subsequent proteins involved in nucleic acid metabolism have recently been 

shown to affect the abundancy of R-loops. Mutants of RNAse H2 and TREX1, known to 

cause AGS in patients, have been demonstrated to elevate the genomic R-loop burden 

and thereby to release immune stimulatory RNA:DNA hybrids, which are subject to 

cGAS-mediated sensing and could be causative for elevated IFN signaling and 

neuroinflammation in AGS patients (Chatzidoukaki et al. 2021; Cristini et al. 2022; 

Giordano et al. 2022). A similar relationship for SAMHD1 mutants leading to AGS, is still 

to be demonstrated.  

R-loops at transcription-replication conflicts are difficult to control and thus to study 

experimentally. However, R-loop-like structures also form during CRISPR/Cas9 gene 
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editing, which would allow tight experimental control of R-loop formation. Therefore, 

we studied the role of SAMHD1 in CRISPR/Cas9 gene editing by using KO or KI efficiency 

as a surrogate for R-loop stability and dynamics. Yet, we were unable to define a 

relationship between SAMHD1 depletion and altered CRISPR/Cas9 KO and KI efficiency 

(Fig. 41 and 42). Conclusively, SAMHD1 seems not to affect R-loop dynamics in the 

context of CRISPR/Cas9 gene editing.  

However, even though CRISPR/Cas9 complexes bound to genomic DNA resemble 

physiological R-loops in several aspects, such as RNA:DNA hybrid regions and displaced 

ssDNA, the detailed structure and composition probably differs (García-Muse and 

Aguilera 2019). Also, the mechanisms leading to displacement or resolution of the 

tertiary nucleic acid complex, as well as the cellular factors recruited to the R-loop, will 

likely not be the same. Different gene editing tools, such as a growing repertoire of Cas 

proteins, or prime editors might adopt alternative DNA:RNA:protein conformations and 

therefore might be more accessible to cellular factors modulating R-loop biology 

(Anzalone et al. 2019; Nidhi et al. 2021). Understanding if SAMHD1 plays a role in these 

settings, might bring new answers to the question of whether SAMHD1 alters R-loop 

stability and dynamics. Elucidating the role of SAMHD1 in R-loop biology is of special 

importance since complex RNA:DNA hybrids are intermediates of HIV-1 reverse 

transcription (Flint et al. 2015). One hypothesis could be that SAMHD1 inhibits reverse 

transcription by directly interfering with the stability of these nucleic acid species. Again, 

understanding timing and localization of reverse transcription and uncoating is essential 

to estimate if SAMHD1 could directly access and interfere with the HIV-1 replication 

complex. 

 

4.4 Towards a unified model of SAMHD1 function, T592 
phospho-regulation and HIV-1 restriction 

4.4.1 Two functional entities could be necessary to form the complete 

anti-viral restriction potential of SAMHD1 

As outlined above, we were able to genetically uncouple anti-viral restriction and 

dNTPase function with CRISPR/Cas9 KI mutants of the phospho-regulatory T592 site. 

This is in support of previous data on the effect of T592 mutants in overexpression 
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systems on anti-viral restriction and cellular dNTP levels (Tab. 18) (Welbourn et al. 2013; 

White et al. 2013b; Welbourn and Strebel 2016). However, the paradigm that the 

dNTPase activity of SAMHD1 is the major driver of anti-viral activity still is widely 

accepted and shared in the field (Baldauf et al. 2012; Lahouassa et al. 2012; Kim et al. 

2012; Arnold et al. 2015; Welbourn and Strebel 2016; Schott et al. 2018; Majer et al. 

2019; Bowen et al. 2021). Combining CRISPR/Cas9 KI with BlaER1 cells as a novel myeloid 

model, we were now able to demonstrate that the separation of the loss of restriction 

phenotype and the maintenance of SAMHD1 dNTPase activity is not due to technical 

artifacts (Fig. 25 and 26) (Majer et al. 2019).  

Uncoupling of SAMHD1-mediated anti-viral restriction and dNTPase activity does not 

exclude the possibility that the SAMHD1 dNTPase activity is participating to or required 

for anti-viral restriction. A yet to be defined second SAMHD1 enzymatic activity or 

property (see sections 4.3.3, 4.3.4 and 4.4.2 for details), might in addition be required 

for full anti-viral restriction capacity of SAMHD1. This second SAMHD1 functional entity 

could be regulated by T592 phosphorylation. In a scenario of an additive dual 

dependency, the two entities of SAMHD1 would independently restrict HIV-1 

replication. Also, the relationship between two functional entities of SAMHD1 could be 

synergistic. In synergism the two functional entities are not completely independent, 

but one function supports or enhances the other function of SAMHD1. Both options 

could lead to a scenario in which the restrictive effect of several anti-viral mechanisms 

are necessary to block HIV-1 replication, potentially in a cell type-dependent manner. 

Such a hypothesis would be in line with the notion that a SAMHD1 function independent 

of the regulation of dNTP level is required for anti-viral restriction in cycling cells  

(Welbourn and Strebel 2016).  

Using Vpx-mediated SAMHD1 depletion in transdifferentiated SAMHD1 T592A and 

T592E KI mutant BlaER1 cells, we tried to address the question of whether a second 

function of SAMHD1, independent of T592 phospho-regulation, i.e. the dNTPase activity, 

contributes to anti-viral restriction. Upon SAMHD1 T592E mutant depletion, we 

observed only a minor increase of HIV-1-mCherry reporter virus infection, to the same 

level observed in SAMHD1 KO cells (Fig. 28). Thus, our preliminary data rather speaks 

against a second functional entity of SAMHD1 contributing to HIV-1 restriction in an 
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additive of synergistic manner. However, this preliminary result requires further support 

from biological replicates.  

 

4.4.2 Interaction partners or SAMHD1 sub-cellular localization could 

license HIV-1 restriction 

An alternative hypothesis could be that T592 phosphorylation regulates a property of 

SAMHD1, which is absolutely required for dNTPase-mediated anti-viral restriction. As an 

example, T592 phosphorylation could modulate SAMHD1 sub-cellular localization, as 

well as SAMHD1 recruitment to interaction partners or multi-protein complexes. In this 

line, it is interesting that SAMHD1 recruitment to stalled replication forks is dependent 

on T592 phosphorylation (Coquel et al. 2018). We and others recently were able to 

identify a large number of potential SAMHD1 interaction partners (St Gelais et al. 2014; 

Schott et al. 2018). These analyses are based on transient or stable overexpression of 

tagged protein. Overexpressed SAMHD1 is hyperphosphorylated (Fig. 22). To better 

understand pT592-dependent SAMHD1 complex formation, it will be crucial to 

investigate the interactome of SAMHD1 with defined phospho-status, side by side in a 

comparable system. In addition, interactomes based on endogenously expressed 

protein might increase the fidelity and relevance of identified interaction partners and 

reduce the number of candidates. Similarly, the analysis of endogenous protein 

interactomes would reduce the burden of mislocalization, which can be a problem in 

overexpression (Dalvai et al. 2015; Stockhammer et al. 2021). Using proximity labeling 

with new biotinylation enzymes such as TurboID, in combination with endogenous 

tagging, will allow time resolved mapping of transient SAMHD1 interactions in different 

conditions (Branon et al. 2018; Cho et al. 2020; Stockhammer et al. 2021). Comparing 

the interactome of endogenous SAMHD1 in THP-1 cells stimulated or not with PMA 

could reveal differential interaction networks of phosphorylated and un-phosphorylated 

SAMHD1. However, PMA-activation could also heavily modulate the expression of 

potential SAMHD1 interaction partners. As an alternative, we believe that SAMHD1 

T592A and T592E KI mutants in transdifferentiated BlaER1 cells can be an attractive tool 

to define the T592 phospho-dependent interactome of endogenous SAMHD1.  
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Even more, interactions and complex recruitment of SAMHD1 differentially 

phosphorylated at residue T592 could modulate SAMHD1 sub-cellular localization. 

SAMHD1 is predominantly localized nuclear (Brandariz-Nuñez et al. 2012). However, 

SAMHD1 is not evenly distributed in the nucleus (Fig. 37). Also, SAMHD1 mutants could 

have an impact on how SAMHD1 is localized in the nuclear compartment (Paula Rauch, 

unpublished). Compartmentalization of SAMHD1, so far, was only analyzed using 

overexpression systems. Overexpressed protein might be dysregulated in terms of 

localization and subject to artefacts due to enforced episomal expression (Batalis et al. 

2021). Recent advances in endogenous protein tagging and high resolution fluorescence 

imaging could increase our understanding of SAMHD1 localization and bring new 

insights into phospho-dependent SAMHD1 recruitment to sub-nuclear structures 

(Bukhari and Müller 2019; Cho et al. 2022). It would also allow live cell imaging. Again, 

we believe that the endogenous T592A and T592E BlaER1 KI mutants can serve as an 

interesting starting point to understand the effect of pT592 on SAMHD1 nuclear 

distribution.  

Interestingly, HIV-1 replication was recently proposed to take place in specialized 

nuclear compartments, so called nuclear speckles (Francis et al. 2020; Rensen et al. 

2021). As proposed, HIV-1 capsid containing the RTC is transported from the nuclear 

pore into nuclear speckles in a CPSF6-dependent manner. HIV-1 infection is able to 

remodel nuclear speckles and to lead to CPSF6 re-localization (Francis et al. 2020; 

Rensen et al. 2021). The idea that SAMHD1 could be co-shuttled or even specifically 

recruited into these compartments upon HIV-1 infection is intriguing. Nuclear speckles 

are phase-separated membraneless compartments. Restricted diffusion in these 

compartments could increase a local SAMHD1-dependent gradient of dNTPs and 

thereby foster SAMHD1-mediated restriction of HIV-1 reverse transcription (Mitrea et 

al. 2018; Floris et al. 2021). Careful imaging experiments using endogenously tagged 

SAMHD1 in presence and absence of HIV-1 would allow to understand if SAMHD1 

localization is responsive towards HIV-1 infection.  
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4.4.3  Re-evaluation of mutagenic data on SAMHD1 dNTPase function is 

needed to better understand anti-viral restriction 

A large body of evidence supports the notion that the dNTPase activity is involved in 

anti-lentiviral restriction (Majer et al. 2019). First, there is a number of correlative data 

linking cellular dNTP levels, HIV-1 RT enzyme kinetics and anti-viral restriction in MDMs 

and CD4+ T cells, as well as in cell cycle synchronized HeLa cells (Diamond et al. 2004; 

Kennedy et al. 2010; Lahouassa et al. 2012; Schott et al. 2018). Also, the affinity of HIV-

1 RT inversely correlates with the SAMHD1 sensitivity of HIV-1 mutants (Lahouassa et al. 

2012; Arnold et al. 2015). Second, the SAMHD1-mediated HIV-1 restriction capacity can 

be altered by manipulation of cellular dNTP levels, i.e. by adding exogenous dNs or 

blocking RNR-mediated dNTP de novo synthesis using HU (Baldauf et al. 2012; Lahouassa 

et al. 2012; Welbourn and Strebel 2016). Finally, SAMHD1 mutants of the catalytic core 

residues, such as H206, D207 and D311, or truncated SAMHD1 partially or completely 

lacking the HD domain, as well as mutants of the allosteric binding pockets did not 

restrict HIV-1 replication when overexpressed in PMA-activated U937 cells (Tab. 18) 

(Laguette et al. 2011; Lahouassa et al. 2012; White et al. 2013a; Ryoo et al. 2014; Arnold 

et al. 2015). However, our initial data again seems to contradict these results.  

In order to study a large number of SAMHD1 mutants by overexpression, we adopted a 

SAMHD1 staining and flow cytometry strategy to overcome hurdles, such as non-

homogenous and unstable SAMHD1 expression in bulk transduced cell populations (Fig. 

29 and 30). This method is superior to the previously published assays to analyze the 

restriction activity of SAMHD1 mutants because it allows the specific quantification of 

HIV-1 reporter virus infection in cells expressing SAMHD1 (compare Fig. 29 to 31). 

Transduction rates or low expression of SAMHD1 mutants have only a minor impact on 

the outcome of the improved restriction assay (Fig. 31). As an example, this allowed us 

to reproduce HIV-1 restriction by SAMHD1 T592A mutant overexpression (Fig. 31). Also, 

SAMHD1 intracellular staining and flow cytometry enables the quantification of 

SAMHD1 protein expression on the single cell level.  

By analyzing a small set of SAMHD1 mutants, for which previous reports showed loss of 

restriction towards HIV-1, we identified several interesting differences to the published 

phenotypes (Tab. 18, Fig. 32). When overexpressed in PMA-activated U937 cells, the 

catalytic core mutants D311A and Y315A were previously reported to not show activity 
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against HIV-1 (Tab. 18) (Ryoo et al. 2014; Arnold et al. 2015). Y315 is stabilizing the dNTP 

triphosphate at the γ-phosphate in the substrate pocket, while D311 makes contacts to 

the α-phosphate and the catalytic Fe3+ ion (Fig. 6) (Morris et al. 2020). Both residues are 

critical for dNTP catalysis, with the D311A mutant not showing any residual dNTPase 

activity (Fig. 32B) (Goldstone et al. 2011; Beloglazova et al. 2013; Ryoo et al. 2014; 

Bhattacharya et al. 2016; Bowen et al. 2021). Surprisingly however, in our assay, 

SAMHD1 D311A and Y315A mutants showed a considerable degree of restrictive activity 

towards HIV-1, which was comparable to the restrictive SAMHD1 T592A mutant (Fig. 

32D).  

Furthermore, D137N, a mutant of allosteric site 1, which reportedly is dNTPase deficient 

due to a lack of allosteric activation, showed residual restrictive activity (Fig. 32D) 

(Goldstone et al. 2011; Ryoo et al. 2014). Interestingly, this observation was made earlier 

by several groups and served as an argument in favor of the RNase activity mediating 

the anti-viral effect of SAMHD1 (Fig. 17) (Ryoo et al. 2014; Choi et al. 2015; Antonucci et 

al. 2016). Later, the idea of a SAMHD1 RNase activity was strongly questioned and 

shown to rather be due to impurities in preparations of SAMHD1 for in vitro assays 

(Antonucci et al. 2016; Seamon et al. 2016). Also, in our hands the reportedly RNase-

negative Q548A mutant resulted in only a minor loss of restriction, which probably was 

due to altered expression patterns (Fig. 32C and D) (Ryoo et al. 2014; Choi et al. 2015; 

Antonucci et al. 2016).  

Furthermore, several mutants with a reported loss of dNTPase and anti-viral restriction 

activity, such as the allosteric site mutant R145Q and mutants of the catalytic Fe3+ 

coordinating residues H167A and H206A, showed a severe loss of expression both in 

bulk and on single cell level (Fig. 32A and C) (Goldstone et al. 2011; Goncalves et al. 

2012). In line with this, we previously observed mislocalization of several poorly 

expressed mutants, such as the R145Q, the Q548A and the H206A_D207A mutant (Paula 

Rauch, unpublished). If this is an artifact due to dysfunctional mutant overexpression or 

an intrinsic property of the specific mutants is an open question. Still, especially mutants 

of the metal ion coordinating residues have extensively been used as an argument 

supporting the hypothesis that the dNTPase activity is the central HIV-1 restrictive 

functional entity of SAMHD1 (Laguette et al. 2011; Lahouassa et al. 2012; White et al. 

2013a; Arnold et al. 2015).  
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Our observation, that the loss of proper expression and potentially aggregation in 

nuclear compartments might cause failure of anti-viral restriction in transdifferentiated 

BlaER1 cells, urges for a systematic re-analysis of the catalytic SAMHD1 residues and 

independent validation of the restrictive phenotype of published SAMHD1 mutants in 

myeloid cells (Tab. 18) (Morris et al. 2020). Accordingly, in order to answer the question 

of whether the SAMHD1 dNTPase activity is required for anti-viral restriction, we will 

need to support the preliminary data in this work by further mutants and biological 

replicates. Data on dNTPase activity and sub-cellular localization will be essential to form 

new hypothesis on the relation of SAMHD1 function and anti-viral restriction. Again, 

CRISPR/Cas9 KI will be critical to validate selected functional mutants of SAMHD1 in an 

endogenous setting. 

 

Table 18: HIV-1 restriction and dNTPase activity of published SAMHD1 mutants 

Mutation 
HIV-1 

restriction? 

dNTPase 

activity? 
References 

1-114 No  (Arnold et al. 2015) 
1-328 No No (White et al. 2013a) 

1-575 Yes  (Cribier et al. 2013) 

1-583 No  (Arnold et al. 2015) 

1-595 No Yes (Martinat et al. 2021) 

1-597 No Yes (Martinat et al. 2021) 

1-600 Yes Yes (Martinat et al. 2021) 
15-626 Yes Yes (White et al. 2013a) 
34-583 No  (Arnold et al. 2015) 
34-626 Yes  (Arnold et al. 2015) 
112-582 Yes Yes (White et al. 2013a) 
112-626 Yes  (White et al. 2013a; White et al. 2013b) 
112-626_T592D No Yes (White et al. 2013b) 
115-526 Yes  (Arnold et al. 2015) 
115-583 Yes No (Arnold et al. 2015) 
115-626 Yes Yes (Arnold et al. 2015) 
Δ27-113 Yes  (Arnold et al. 2015) 
Δ(27-113)-583 No  (Arnold et al. 2015) 
Δ45-110 No No (White et al. 2013a) 
S6A Yes  (Welbourn et al. 2013) 
S6E Yes  (Welbourn et al. 2013) 
S18A Yes  (White et al. 2013b) 
S18D Yes  (White et al. 2013b) 
T21A Yes  (Welbourn et al. 2013; White et al. 2013b) 
T21D Yes  (White et al. 2013b) 
T21E Yes  (Welbourn et al. 2013) 
T25A Yes  (White et al. 2013b) 
T25E Yes  (White et al. 2013b) 
S33A Yes  (Welbourn et al. 2013; White et al. 2013b) 
S33D Yes  (White et al. 2013b) 
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S33E Yes  (Welbourn et al. 2013) 
S93A No No (Hu et al. 2021) 

D137N Yes No 
(Goldstone et al. 2011; Ryoo et al. 2014; 
Arnold et al. 2015; Choi et al. 2015; 
Antonucci et al. 2016) 

R143C No  (Arnold et al. 2015) 
R145A No  (Arnold et al. 2015) 
R145Q No No (Goldstone et al. 2011; Arnold et al. 2015) 
R164A No No (Goldstone et al. 2011; Arnold et al. 2015) 

H167A No No 
(Beloglazova et al. 2013; Arnold et al. 
2015) 

H206A No No 
(Beloglazova et al. 2013; Arnold et al. 
2015) 

H206A_D207A No No 
(Goldstone et al. 2011; Laguette et al. 
2011; Lahouassa et al. 2012; White et al. 
2013a; Arnold et al. 2015) 

H206N_D207N No No (Welbourn and Strebel 2016) 

D207A No No 
(Beloglazova et al. 2013; Arnold et al. 
2015) 

D207N No No (Ryoo et al. 2014; Choi et al. 2015) 
H233A No No (Arnold et al. 2015; Morris et al. 2020) 

D311A No No 
(Goldstone et al. 2011; Beloglazova et al. 
2013; Ryoo et al. 2014; Bhattacharya et al. 
2016; Bowen et al. 2021). 

K312A No  (Arnold et al. 2015) 

Y315A No No 
(Beloglazova et al. 2013; Arnold et al. 
2015) 

C341S No Yes (Wang et al. 2018) 
C350S Yes Yes (Wang et al. 2018) 
R366C No No (Bowen et al. 2021) 
R366H No No (Bowen et al. 2021) 
R372D No  (Arnold et al. 2015) 
R451A_L453A No No (St Gelais et al. 2018) 
F454W Yes Yes (St Gelais et al. 2018) 
K469R Yes  (Martinat et al. 2021) 
K469R_ K622R Yes Yes (Martinat et al. 2021) 
E471Q Yes  (Martinat et al. 2021) 
E471Q_D624N Yes Yes (Martinat et al. 2021) 
K469R_K595R_K622R No Yes (Martinat et al. 2021) 
E471Q_E597Q_D624N Yes Yes (Martinat et al. 2021) 
L488A_L489A_V491A No  (Martinat et al. 2021) 
L488A_L489A_ 

V491A_T592A 
No 

 
(Martinat et al. 2021) 

C522S No Yes (Wang et al. 2018) 

Q548A No/Yes Yes 
(Beloglazova et al. 2013; Ryoo et al. 2014; 
Choi et al. 2015; Antonucci et al. 2016) 

R566Q Yes Yes (red.) (Monit et al. 2019) 
A574L Yes Yes (red.) (Monit et al. 2019) 
A574S Yes (red.) Yes (red.) (Monit et al. 2019) 

T592A Yes Yes 
(White et al. 2013b; Welbourn et al. 2013; 
Arnold et al. 2015; Welbourn and Strebel 
2016) 

T592A_K595R Yes  (Martinat et al. 2021) 
T592A_Q597Q No  (Martinat et al. 2021) 
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T592D No Yes 
(White et al. 2013b; Ryoo et al. 2014; 
Arnold et al. 2015) 

T592E No Yes 
(White et al. 2013b; Welbourn et al. 2013; 
Arnold et al. 2015; Welbourn and Strebel 
2016) 

T592V Yes Yes (White et al. 2013b) 
P593A Yes Yes (White et al. 2013b) 
Q594L Yes Yes (red.) (Monit et al. 2019) 
Q594N Yes Yes (Martinat et al. 2021) 
Q594R Yes (red.) Yes (red.) (Monit et al. 2019) 
K595A No Yes (Martinat et al. 2021) 
K595R No Yes (Martinat et al. 2021) 
K596D Yes (red.) Yes (red.) (Monit et al. 2019) 
K596L Yes Yes (red.) (Monit et al. 2019) 
K596M Yes (red.) Yes (red.) (Monit et al. 2019) 
K596P Yes Yes (red.) (Monit et al. 2019) 
K597Q No Yes (Martinat et al. 2021) 
K622R Yes  (Martinat et al. 2021) 
D624N Yes  (Martinat et al. 2021) 
1-579-SUMO1 No Yes (Martinat et al. 2021) 
1-579-SUMO2 Yes Yes (Martinat et al. 2021) 
1-579_T592A-SUMO2 Yes Yes (Martinat et al. 2021) 
1-579_T592E-SUMO2 No Yes (Martinat et al. 2021) 

 

4.4.4 SAMHD1 regulation is more complex than previously assumed 

Several recent lines of evidence suggest that SAMHD1 regulation is more complex than 

previously anticipated. SAMHD1 is modified by acetylation, SUMOylation, ubiquitination 

and O-GlcNAcylation (White et al. 2013b; Welbourn et al. 2013; Kim et al. 2019a; Ochoa 

et al. 2020; Lee et al. 2017; Lamoliatte et al. 2014; Hendriks et al. 2017; Lumpkin et al. 

2017; Elia et al. 2015; Hu et al. 2021). Also, SAMHD1 was demonstrated to harbor redox 

sensitive cysteine residues, which affect both dNTPase and anti-viral activity (Tab. 18) 

(Mauney et al. 2017; Wang et al. 2018). SAMHD1 acetylation at residue K405 was shown 

to affect SAMHD1 dNTPase activity in vitro. However, the effect on its anti-viral 

restriction activity is unclear (Lee et al. 2017). O-GlcNAcylation at S93 was proposed to 

increase SAMHD1 stability and thus HIV-1 and HBV restriction (Hu et al. 2021).  

Recently, SAMHD1 SUMOylation at residue K595 was shown to be required for HIV-1 

restriction in PMA-activated U937 cells. PMA-activated U937 cells in which SAMHD1 

mutants, abrogating SUMOylation at residue K595 and anti-viral restriction, were 

overexpressed, did not show increased dATP levels. Thus, SUMOylation deficient 

mutants phenocopy phosphomimetic T592 mutants of SAMHD1 (Martinat et al. 2021). 

SAMHD1 phosphorylation at residue T592 seems not to affect SAMHD1 SUMOylation at 
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K595. Both residues can be co-modified (Hendriks et al. 2017; Martinat et al. 2021). 

However, K595 is part of the 592TPQK595 CDK target motif, which is essential for T592 

phosphorylation (Cribier et al. 2013; White et al. 2013b; Monit et al. 2019; Martinat et 

al. 2021). Therefore, it will be interesting to investigate in more detail how T592 

phosphorylation and K595 SUMOylation are integrated. Again, our model systems based 

on transdifferentiated BlaER1 cells and CRISPR/Cas9 KI will be helpful to better define 

the effect of these PTMs on the anti-viral restriction activity of SAMHD1.  

 

4.4.5 SAMHD1 is differentially phosphorylated at multiple sites 

In addition to residue T592, the first studies on SAMHD1 phospho-regulation using mass 

spectrometry of endogenous and overexpressed SAMHD1, suggested residues S6, S18, 

S21 T25 and S33 to be phosphorylated. However, mutants of these residues did not 

affect anti-viral activity (Welbourn et al. 2013; White et al. 2013b). To verify if and how 

theses residues are modified in a myeloid endogenous setting, such as in THP-1 and 

transdifferentiated BlaER1 cells, we performed targeted LC-MS/MS (Fig. 33). Indeed, we 

were able to confirm the modification of several residues in endogenously expressed 

SAMHD1 (Fig. 43).  

At most potential sites, phosphorylation was reduced in myeloid cells, when compared 

to cycling THP-1 (Fig. 34 and 35D). Surprisingly, pinpoint analysis and quantification 

revealed a differentially regulated N-terminal phospho-hub in which S33 is upregulated 

in PMA-activated THP-1 and transdifferentiated BlaER1 cells, whereas two other 

residues in the n-terminus, T21 and T25, are downregulated (Fig. 35D and E). Even 

though the N-terminus is largely disordered (Fig. 43), such an anti-regulatory phospho-

hub could modulate folding or interactions of the SAMHD1 N-terminus and thereby 

SAMHD1 function. However, we could not identify differences in the anti-viral 

restriction potential of combinatory mutants of S33, T21 and T25 (Fig. 38). In addition, 

combined mutation of S33, T21 and T25 did not affect SAMHD1 T592 phosphorylation, 

expression or localization (Fig. 36 and 37). This is in line with previous data on the 

restrictive potential and localization of single residue T21, T25 and S33 mutants (Tab. 

18) (Welbourn et al. 2013; White et al. 2013b). Nevertheless, dNTPase activity of these 

mutants or another functional entity of SAMHD1 could be affected. Also, a detailed  
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Figure 43: Position of potential SAMHD1 

phosphorylation sites.  

The position of potential SAMHD1 

phosphorylation sites is indicated in light 

blue and coral for investigated and non-

investigated sites respectively. SAMHD1 

structure model was used as predicted by 

AlphaFold (AF-Q9Y3Z3-F1-model_v2) 

(Jumper et al. 2022).  

 

 

 

pinpoint analysis, suggested that even more combinations of differentially regulate 

residues at the n-terminus are possible (Fig. 35E). A careful mutagenic analysis of these 

sites will be required to understand the contribution of the N-terminal phospho-hub to 

SAMHD1 regulation.  

Apart from the potential N-terminal phospho-sites, mass spectrometric data from our 

group on SAMHD1 overexpressed in insect Sf9 cells, revealed several further 

phosphorylation site candidates such as T74, S102, and T579 (Kerstin Schott, 

unpublished). Indeed, T74 and T579 seemed phosphorylated. The level of pT74 was 

similar in all cell types. In contrast pT579 was downregulated after PMA-activation in 

THP-1 cells and low in transdifferentiated BlaER1 cells, reminiscent of T592 phospho-

regulation (Fig. 35A and B). However, we did not detect pT579-pT592 double 

phosphorylated peptides (Fig. 34). Also, single site phospho-mutants did not affect the 

phospho-status of the other residue reciprocally, indicating that both phosphorylation 

events are independent (Fig. 34).  

When testing combinations or single residue mutants of the T579 and T592 site, we 

observed a loss of HIV-1 restriction of the overexpressed T579E mutant, similar to the 

phenotype of T592E (Fig. 40). This could mean that T579 phosphorylation acts as a 

redundant switch to T592 phosphorylation. Surprisingly however, all T579 and T592 
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Figure 44 : Prediction of structural consequence of T579 and T592 mutations for protein stability.  

Structure and interactions of the (A) T579 and (B) T592 sites and respective T to A or T to E mutants are 

shown as modeled by DynaMut (Rodrigues et al. 2018) based on the SAMHD1 AlphaFold model (AF-

Q9Y3Z3-F1-model_v2) (Jumper et al. 2022). T579 and T592 are highlighted in light blue. Hydrogen Bonds 

(red), weak hydrogen bonds (orange) and ionic interactions (yellow) of the respective residue are 

depicted. For the mutants, predicted changes in folding free energy is shown as a measure for loss (< 0) 

or gain (> 0) of protein folding stability (Rodrigues et al. 2018). (A) The arrow indicates a hydrogen bond 

lost in T579A and T579E mutants. 

double mutants, independent of the combination of phosphomimetic and -ablative 

modifications, led to a complete loss of restriction (Fig. 40). This phenotype might be 

more reminiscent of an artefact due to the introduction of mutants at the T579 site. The 

T579 residue stabilizes the folding of the structured C-terminal loops through formation  

of multiple hydrogen bonds (Fig. 43 and 44A). Both T579A and T579E mutants would 

lead to a loss of hydrogen bonds in this area and are predicted to increase the flexibility 

of the C-terminus (Fig. 44A) (Rodrigues et al. 2018). Also, mutants of T592 could have a 

destabilizing phenotype (Fig. 44B) (Rodrigues et al. 2018). Therefore, combined 

mutation of both residues independent of the phosphomimetic or -ablative nature of 

the mutations, could lead to a drastic re- or de-structuration of the C-terminus (Fig. 43). 

As both residues are not commonly co-modified in cycling THP-1 cells and overall 
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abundancy of pT579 is low (Fig. 34), this phenomenon is not likely to be relevant for 

anti-viral restriction in cells. However, this finding could indicate that a structured C-

terminus is important for SAMHD1 regulation. Interestingly, even though the available 

AlphaFold structure from the Protein Structure Database indicates a disordered extreme 

C-terminus (Fig. 6) (Jumper et al. 2021; Varadi et al. 2022), all models extracted from de 

novo predictions of SAMHD1 structure using AlphaFold2 (Mirdita et al. 2022) or 

RoseTTAfold (Baek et al. 2021) showed a C-terminus, which at least partially was folded 

into α-helices (data not shown). A structured c-terminus, for which folding is affected by 

PTMs of C-terminal residues such as pT592, pT579 or K595 SUMOylation could modulate 

intra- or intermolecular interactions. For example, formation of an active tetramer or 

the interaction with other proteins, mediating, supporting or licensing for anti-viral 

restriction could be affected. We believe that the myeloid models and genetic tools we 

introduced in this work might be essential to understand how T592 phosphorylation can 

dominate the anti-viral function of SAMHD1 and how additional phosphorylation sites 

contribute to phospho-regulation.  

 

4.5 Conclusion 

The regulation of SAMHD1-mediated HIV-1 restriction is clearly governed by T592 

phosphorylation. However, the connection to enzymatic functions of SAMHD1 is still 

unclear. Using a novel genetic toolkit and physiologic myeloid models we were able to 

confirm and define this discrepancy. A better and more integrated concept of SAMHD1 

regulation in relevant HIV-1 target cells, will improve our understanding of how SAMHD1 

inhibits HIV-1 replication and which conditions license SAMHD1 anti-viral capacity. In 

future, this might inspire therapeutic strategies, which could modulate anti-viral 

immunity or limit HIV-1 replication. Also, vaccination strategies would profit from a 

better understanding of SAMHD1 regulation. Again, physiologic and reliable model 

systems will be crucial to test and validate these approaches. 
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IV. SUMMARY 

Despite enormous efforts to develop curative treatments or effective vaccination 

strategies against human immunodeficiency virus 1 (HIV-1), the virus still is a substantial 

global health thread and a social and economic burden. Understanding host-HIV-1 

interactions will be essential to advance treatment options. Numerous pro- and anti-

viral host factors are known to date, the latter are referred to as restriction factors.  

Sterile α motif and HD domain-containing protein 1 (SAMHD1) is a potent restriction 

factor for HIV-1, active in myeloid and resting CD4+ T cells, which both are important 

HIV-1 target cells. To complete its obligate reverse transcription step, HIV-1 requires 

deoxyribonucleoside triphosphate (dNTPs) as a substrate for DNA synthesis. SAMHD1 is 

a dNTP triphosphate triphosphohydrolase (dNTPase). Therefore, SAMHD1 was 

proposed to limit cellular dNTP levels, which is supported by correlative data.  

The anti-viral activity of SAMHD1 is regulated by dephosphorylation of the residue T592. 

However, the impact of T592 phosphorylation on its dNTPase activity is still under 

debate. This might be in part due to limitations in the myeloid models and genetic tools, 

which are available to genetically study the relationship between SAMHD1 T592 

phosphorylation, anti-viral restriction and enzymatic functions of SAMHD1. Also, 

additional cellular functions of SAMHD1, as well as additional post-translational 

modifications could impact anti-viral restriction.  

To overcome technical limitations and the lack of knowledge, we used BlaER1 cells as a 

novel human macrophage transdifferentiation model combined with CRISPR/Cas9 

knock-in (KI) to study SAMHD1 mutations in a physiological context. Transdifferentiated 

BlaER1 cells, resembling primary human macrophages, harbor active dephosphorylated 

SAMHD1, strongly inhibiting HIV-1 reporter virus infection. Co-delivery of Vpx or 

CRISPR/Cas9-mediated SAMHD1 knock-out relieves the block to HIV-1 replication.  

We developed a pipeline to introduce specific mutations into the genomic SAMHD1 

locus via CRISPR/Cas9-mediated homologous recombination and were able to generate 

homozygous phosphomimetic SAMHD1 T592E and phosphoablative SAMHD1 T592A 

mutants. Homozygous T592E mutation, but not T592A, leads to loss of HIV-1 restriction, 

confirming the role of T592 dephosphorylation in the regulation of anti-viral activity. In 

stark contrast however, T592E KI cells retain wild type dNTP levels and dNTP pool 
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composition. Thus, the role of the T592 phospho-site for anti-viral restriction was 

confirmed in an endogenous physiological context. Importantly, loss of restriction in 

T592E mutant cells does not correlate with increased dNTP levels, indicating that the 

regulation of anti-viral and dNTPase activity of SAMHD1 might be uncoupled. 

To further understand if SAMHD1 dNTPase activity contributes to HIV-1 restriction, we 

developed an advanced overexpression system to reliably screen mutants of SAMHD1 

for their restrictive potential in macrophage-like BlaER1 cells. Indeed, we could identify 

mutants, which lack dNTPase activity, but seemed to maintain their restrictive potential. 

In line with this, we were unable to show an additional T592 phospho-regulation 

independent SAMHD1 function.  

SAMHD1 was recently proposed to play a role in the resolution of R-loops, tertiary 

DNA:RNA structures, which occur at sites of transcription-replication conflicts. As a 

surrogate model for the role of SAMHD1 in R-loop biology, we tested the effect of 

SAMHD1 depletion on CRISPR/Cas9 induced R-loops. We did not detect alterations of 

CRISPR/Cas9 KO and KI efficiency in absence of SAMHD1. Nevertheless, modulation of 

R-loop stability might still contribute to cellular and anti-viral functions of SAMHD1.  

The lack of experimental correlation between SAMHD1 dNTPase activity, HIV-1 

restriction and T592 phospho-status might also be due to an incomplete understanding 

of the complexity of SAMHD1 regulation. To obtain a more sophisticated image of 

SAMHD1 phosphorylation sites, we performed a targeted mass spectrometric analysis 

of endogenous SAMHD1 phosphopeptides in restrictive versus non-restrictive myeloid 

cells. We were able to identify several differentially phosphorylated residues in addition 

to T592. The N-terminal phospho-hub consistent of T21, T25 and S33 seemed not to 

influence SAMHD1 localization, expression, T592 phosphorylation or HIV-1 replication. 

In contrast, T579 emerged as a potential phosphorylation site regulating HIV-1 

restriction. However, mutants of T579 might affect SAMHD1 stability and further 

experiments will be necessary to confirm the role of pT579.  

We think that BlaER1 as a novel cell model for SAMHD1-mediated HIV-1 restriction and 

CRISPR/Cas9-mediated KI, will be helpful to unravel the interplay between SAMHD1-

mediated HIV-1 restriction, SAMHD1 post-translational regulation and cellular functions 

of SAMHD1. This knowledge might be essential for the future development of curative 

or preventive strategies against HIV-1.  
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V. ZUSAMMENFASSUNG 

Trotz großer Anstrengungen zur Entwicklung von Therapien und Impfstrategien gegen 

das humane Immundefizienz Virus 1 (HIV-1) stellt das Virus nach wie vor eine erhebliche 

Bedrohung für die globale Gesundheit dar. Um Behandlungen zu verbessern ist ein 

tieferes Verständnis der Wechselwirkungen zwischen Wirt und HIV-1 entscheidend. Es 

sind zahlreiche pro- und antivirale Wirtsfaktoren bekannt, wobei letztere als 

Restriktionsfaktoren bezeichnet werden. Sterile α motif and HD domain-containing 

protein 1 (SAMHD1) ist ein HIV-1 Restriktionsfaktor, der in myeloiden und ruhenden 

CD4+ T-Zellen aktiv ist. Während HIV-1 Desoxyribonukleosidtriphosphate (dNTPs) für die 

DNA-Synthese benötigt, begrenzt SAMHD1 mit seiner dNTP-Triphosphohydrolase 

(dNTPase) Aktivität den zellulären dNTP-Spiegel.  

Die antivirale Aktivität von SAMHD1 wird durch Dephosphorylierung des Rests T592 

reguliert. Die Auswirkungen der T592-Phosphorylierung auf die dNTPase-Aktivität sind 

jedoch unklar. Es stehen nur wenige myeloide Modelle und genetische Instrumente zur 

Verfügung, um die Beziehung zwischen der T592-Phosphorylierung von SAMHD1, der 

antiviralen Restriktion und den enzymatischen Funktionen von SAMHD1 zu 

untersuchen. Außerdem könnten zusätzliche zelluläre Funktionen von SAMHD1, sowie 

zusätzliche post-translationale Modifikationen die antivirale Restriktion beeinflussen. 

Um die technischen Einschränkungen und diese Wissenslücken zu überwinden, haben 

wir BlaER1-Zellen als neuartiges menschliches Makrophagen-Modell in Kombination mit 

CRISPR/Cas9 Knock-in (KI) verwendet, um SAMHD1-Mutationen in einem 

physiologischen Kontext zu untersuchen. Transdifferenzierte BlaER1-Zellen ähneln 

primären menschlichen Makrophagen und exprimieren aktives dephosphoryliertes 

SAMHD1, dass die Infektion mit HIV-1-Reporterviren blockiert. Vpx oder CRISPR/Cas9 

Knock-out (KO) von SAMHD1 erlaubt wiederum die HIV-1 Replikation.  

Mithilfe einer von uns entwickelten Pipeline zur CRISPR/Cas9-vermittelter homologen 

Rekombination, konnten wir homozygote phosphomimetische SAMHD1 T592E- und 

phosphoablative SAMHD1 T592A KI-Mutationen in den genomischen SAMHD1 Lokus 

einbringen. Die homozygote T592E Mutation, nicht aber T592A, führt zum Verlust der 

HIV-1-Restriktion, was die Rolle der Dephosphorylierung von T592 bei der Regulierung 

der antiviralen Aktivität bestätigt. In Gegensatz dazu ist der dNTP-Spiegel und die 
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Zusammensetzung des dNTP-Pools in den Zellen mit einer T592E KI-Mutation jedoch 

unbeeinflusst. Dies bestätigt die Rolle der T592-Phospho-Stelle für die antivirale 

Restriktion in einem endogenen physiologischen Kontext. Da kein Effekt auf die dNTP-

Spiegel festgestellt wurde, deutet das darauf hin, dass die Regulierung der antiviralen 

Aktivität und die der dNTPase von SAMHD1 möglicherweise entkoppelt sind. 

Um herauszufinden, ob die dNTPase-Aktivität von SAMHD1 zur HIV-1-Restriktion 

beiträgt, haben wir ein Überexpressionssystem weiterentwickelt, mit dem wir SAMHD1-

Mutanten in BlaER1-Makrophagen zuverlässig auf ihr restriktives Potenzial untersuchen 

können. Dadurch konnten wir dNTPase-defiziente Mutanten identifizieren, die HIV-1 

weiterhin inhibieren. Ebenso konnten wir keine von der T592-Phosphoregulation 

unabhängige SAMHD1-Funktion nachweisen.  

Neue Ergebnisse deuten darauf hin, dass SAMHD1 R-Loops, tertiären DNA:RNA-

Strukturen an Transkriptions-Replikationskonflikten, beeinflusst. Als Modell hierfür, 

haben wir die Wirkung einer SAMHD1-Depletion auf CRISPR/Cas9-induzierte R-Loops 

getestet. Wir konnten keine Veränderungen der Effizienz von CRISPR/Cas9 KO und KI 

feststellen, was aber nicht ausschließt, dass SAMHD1 endogene R-Loops moduliert.  

Die fehlende experimentelle Korrelation zwischen der dNTPase-Aktivität von SAMHD1, 

antiviraler Restriktion und T592-Phospho-Status könnte auch auf ein mangelndes 

Verständnis der Komplexität der Regulation von SAMHD1 zurückzuführen sein. Um ein 

differenzierteres Bild der Phosphorylierungsstellen zu erhalten, haben wir eine 

massenspektrometrische Analyse der endogenen SAMHD1-Phosphopeptide in 

restriktiven und nicht restriktiven myeloiden Zellen durchgeführt. Neben T592 konnten 

wir eine Reihe von phosphorylierten Resten identifizieren. T21, T25 und S33 schienen 

keinen Einfluss auf die SAMHD1-Lokalisierung, Expression, T592-Phosphorylierung oder 

die Replikation von HIV-1 zu haben. Im Gegensatz dazu erwies sich T579 als eine 

potenzielle Phosphorylierungsstelle, die die HIV-1-Restriktion regulieren könnte. Daher 

sind weitere Experimente erforderlich, um die Rolle von pT579 zu bestätigen.  

Wir glauben, dass die hier vorgestellten Zellmodelle und die genetische Methodik 

hilfreich sein werden, um das Zusammenspiel zwischen HIV-1-Restriktion, post-

translationaler Regulierung und zellulären Funktionen von SAMHD1 zu entschlüsseln. 

Dieses Wissen könnte für die künftige Entwicklung kurativer oder präventiver Strategien 

gegen HIV-1 von entscheidender Bedeutung sein. 
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