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Abstract 4 

Abstract 

The current treatment of HIV-1-infected patients relies on life-long antiretroviral therapy (ART) 

that can suppress virus replication, but not eradicate the pathogen. The persistence of latent and 

ART-resistant viral reservoirs, particularly in resting CD4 T cells, remains the major barrier to HIV 

cure. The current limitation of strategies aiming at reversal of HIV latency or killing of infected 

cells in a clinical setting, in part results from a lack of biomarkers that are selectively exposed on 

latently HIV-1-infected, resting CD4 T cells. This knowledge could facilitate the selective elimina-

tion of the viral reservoir in infected individuals. Several candidate biomarkers were recently pro-

posed, including the Fcγ receptor (FcγR)-IIa (CD32a), but its role has remained controversial. 

Here we show, that the FcγR CD32 (FcγRII) is not expressed de novo by HIV-1-infected CD4 T 

cells, but acquired from CD32-positive cells such as macrophages under conditions of close cell-

to-cell contact. This cell communication process is referred to as FcγR-mediated trogocytosis. To 

study it, we established a cell line-based FcγR-mediated trogocytosis model. Here, we tested the 

functionality and auto-transfer of three isoforms of CD32, i.e. CD32A, B and C, as well as a panel 

of CD32A and B mutants. This revealed that CD32 drives the transient, cell contact-dependent 

transfer of itself, but also the co-transfer of other cell surface receptors (CD32B>CD32C≥CD32A) 

including chemokine coreceptors for HIV-1. Additionally, we explored the role of antibodies in 

modulating CD32-mediated trogocytosis. We found that the HIV-1 broadly neutralizing antibody 

(bNAb) PGT151 is autoreactive to CD4 T cells and thereby enhances trogocytosis. Intriguingly, 

also a subset of patients with chronic HIV-1 infection harbors T cell-reactive IgG autoantibodies 

with this capacity in their blood. Moreover, in co-cultures of primary macrophages with primary 

CD4 T cells we detected the transfer of CD32 as well as the co-transfer of a number of other 

receptors from the plasma membrane of macrophages to that of T cells. Transferred receptors 

were able to confer cell migration and adhesion properties to recipient cells. By confocal micros-

copy we were able to visualize transferred receptors on T cells within distinct membrane patches, 

which originated from the donor cells. Importantly, these macrophage-derived membrane patches 

served as hotspots for binding and fusion of HIV-1 particles and rendered resting CD4 T cells 

susceptible to infection.  

In order to further elucidate mechanisms that may be directly involved in preferential HIV-1 bind-

ing to membrane patches transferred by trogocytosis we investigated a set of receptors, previ-

ously implicated in HIV-1 binding to macrophages. While being able to detect the co-transfer of 

such HIV-1 binding receptors, including DC-SIGN, CD206 and CD11a/b/c, we excluded their 

functional contribution in this process using highly efficient knockout approaches in donor macro-

phages. Unexpectedly, we observed that CD4 endogenously expressed by T cells aggregated 

within transferred CD32+ ganglioside GM1+ membrane patches. Based on gene perturbation and 

antibody inhibition studies, we show that the recruited CD4 is an important factor for preferential 

virion binding and fusion at these hotspots, resulting in increased infection of these viral reservoir 

cells. 

Taken together, the antibody-enhanced, CD32-driven trogocytotic transfer of membrane patches 

containing a number of surface receptors can change the proteomic and functional plasticity of 

primary CD4 T cells. On a more general level, FcγR-mediated trogocytosis should be taken into 

account when investigating primary immune cells in co-culture and analyzing the expression and 

functionality of cell surface markers untypical for the respective cell lineage. Even though we can 

exclude CD32 as a bona fide biomarker for latently HIV-1-infected cells, the discovery of FcγR-

driven trogocytosis which enhances the HIV-1 infection rate of resting CD4 T cells is important as 

this process may contribute to seeding and expansion of the latent reservoir in patients. 
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1. Introduction 

1.1 HIV-1 and CD4 T cells 

1.1.1 HIV structure and composition 

The human immunodeficiency virus (HIV) was identified in the early 1980s [1, 2] and most likely 

evolved from a zoonotic transmission of simian immunodeficiency virus (SIV) from chimpanzees 

to humans at the beginning of the 1920s [3, 4]. Untreated infection leads to acquired immunode-

ficiency syndrome (AIDS). So far, two types of HIV have been identified, the more abundant type 

1 (HIV-1) and the globally less prevalent type 2 (HIV-2) [5]. HIV is a lentivirus and belongs to the 

family of retroviridae with two single stranded RNA copies (ssRNA). Its genome encodes for the 

group-specific antigen (gag), the polymerase (pol) and the envelope glycoprotein (env). The viral 

genome also encodes for viral regulatory and accessory proteins such as transcriptional transac-

tivator (tat), regulator of virus protein expression (rev), viral protein R, U and X (vpr, vpu, vpx), 

negative factor (nef), and virion infectivity factor (vif) [6]. Whereas the regulatory proteins Tat and 

Rev have been reported to be essential for efficient viral replication [7, 8], Vpu and Vif have been 

reported to enhance infection and Vpx is only found in HIV-2 and among some SIV strains [6, 9]. 

The retroviral gag gene is transcribed as a polyprotein (55 kDa) and later on processed by the 

viral protease to the viral matrix protein MA (p17), capsid protein CA (p24), the nucleocapsid NC 

(p7) as well as smaller proteins p1, p2 and p6 [9] with the capsid protein p24 as well as the 

nucleocapsid p7 are representing half of the mass of the viral particle [10]. The pol gene codes 

for highly conserved enzymatically active proteins: the reverse transcriptase (RT), the integrase 

(IN), and the protease (PR). The viral env gene encodes the glycosylated precursor protein 

gp160, which is enzymatically cleaved into two parts: the surface (SU, gp120) and the transmem-

brane domains (TM, gp41) which are later non-covalently bound as heterodimer, with three het-

erodimers forming the Env protein on the surface of the viral membrane [11, 12].  

In the mature virion, the viral genome is protected by the viral core, which itself is surrounded by 

a lipid bilayer originating from the virus-releasing cell. The lipid membrane is spiked with 8-10 

trimeric Env complexes, depending on the virus strain [13-15] (see Figure 1). 
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Figure 1 │Schematic overview of a mature HIV-1 particle.  

A mature HIV particle consists of different viral proteins as well as parts originating from the host cell. The particle is 

surrounded by a lipid bilayer spiked with envelope protein (env; gp120/gp41), followed by viral matrix proteins (MA). Inside 

the particle, the viral reverse transcriptase (RT), viral integrase (IN), viral protease (PR) as well as viral regulatory and 

accessory proteins can be found such as the transcriptional transactivator (Tat), the regulator of virus protein expression 

(Rev), viral protein R (Vpr) and viral protein U (Vpu). The viral genome consists of two identical ssRNAs which are pro-

tected by the viral core formed by capsid/p24 proteins (CA/p24). Schematic created with BioRender.com and adapted 

from Chen et al. [16]. 

1.1.2 HIV-1 fusion mediated by its envelope glycoproteins 

HIV fusion occurs between the viral membrane and the cytosolic membrane of the target cell. The 

two membranes have to come in close proximity and overcome kinetic barriers, such as hydration 

forces [17, 18]. The viral envelope glycoproteins gp120 and gp41 are the key proteins of the virus 

for a successful binding and fusion. The surface protein gp120 contains several important binding 

domains, such as the binding site for the entry receptor CD4 (CD4bs), the co-receptor binding 

site (revealed upon binding to CD4bs), as well as the site for non-covalent binding to the trans-

membrane part gp41. The protein sequence of gp120 can be divided into five variable regions 

(V1-V5), and five conserved regions (C1-C5) [19-21]. The co-receptor binding domain is found 

on the variable loop V3 and has been reported to play an important role for the viral tropism switch 

[22, 23] and prediction of the tropism in diagnostics [24, 25]. The tropism is defined by the usage 

of either the chemokine receptor CCR5 (R5-tropic virus, R5 virus) or CXCR4 (X4-tropic virus, X4 

virus) as co-receptor [20, 26]. In the early stage of viral transmission mostly R5 viruses are ob-

served, whereas in later disease stages a switch to X4 or dual-tropic R5/X4 viruses can be found 

in some patients [27, 28].  

The transmembrane protein gp41 is the anchor that places trimers of gp120/gp41 within the viral 

membrane and induces the membrane fusion later on [29]. Without the specific binding of Env to 

CD4, no productive infection will occur. Nevertheless, the following cell surface proteins and 

charged molecules can bind Env and attach the virus to the cell surface, which can play an addi-

tional role for cell-to-cell transmission and/or transcytosis through epithelia barriers:  

Macrophage Mannose receptors (MMR) [30, 31], Dendritic Cell-Specific Intercellular adhesion 

molecule-3-Grabbing Non-integrin (DC-SIGN, CD209) [32, 33], glycolipids [34], heparan sulfate 

[35, 36], α4β7-integrin [37, 38], complement receptor 3 (CR3, CD11b/CD18) [39, 40]. 
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gp41 can be divided into three domains: the ectodomain, the transmembrane domain (TD) and 

the cytoplasmic tail (CT). Upon CD4 and co-receptor binding, gp41 undergoes complex confor-

mational changes to induce viral fusion. The ectodomain part of gp41 mediates the fusion and is 

composed of five parts: the fusion peptide (FP) with fusion peptide proximal region (FPPR), the 

N-terminal heptad repeat (NHR), the loop regional the C-terminal hepated repeat (CHR) and the 

membrane-proximal external region (MPER) [21, 41]. 

It is proposed that upon the conformational change FP functions as injecting domain by inserting 

into the host cell membrane [21]. This then also induces the formation of the six-helix bundle 

(6HB), built by the NHR and CHR of the gp41 trimer, and the so-called viral fusion pore [42, 43]. 

Even though this was already observed in the late 1990´s, there are still some steps of viral entry 

not fully understood. It had been proposed that cellular components are also needed for the for-

mation of the fusion pore, e.g. triggering of actin dynamics and/or signals triggering through co-

receptor dependent signalling [44, 45]. The specific site of fusion on the host cell membrane may 

also impact fusion and productive infection. Yang et al. [46, 47] have shown preferred binding of 

HIV at lipid membrane domains in the transition from ordered to disordered sites. They suggested 

a potential lowering tension between the viral and the cellular membrane at these sites [46, 47].  

Beside the region of fusion also the location where final fusion occurs is under discussion. Here, 

Miyauchi et al. [48] proposed the fusion pore opening and release of the virus to be endosomal 

which was supported also by previous and subsequent observations [49-51]. However, contro-

versial findings are still challenging these observations [52] keeping the debate up whether fusion 

occurs preferentially at the plasma membrane or in endosomes, depending on cell type with dif-

ferent outcomes on productive infection [53-56].  

1.1.3 After HIV enters the cell: from reverse transcriptase to viral release 

After entry, HIV wants to integrate its genomic information into the host cells chromatin. Yet, in 

order to achieve this, the ssRNA has to be transcribed into complementary DNA and this DNA 

has to find its way to the host chromatin. Since HIV-1 can infect non-dividing cells, the preinte-

gration complex has to enter the intact nucleus to get in close proximity to chromatin. With the 

fusion into the host cell, the virus releases its viral core into the cell, but here the following steps 

have been controversially discussed in the HIV research field. Different options of how and when 

the viral capsid is uncoated have been proposed by different groups: 

Option A: Uncoating of the viral core occurs early after virus entry in the cytoplasm and before 

reverse transcription of the viral genome [57-59].  

Option B: Uncoating happens during the transport from the cytosol to or directly in the nucleus 

with the reverse transcription reaction simultaneously already ongoing [60-62]. 

Option C: The intact capsid core is transported through the nuclear pore into the nucleus, where 

reverse transcription is completed and integration of the proviral DNA occurs.  

For a long time, this last option was questioned since the nuclear pore size was expected to be 

small and therefore excluding the transit of the viral core. Nevertheless, improved electron mi-

croscopy-based and ultra-resolution microscopy studies were able to visualize the transport of 

intact capsid cores [63-65].  

The current knowledge is therefore that after fusion the capsid traffics along microtubules towards 

the nucleus. Here, it enters through the nuclear pore, which is mediated by nuclear pore proteins 

and the cleavage and polyadenylation specificity factor (CPSF6) protein. The capsid is then 
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coated by CPSF6 molecules and directed to the site of integration where reverse transcription 

occurs with subsequent uncoating of the capsid, the release of the cDNA and integration into the 

host genome [66]. Completion of uncoating and reverse transcription apparently happens simul-

taneously within the nucleus, which has been also verified by other research groups [67, 68]. 

In order to perform reverse transcription of its ssRNA, the HIV-1 particle carries its own RNA-

dependent DNA polymerase with RNAase H activity, also termed reverse transcriptase (RT). The 

RT uses the viral ssRNA as template but needs primers for initiation. Here, HIV has incorporated 

tRNA LysA from its former host cell, which binds at the primer binding site (pbs) of the viral RNA. 

The pbs is located around 180 nucleotides from the 5’-ssRNA end. On both ends of the viral RNA 

are direct repeats (3’-R and 5’-R). Since the polymerase reaction starts to create a plus strand 

DNA by amplifying in the direction of the 5’-end of the ssRNA, only a short part of the viral ssRNA 

5’-end including the 5’-R is transcribed at first. The two RNA R sequences then function as bridges 

between each other, and the DNA amplification then continues at the 3’-end of the RNA to fulfil 

the transcription of the complete RNA sequences until it reaches again the pbs site (its initial 

starting point). After amplification of the 3’-5’-complementary DNA (here starting the amplification 

from the U3 site of the complementary strand) complementary double stranded DNA (dsDNA or 

cDNA) is complete (see Figure 2).  

As a consequence of the bridging of the 5’- and 3’-end during amplification the proviral DNA has 

on each end parts complementary to the ssRNA ends and is therefore longer than the ssRNA. 

The 5’-R and the 3’-R are connected to a long terminal repeats (LTR) sequence each flanked by 

upstream region sequences of the ssRNA 3’-end (U3) and the upstream 5’-ssRNA end (U5). All 

viral genes are encoded on the viral DNA in-between the two LTR regions [66].  

 

Figure 2 │Scheme of the complete double stranded HIV-1 DNA encoding the viral proteins, flanked by the LTRs. 

Schematic overview of the proviral DNA with the indicated open reading frames of the viral proteins. The following genomic 

elements are indicated: gag encodes CA, MA, NC. pol encodes RT, IN and PR;  env encodes SU and TM. Different open 

reading frames encode the viral accessory proteins: tat, rev, vpr, vpu, nef, and vif. All genes are flanked by two long 

terminal repeats (LTR) on both ends of the DNA [66]. Schematic created by BioRender.com 

Integration of the complete proviral DNA into the host genome is mediated by another viral en-

zyme, the integrase (IN). At the site of integration, IN removes two nucleotides at the 3’-ends of 

both proviral DNA strands as well as at the host DNA. The corresponding free hydroxyl groups 

can therefore attack the phosphodiester bonds at the host DNA followed by ligation of the viral 

DNA into the host DNA. The cellular host repair system then fills in the missing nucleotides at 

both ends [69]. The proviral DNA preferred integration target site is most likely not highly se-

quence-specific, however, it has been suggested that HIV preferentially integrates at transcrip-

tional active sites (known as speckles-associated domains) and disfavours sites close to the nu-

clear lamina [69]. To coordinate the guiding of the pre-integration complex to the integration sites, 

the virus hijacks different host proteins, such as highly-conserved nucleoproteins comprising the 

high mobility group-1 (HMG1) [70, 71] or Lens epithelium–derived growth factor (LEDGF/p75) 

[72-74]. After integration, HIV replication can either remain in a latent state or induce productive 

replication, resulting in the release of new viral particles [75]. For the production of viral particles, 
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the integrated proviral DNA is transcribed into viral unspliced RNA or up to 40 different splice 

variants of viral mRNA due to the different potential frameshift in the sequence. Early phase pro-

teins translated are Tat, Rev and Nef, with Tat and Rev controlling the gene expression of the 

late phase proteins such as structural proteins (Gag, Pol and Env) and accessory proteins e.g. 

Vpr [76]. The viral Gag and GagPol polyproteins are transported to the plasma membrane and 

genomic viral RNAs are recruited by Gag and incorporated during assembly of the virions. The 

viral envelope proteins, synthesized at the rough endoplasmic reticulum (ER), are transported to 

the plasma membrane via the secretory pathway. At the plasma membrane, the Env complexes 

are incorporated into the lipid membrane of the budding virions. To facilitate the release of the 

viral particle, the host cell endosomal sorting complexes required for transport (ESCRT) machin-

ery is recruited to the assembly site. After release from the plasma membrane, maturation of the 

viral particle into a conical shaped viral core is catalysed by the viral protease [77].  

1.1.4 HIV-1 latency and restriction in CD4 T cells  

HIV latency is until now the main limiting factor to cure from HIV infection. Even life-long anti-

retroviral therapy (ART) does not eradicate latently infected cells, which means that the virus can 

rebound within weeks upon ART disruption [78, 79]. The mechanisms leading to latent infection 

still remain elusive. First of all, studies investigating the HIV integration site in latently infected 

resting CD4 T cells of HIV patients under highly active ART (HAART) have demonstrated that the 

integration target sites are within actively transcribing genes [80] with favourably integration in 

gene regions with histone modification of active chromatin and a nuclear topography close to 

nuclear speckles [81, 82]. Later on, the in-line expression of proviral DNA to the host gene ex-

pression direction was observed to potentially influence, whether the virus undergoes latency [80, 

83, 84]. Additional insight into latency control has been provided by a screening study of integra-

tion sites in HIV elite controllers. In these patients, integration is increased within densely packed 

chromatin, suggesting a state of deep latency that suppresses reactivation of the virus [85]. Be-

sides the modification of histones [86, 87] methylation of CpG islands flanking the transcription 

start of the integrated proviral genes may induce latency. Methylation of CpG island leads to the 

binding of Histone Deacetylase 2 (HDAC2) resulting in blocking the binding of transcription factor 

Nuclear Factor kappa B (NFκB) [88, 89].  

Resting CD4 T cells as HIV reservoir 

Already in early studies focusing on the HIV reservoir, the resting CD4 T cell population has been 

in the focus and defined as the main cellular reservoir [90-92]. In contrast to activated CD4 T 

cells, HIV-1 encounters many restrictions and replication barriers in resting CD4 T cells. The lower 

expression levels of the co-receptor CCR5 [93], but also a barrier induced by the cortical actin 

meshwork have been discussed to limit viral entry and viral trafficking in resting CD4 T cells [94, 

95]. In addition, reverse transcription is limited due to the activity of Sterile Alpha Motif and Histi-

dine-Aspartic acid domain containing protein 1 (SAMHD1) [96, 97]. This restriction has also been 

described to be highly effective in restricting HIV-1 infection in dendritic cells and myeloid cells 

[98, 99]. HIV-2 and some SIV strains can overcome this restriction by means of the viral protein 

Vpx, which induces proteasomal degradation of SAMHD1 [100]. Even if integration is completed, 

up to 90% of the integrated proviral sequences in resting CD4 T cells of cART-treated chronic 

HIV patients (CHI) are observed to be defective [101]. Even though all these restrictions are pre-

sent in resting CD4 T cells, these cells represent the major HIV reservoir and explanation for this 

is still ongoing. However, different reasons may account for this phenomenon. First, previously 

activated memory CD4 T cells would return to a resting state to survive the infection. Previous 
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studies support this hypothesis by showing that activated T cells could be reprogrammed to a 

resting state, inducing thereby latency [102]. Immune regulatory mechanisms, such as cytokines 

or checkpoint proteins, could further support the cells to return to a resting state [103, 104].  

However, even though HIV-1 encounters many barriers and restrictions in resting CD4 T cells, 

some reports provide evidence that productive infection can occur in resting CD4 T cells, but to a 

slower extent [105, 106]. In these studies, however, spinoculation was performed to enhance HIV-

1 infection, which potentially impacted actin dynamics resulting in a non-physiological state [94].  

Second, resting CD4 T cells may formally not be “completely” resting when infected. Even though 

the cells show no signs of proliferation, they may acquire different states during cell cycle arrest. 

The cells within the G0/G1a phase have been categorized as “truly quiescent cells” and have also 

shown no increased levels of proviral DNA, in contrast to the subgroup of resting CD4 T cells in 

the G1b phase with higher levels of proviral DNA and viral RNA [107]. Furthermore, modulation 

of the actin cytoskeleton may enhance HIV infectivity when cytokines like Chemokine (C-C motif) 

ligand 19 (CCL19) and CCL20 are present [108]. In addition higher concentrations of Interleukin-

7 (IL-7) can modulate SAMHD1 activity, which could reduce the HIV-restricting environment in 

resting CD4 T cells [109],[110].  

Reactivation of latency 

Upon stimulation, HIV can be reactivated from latently infected cells, to yield productive replica-

tion. Here, the 5’-LTR of the proviral DNA serves as a promotor [111]. Host transcription factors, 

such as NFκB or nuclear factor of activated T-cells (NFAT), are recruited from the cytosol, initial-

izing viral gene expression by RNA Polymerase II. Upon expression of the regulatory Tat protein, 

it shuttles back into the nucleus and recruits the cellular transcription factor positive transcription 

elongation factor b (PTEFb) to boost viral transcription [112, 113].  

“Shock and Kill” strategy 

Since latently infected cells hinder eradication of HIV in patients, novel concepts to clear the virus 

are currently being explored, such as one termed “shock and kill” [114]. Here, HIV-1 gene tran-

scription is induced by strong CD4 T cell activation inducers (such as IL-2, TCR agonist and anit-

CD3 antibody) to subsequently kill the virus [115]. However, the latency reversal reagents (LRA) 

globally activate T cells, inducing the expression of pro-inflammatory cytokines, resulting in cyto-

toxic effects in vivo [116]. Therefore, finding LRAs, that productively activate HIV-1 transcription 

but at the same time keep the activation of the CD4 T cell low, is key for success. Prominent first 

generation LRAs have targeted the chromatic organization in order to induce HIV proviral tran-

scription, e.g. histone deacetylase (HDAC) inhibitors [117-119], HDACs in combination with a 

DNA methylation inhibitor [120], or bromodomain and extra terminal domain (BET) inhibitors [121-

123]. Yet, in vivo studies have either still lacking [124], or have not shown a great impact on HIV 

reservoir site, yet [125, 126] with severe cytotoxic side effects [127, 128]. LRAs have further been 

tested to induce transcription factors by activating Protein Kinase C (PKC) [129, 130], but applied 

concentrations were low and no reduction of the latent reservoir was observed [131, 132].  

“Block and Lock” strategy 

Beside the approach to eradicate HIV in infected individuals by “shock and kill”, a different ap-

proach is to block viral replication and at the same time to ensure maintenance of latency, referred 

to as “block and lock” [133]. The compounds used for this strategy are latency promoting agents 

(LPA), overall inducing opposite effects as LRAs, e.g. inhibition of viral transcription elongation 

[134, 135] or transcription factor recruitment [136], epigenetic remodelling of the chromatin to 
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generate an HIV promotor repressing environment [137] or recruiting HDACs and Histone methyl 

transferases [138]. Even though this method is not aimed at curing the patient from HIV, in con-

trast to the “shock and kill” strategy the success of “block and lock” is more independent from a 

patient’s functional immune system and therefore seen as advantage for treatment in patients 

with advanced stages of HIV infection [139]. In addition, “block and lock” may avoid some possible 

side effects of the “shock” in the central nervous system caused by the viral rebound [140]. A 

potential disadvantage is the open question whether the clearance of infected cells still appears 

in patients in the long run, once inflammation is suppressed by LPAs [141]. 

1.1.5 Potential biomarkers for HIV-1 latency in CD4 T cells  

Surface markers on latently infected cells have been of high interest, since this could enable 

specific targeting and more directed killing of the reservoir cells during therapy. Different bi-

omarkers for HIV-1 latency in CD4 T cells have been proposed with some of them highlighted 

below:  

CD32a 

In 2017, Descours, and Petitjean et al. [142] reported the identification of CD32a as a marker of 

the HIV reservoir in resting CD4 T cells. In this study, they infected PBMC cultures with HIV-1 

GFP reporter viruses, 12 h after treatment with virus like particles carrying Vpx to overcome the 

SAMHD1 restriction. 4 days after infection, they sorted the infected CD4 T cells (CD4+/GFP+) and 

uninfected (CD4+/GFP-) population as well as non-infected controls with subsequent mRNA se-

quencing. They identified 103 genes being transcriptionally upregulated only in infected CD4 T 

cells, with CD32a showing the highest increase. They further validated CD32A expression by flow 

cytometry of HLA-DR-/CD4+ T cells (to ensure resting state of the cells) and observed a CD32A-

positive CD4 T cell population in the blood of patients under ART. They further observed a corre-

lation of CD32A expression with HIV proviral load in the cells. Overall, around 50% of the CD4 T 

cell HIV reservoir was reported to be CD32A-positive [142]. These observations sparked studies 

in many laboratories to investigate CD32A as a potential marker of latently HIV infection. Other 

reports have confirmed these findings [143] or have at least suggested a positive correlation of 

CD32 expression and HIV-1 DNA load in T cells [144-146]. Conversely, other studies did not find 

HIV-1 DNA enrichment in CD32+/CD4+ T cells [147-150]. Whereas some studies have found 

CD32 expressed on HIV-infected, yet experienced activated CD4 T cells [144, 151, 152], others 

have shown CD32 to be most likely a marker for activation, independent of HIV infection [153]. In 

addition, one report found a similar frequency of CD32+/CD4+ T cells in HIV-infected patients 

compared to healthy donors [148]. Notably, also the possibility of false positive results due to cell 

doublets (e.g. CD4 T cells/CD32+ B cells) or even due to transfer of cell membrane fragments 

from CD32-expressing positive cells has been proposed [146, 150, 154]. It was also stated that 

experimental artefacts could have led to misleading observations e.g. detection of intact provirus 

should rather be performed by quantitative viral outgrowth assay (as described by Laird et al. 

[155]) then by performing p24 ELISA[148] and the antibody used in the study by Descours, and 

Petitjean et al. [142] was actually not specific for CD32A, but also recognize CD32B and CD32C 

[151]. 

CD30 

Hogan et al. [156] have proposed CD30 as a marker of residual transcriptionally active HIV-1 in 

ART-treated individuals. With in situ RNA hybridization studies of gut-associated lymphoid tissue 
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(GALT) they observed a co-localization of CD30 and HIV transcriptional activity. Expression anal-

ysis of CD30 on CD4 T cells has also been detected in HIV-1 ART treated individuals compared 

to healthy donors. Furthermore, CD30-targeting brentuximab vedotin can apparently reduce the 

total HIV-1 proviral DNA load. In fact, HIV has not been detected in plasma and in purified CD4 T 

cells of one HIV patient with refractory lymphoma, who had previously been treated with brentux-

imab vedotin [156]. Co-expression of activation markers, such as HLA-DR or CD69, in a fraction 

of CD30-positive cells has been reported in addition to increased CD30 expression levels prior to 

viral rebound in two HIV-1 patients [157]. Yet, further investigations are necessary to define 

whether CD30 can be used as a marker of persistent HIV-1 infection, as a marker of reactivation, 

or simply as a marker of CD4 T cell activation, independent of HIV-1 infection.  

CD98 

Zhang et al. [158] have suggested CD98 as a marker for both highly HIV-1-permissive as well as 

latently infected CD4 T cell populations. Using a liquid chromatography with tandem mass spec-

trometry (LC-MS/MS) screening of differentially expressed proteins in the latency infection model 

cell line J-Lat, they have identified more than 1200 differently expressed proteins, of which 126 

proteins are plasma membrane proteins. In addition, upregulation for T cell immunoreceptor with 

Ig and ITIM domains (TIGIT) has been observed, which has previously been reported as a poten-

tial latency biomarker [159]. Yet, only for CD98 significant upregulation has been confirmed by 

RT-qPCR and further verified with other latency T cell lines such as J-d2E GFP and J-mc. Primary 

CD4 T cells derived from PBMC have further shown differential expression of CD98 in CD4 T cell 

populations. CD98high CD4 T cells have higher CCR5 and CXCR4 expression levels, potentially 

enhancing the likelihood of HIV entry. Next, CD98high CD4 T cells have also been found in PBMC 

from ART-treated HIV patients, demonstrating higher levels of latently integrated HIV proviruses 

[158]. Taken together, the results indicate a potential role of CD98 for HIV susceptibility and la-

tency in cell lines but also primary CD4 T cells. However, CD98 is abundantly expressed on CD4 

T cells in both healthy and HIV-1 patients, excluding a specific targeting. 

Immune checkpoint molecules (PD-1, TIGIT, LAG-3) 

Factors suppressing CD4 T cell proliferation and activation may cause a favourable environment 

for HIV latency and may therefore serve as potential latency biomarkers [90, 160, 161]. In a flow 

cytometry-based screening approach using CD4 T cells from HIV-1 patients under ART, seven 

immune checkpoint molecules were analysed: PD-1 (programmed cell death-1), CTLA-4 (cyto-

toxic T-lymphocyte-associated protein 4), LAG-3 (lymphocyte activation gene 3), TIGIT (T-cell 

immunoglobulin and ITIM do-main), TIM-3 (T cell immunoglobulin and mucin 3), CD160 and 2B4 

(CD244). Enrichment in latently HIV-1-infected cells correlated with expression levels for three of 

the seven markers: TIGIT, PD-1 and LAG-3. An HIV reactivation experiment also verified high 

expression of at least one of the three markers [160]. Another HIV latency study in humanized 

mice has also shown a correlation of PD-1 and/or TIGIT expression with enrichment of latent HIV 

[159]. However, those markers are also found on other cells, such as CD8 T cells. Thus, targeting 

them may have unwanted impact on the immune system. In addition, it has been reported that a 

small subset of latently infected CD4 T cells are not positive for the marker [160], so a complete 

eradication of HIV may not be possible using these markers.  

Besides the markers highlighted above a number of other markers have been proposed in the 

past, such as CD2 [162], interferon-induced transmembrane protein 1 (IFITM1) [163], and CD161 

[164]. Still, exclusive expression on latently infected cells and/or reproducibility of such observa-

tions are lacking. Therefore, finding a specific “latency” marker is still of high interest for any tar-

geted HIV cure strategy.  
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1.2 Function of Fcγ Receptors (FcγRs) 

1.2.1 Genes and prevalence of FcγR 

Different subclasses of Fcγ receptors (FcγRs) exist: CD64 (FcγRI), CD32A (FcγRIIA), CD32B 

(FcγRIIB), CD32C (FcγRIIC), CD16A (FcγRIIIA), and CD16B (FcγRIIIB). All receptors contain an 

IgG binding domain on their extracellular part, whereas the signal motif is on the intracellular part. 

FcγRs can be categorized into activating or inhibiting receptors, depending on whether the signal 

motif carries an immunoreceptor tyrosine-based activation motif (ITAM) or, in the case of CD32B, 

an immunoreceptor tyrosine-based inhibition motif (ITIM) motif, respectively. CD32 receptors 

have their signal motif on the same peptide chain as the IgG binding domain, whereas for CD64 

and CD16A require an interaction with a separate intracellular transmembrane protein containing 

the signal motif [165, 166] (Figure 3). In contrast, CD16B does not contain a cytoplasmatic tail but 

is linked by a glycosylphosphatidylinositol (GPI) anchor into the membrane [166, 167]. The re-

ceptor subclasses and their different gene variants can also be classified according to their affinity 

to bind monomeric IgG with CD64 being classified as high affinity receptor and CD32A/B/C and 

CD16A/B as low or medium affinity receptors [166, 168]. The affinity is also dependent on the IgG 

subclasses with CD64 having the highest affinity for IgG1 and IgG3, whereas the other FcγRs not 

only show an up to 1000-fold lower affinity, but also a broader binding spectrum of IgG subclasses 

[166, 169, 170]. Upon binding of antibody-opsonized cells or immune complexes to FcγR, phos-

phorylation of the ITAM or ITIM motif is initiated. 

ITAM-induced signalling pathway 

Phosphorylation of the two tyrosine residues in the ITAM is catalysed by enzymes of the Src 

kinase family (e.g. Lyn) following recruitment of kinases belonging to the Spleen Tyrosine Kinase 

(SYK) family. The recruited SYK kinase activates Phosphatidylinositol-3 Kinase (PI3K), resulting 

in the recruitment of Brutons tyrosine kinase and phospholipase Cγ (PLCγ). This induces down-

stream signalling for Ca2+ uptake, but also pathways for cell activation (e.g. ERK and JNK path-

way). SYK also activates the Ras signalling pathways, which consequently also triggering cell 

activation pathways [168]. Selection of the Src kinases depends on the specific FcγR and cell 

type [171]. Induced signalling cascades lead to phagocytosis, cytokine production and/or antigen 

processing, depending on the cell type [166]. 

ITIM-induced signalling pathway 

In contrast, initialization of the inhibitory ITIM motif has been described to interfere with the ITAM 

motif-induced pathway. This regulatory pathway is induced by simultaneous crosslinking of an 

ITAM and the ITIM carrying receptor with an immune complex. For ITIM signal induction, one 

tyrosine in the motif is phosphorylated by a member of the SRC kinase family [172]. This leads to 

the recruitment of SH2 domain inositol 5’-phophatase (SHIP). SHIP activation then counteracts 

the BTK and PLC signalling pathways as well as inhibits Ras activation, overall muting the ITAM 

activating signal [173]. 

 



1 Introduction 21 

 

Figure 3 │Properties of the receptor family FcγR. 

Overview of features of the different FcγRs. Signal motifs are indicated in the schemes. Table adapted from 

[169],[174],[170, 175]. Schematic created with BioRender.com 
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1.2.2 The allelic variants of CD32 (FcγRII) 

CD32A, an activating FcγR, is mainly found on cells of the innate immune system such as mon-

ocytes, dendritic cells (DC) or macrophages [166]. CD32B, in contrast, is categorized as an in-

hibitory FcγR with important immune regulatory functions in cells of the innate immune system 

and is also highly expressed on B cells. CD32C is sort of a chimera between CD32A and B. The 

four exons of FCGR2C, which encodes the transmembrane and the cytoplasmatic tail, are highly 

homologous to FCGR2A, whereas the exons coding for the extracellular Fc binding part are highly 

homologous to FCGR2B [176]. The FCGR2C gene is most likely a result from a recombination 

event between the FCGR2A and FCGR2B genes [177]. Around 10-20% of the Caucasian Euro-

pean people express CD32C on their phagocytes, NK cells and B cells [178, 179], whereas e.g. 

the black South African population do not express CD32C [180]. Expression of functional CD32C 

has been proposed to lead to an imbalance between the activating and inhibitory signals in NK 

cells [178] or B cell receptor (BCR) signalling in B cells [181] and has been linked to autoimmune 

diseases, such as Systemic Lupus Erythematosus or the blood disorder Idiopathic Thrombocyto-

penic Purpura (ITP) [179, 181]. 

Expression of CD32A and CD32B on T cells still remains elusive. While some studies have shown 

CD32 expression on activated CD4 T cells [153, 182] other studies have implicated rather false 

positive events due to cell doublets or trogocytic transfer of CD32 [146, 150, 154]. 

 

 

Figure 4 │Schematic figure of CD32A, CD32B and CD32C with indicated important amino acids and motifs. 

The signal motifs (ITAM or ITIM) are indicated at the intracellular part together with the important tyrosine (Tyr) residues. 

On the extracellular part, the IgG binding site as well as N-glycosylation sites of the receptors are indicated.  
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1.2.3 Immune functions of FcγR 

FcγR-mediated phagocytosis 

Phagocytosis is described as the uptake of foreign material, senescent cells, apoptotic bodies or 

cell fragments by phagocytes, such as macrophages or dendritic cells, followed by digestion and 

degradation in lysosomes [183]. The uptake enables also cross-presentation of foreign antigens 

to T cells, which induce important immune responses [184]. The binding of opsonized material to 

FcγR induces phagocytosis by FcγR-expressing cells, which has been mainly observed for acti-

vating FcγRs, such as CD64 and CD32A [172, 185]. Mutations in the ITAM motif as well as the 

point mutation H131R allelic variant of the IgG-binding site of CD32A lead to reduced phagocytic 

activity of expressing cells [186, 187]. Furthermore, phagocytosis mediated by CD32B on macro-

phages has also been observed [188]. However, the observations indicate a different antigen 

processing pathway when phagocytosis is induced by CD32B. Phagocytosis mediated by ITAM 

carrying receptors, such as CD32A, lead to degradation of the antigen and presentation of antigen 

peptides to T cells with subsequent T cell activation. In contrast, the CD32B phagocytosis has 

been observed to keep the antigen intact followed by transfer to B cells [189, 190]. 

FcγR-mediated ADCC and NET formation 

Being part of the innate immune defence, Natural Killer (NK) cells attack opsonized pathogens, 

malignant or infected cells by antibody dependent cell-mediated cytotoxicity (ADCC). The FcγRs 

on NK cells bind the Fc part of an antibody attached to the target cell [191, 192]. The target cell-

IgG-FcγR bridging triggers different pathways with the aim to kill the target cell by e.g. release of 

cytotoxic granules, release of pro-inflammatory cytokine, or apoptosis induction via tumor necro-

sis factor family death receptor signalling [192, 193]. The FcγR CD16A is ubiquitously expressed 

on NK cells and has been described to induce ADCC. It has been described that around 40% of 

healthy donors have CD16+/CD32+ NK cells [178, 194, 195]. RT-PCR analysis further confirmed 

either CD32C or CD32B expressing on NK cells, which might have potential clinical relevance, 

since e.g. NK cells with the inhibitory CD32B have shown reduced ADCC activity [178]. This may 

also have negative consequences for monoclonal antibody tumor therapy efficacy, since ADCC 

induction is one of the favoured goals for the success of the treatment [196, 197].  

Next to NK cells, neutrophils largely contribute to pathogen elimination. A prominent way to attack 

opsonized pathogens by neutrophils is the formation of neutrophil extracellular traps (NET) via 

the release of reactive oxygen species [198-200]. The FcγRs CD32A and CD16B mediate NET 

formation in neutrophils [201]. The FcγR CD16B lacking cytoplasmic tail is a more “outstanding” 

FcγR. Even without ITAMs or ITIMs, CD16B also induces signalling events, which lead to actin 

polymerization or NF-kappa B activation. Next to opsonized pathogens immune complexes have 

also been shown to induce NET formation, mediated by an interplay between CD16B and CD32A 

[202, 203].  

FcγR-regulated cell activation and maturation  

CD32B is expressed on immune cells, such as dendritic or myeloid cells, often together with 

activating FcγRs, thereby balancing their activation signal within the cells. When cytokines, such 

as Interleukin-4 (IL-4) or IL-10, are present, CD32B is upregulated and activation of the cell is 

limited. In contrast, inflammatory cytokines, such as Interferon-γ (IFN-γ) downregulate CD32B, 

lowering the threshold to activate cells [204, 205]. In B cells, the inhibitory signal is induced upon 

co-ligation of CD32B with the Fc part of an antibody and simultaneous ligand binding to the acti-

vating receptors e.g. B cell Receptor (BCR). This induces the phosphorylation of the ITIM motif 

by the Lyn kinase followed by phosphorylation and recruiting of SHIP-1 or SHIP-2, regulating the 
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proliferation and activation of the cell [206, 207]. Co-ligation with the BCR downregulates the cell 

activation and proliferation induction pathways and therefore balances the peripheral tolerance 

[172, 206]. If only CD32B is triggered by ligand binding without crosslinking the ligand to an ITAM-

carrying BCR, it can induce apoptosis by involving SHIP-independent pathways, where the ITIM 

motif is directly phosphorylated by the Bruton’s tyrosine kinase (BTK) [208]. This additional path-

way may be important during B cell development in the spleen, when the cells are interacting with 

immune complexes presented by follicular DCs. During the later phase of B-cell development, in 

B cells with a high affinity BCR, the immune complexes will induce signals by the BCR and CD32B 

within the B cells. Data suggest also a role of CD32B in the exclusion of autoreactive plasma cells 

with low IgG affinity. Also here, CD32B will induce a signal leading to apoptosis of these immu-

nogenically “unfavourable” cells [168, 173]. The absence of CD32B has been shown to lead to 

autoreactive diseases [209] and has been linked to lupus-like diseases [210].  

The ITAM activating signal induced by immune complex binding is also a potent activation path-

way for DCs [211]. Likewise, CD32B plays an important role in controlling the degree of activation. 

Since immune complexes are always present in the blood stream, undesired activation has to be 

prevented [168]. This has been demonstrated by recent studies using CD32B-deficient murine 

DCs, which have caused spontaneous maturation of the DCs even under non-inflammatory con-

ditions [212, 213].  

Taken together, the FcγRs are important tools of the immune system. Depending on the cell type, 

the receptors induce ADCC, phagocytosis of opsonized cells or pathogen, induce cytokine pro-

duction and have regulatory functions on T cell and B cell activation [166]. Consequently, patho-

gens have evolved proteins with FcγR-sequestering properties to surmount this immune recogni-

tion. Prominent Fc binding proteins from bacteria are e.g. staphylococcal protein A and strepto-

coccal protein G, resulting in decreased binding of antibodies to FcγRs. But also viral proteins 

have been found to function as viral FcγRs (vFcγR ) to trap opsonizing antibodies, such as the 

glycoproteins gE/gI from herpes simplex virus-1 (HSV-1) [214, 215], gp34, gp68, from Human 

Cytomegalovirus (hCMV) [216-219]. The vFcγRs expressed on the surface of infected cells cap-

ture opsonizing antibodies to impair the Fc recognition by the immune system and induce anti-

body clearance by internalization into the host cell [217, 220, 221]. The vFcγRs of HSV-1 are also 

found on the surface of free viral particles, preventing antibody-induced virus neutralization [222]. 

1.2.4 Antibody binding sites on FcγR 

The binding sites of IgGs on FcγRs have been reported to occur at the lower hinge region as well 

as at residues in the CH2 region. Shield et al. [223] have identified point mutations within the CH2 

site that vary the binding to the FcγRs, e.g. D270A reduces the binding to CD32, whereas D280A 

and D280N enhance the binding to CD32 [223]. The CD32 receptors have been classified as low 

affinity receptors, due to the short dissociation time with monomeric IgGs [224, 225]. However, 

since the concentration of IgGs in serum is high, it is assumed that the receptors constantly bind 

antibodies with low affinity. The higher affinity to immune complexes is originating from the higher 

affinity of immune complexes to the cell surface compared to a monomeric IgGs [170]. The CD32a 

gene encodes two different allotypes, which having an Arginine or an Histidine at position 131, 

with H131 being observed to have higher IgG affinity than R131 [226]. The glycosylation pattern 

of the IgGs has been reported to influence binding to the FcγRs [227, 228], but also the glycosyl-

ation pattern of the receptor itself influences the affinity [169, 229, 230]. Two N-glycosylation sites 

on CD32A and three on CD32B have been reported on the extracellular part [169] (Figure 4).  
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Besides the binding of IgGs, FcγR bind also proteins of the pentraxin family, such as the C-reac-

tive protein (CRP) and the serum amyloid P component (SAP) [231, 232]. These proteins are 

pattern recognition proteins and play an important role in sensing damaged cells and microbial 

antigens. CRP and SAP are acute phase proteins and induced upon infection [233, 234]. It has 

been reported that CD32 receptors bind to CRP with high affinity [231, 235, 236]. In vivo studies 

with mice as well as clinical data comparing patients with CD32A H131 or R131 alleles have 

shown that the interaction of FcγR and CRP or SAP regulates inflammation responses [237, 238].  

1.2.5 HIV and FcγRs 

Besides CD32a being proposed as biomarker for latently infected CD4 T cells, FcγRs have also 

been linked to HIV-1 infection in other ways:  

Perez-Bercoff et al. [239] have tested the change in susceptibly to HIV-1 infection of monocytes 

and monocyte-derived macrophages (MDMs), if their FcγRs have been previously primed with 

immobilized IgGs (imIgGs). Since monocytes and macrophages express CD64 and CD32B, they 

may induce cellular pathways that could positively or negatively influence infection. They stimu-

lated cells at different time points with immobilized IgGs prior to infection and observed decreased 

p24 expression. With the stimulation also higher levels of cytokines have been detected, e.g. 

monocyte-derived cytokines (MDC) [239]. MDCs have previously been reported to suppress HIV-

1 infection at a post reverse transcriptional state in macrophages [240]. However, the neutraliza-

tion of the MDC did not abrogate the infection suppression and, additionally, the suppressed in-

fection with HIV-1 pseudo typed with vesicular stomatitis virus G glycoprotein (VSG-G) virions 

was also detected, indicating the IgG-induced suppression of infection had to occur after viral 

entry and was not due to the higher cytokine levels. Later on, these authors detected an accumu-

lation of 2-LTR circles and proposed a potential restriction during integration [239]. In a later study, 

Bergamaschi et al.[241] showed higher levels of the cyclin-dependent kinase inhibitor p21 upon 

activation of FcγR by immune complexes. Previously, p21 has been observed to bind to the re-

verse transcription/preintegration complex [242]. However, Bergamaschi et al. [241] have not 

been able to verify this finding. Yet, silencing of p21 has surmounted the FcγR-mediated re-

striction [241]. Even though the results are preliminary, the studies have shown a potential role of 

FcγR activation on HIV-1 replication. 

Single Nucleotide Polymorphism (SNP) of FcγRs have also been reported to influence HIV-1 

infection, disease progression or HIV vaccine responses. The CD32A polymorphism H131R with 

reduced binding to IgG1, 2 and 3 influences the infection progression of HIV patients [226]. Gen-

otyping of HIV patients have implicated a correlation of the homozygous polymorphism of CD32A 

R131 (RR131) with accelerated CD4 T cell loss when compared to patients with heterozygous or 

homozygous HH131 CD32A polymphism [243]. Yet, even though the patients with homozygous 

expression for HH131 seem to benefit with a less progressive infection they have also shown to 

have increased risks for AIDS-related opportunistic diseases, such as pneumocystis jirovecii 

pneumonia [244], and placental malaria [245] and perinatal infections [246] in HIV-infected moth-

ers. Forthal et al. [244] have also observed higher antibody-dependent, cell-mediated virus inhi-

bition after treatment with recombinant HIV envelope protein gp120 in patients with HH131 [244]. 

Similarly, the CD16A SNP F158V has been reported to influence vaccine responses. Forthal et 

al. [247] have demonstrated enhanced HIV-1 infection rates for patients with CD16A homozygote 

polymorphism for VV158 [247]. Since the polymorphism for CD32A and CD16A have shown to 

influence the binding and clearance of IgGs and immune complexes [171, 248], this may lower 
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the clearance of immune complexes in HIV-infected patients, resulting then in higher T cell acti-

vation and possibly disease progression [243]. But also targeting of antibody-opsonized, infected 

cells by FcγR expressing effector cells could be affected and therefore could also influence the 

outcome of vaccine responses [244]. 

1.2.6 FcγR-mediated trogocytosis  

The term trogocytosis has first been defined by Brown et al. in 1979 [249], when describing an 

alternative way of destruction of mammalian cells by the amoeba Naegleria fowleri. Here, the 

partial uptake of cytoplasmic membrane has been described as “nibbling” instead of full internal-

ization as for phagocytosis. Due to this “nibbling” they called this phenotype “trogocytosis” (from 

the Greek “trogo” for “nibble”) [249]. Up to today this term is generally used when membrane parts 

or intact surface proteins are transferred from one cell to another cell after close cell-contact. 

However, the circumstances and the consequences on the involved cells vary widely, raising the 

question if this topology can be used as a shared term or if there are different underlying molecular 

mechanisms. Trogocytosis has not only been described for amoebae killing of mammalian cells 

[249-251], it has also been reported to occur within the immune system [252-256], the central 

nervous system [257, 258] and also during embryonic development [259].  

When the MHC complex loaded with an antigen expressed by an antigen presenting cells (APC) 

interacts with the T cell receptor (TCR) of T cells, the two cells form an immunological synapse. 

During this contact, these cells get in close proximity to each other and it has been reported that 

one of the cells can take over the whole MHC-antigen TCR complex [252-255, 260] (Figure 5 

upper panel). This has an impact on immune functions, such as cell survival [252, 261, 262], 

promoting differentiation [262] and regulatory function [263-265] of the acceptor cells.  

Notably, the formation of an immunological synapse is not the only situation this phenomenon 

occurs with immune cells. Early studies with macrophage-mediated phagocytosis by Griffin et al. 

in 1976 [266] have shown the removal of antibody-antigen complexes on T cells without uptake 

or even damage of the T cells. They have suggested a different phagocytosis mechanism behind 

this phenotype with potential dependence on the distribution of the antibody on the lymphocytes 

[266]. Two years later, Lee et al. [267]  reported the transfer of soluble FcγRs from macrophages 

to T and B cells [267]. 

Soon after, cancer treatment with the first monoclonal antibody (mAb) therapy was initiated, in 

which specific antigens targeting cancer cells were being applied [268-272]. The strategy for this 

treatment is either the induction of cell death or stop of cell growth upon binding of the mAb to 

specific epitopes on the target cells [271-274] as well as induced killing of the cancer cells due to 

the activation of the complement system[275-281]. But also antibody-induced cell killing by FcγR-

expressing cells (e.g. monocytes, neutrophils and macrophages) may lead to the desired effect 

[196, 276, 282-284]. Disturbingly, early within the studies it became clear that there was a mech-

anism that also helped the cancer cells to evade this immune cell response. The loss of the anti-

gens from the surface of the target cancer cells has been observed and called “antigenic modu-

lation” [268, 270, 285, 286]. With this, the cancer cell evades the killing by the immune system 

and it has been discussed whether the loss is due to internalization or due to the uptake of the 

antigen-mAb complex by other cells. By using in vitro co-cultures of FcγR-expressing monocyte 

cell line THP-1 together with CD20+ B cell line Raji or ARH 77 cells, Beum et al. [287] have ob-

served the actual transfer of the mAb-antigen complexes (trogocytosis of CD20) from the B cell 

line to the monocytic cells in the presence of rituximab (anti-CD20 Ab) [287]. Similar findings have 

also been observed with the addition of mAbs targeting other antigens/other cancer cells such as 
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trastuzumab (antibody against the extracellular domain of the HER-2 tyrosine kinase receptor) or 

cetuximab (anti-epidermal-growth-factor-receptor (anti-EGFR)), showing an antigen-independent 

phenotype [288]. The findings have been further verified by other in vitro and in vivo studies[289-

292]. But also, non-therapeutic antibodies this far could induce trogocytosis, implicating a more 

specific role of antibodies bound to cells to induce trogocytosis [293-295]. The primary focus is 

the uptake of the antigen-mAb complex by the FcγR expressing cells, however also redirected or 

bidirected trogocytosis has been reported [263, 295-297]. Also the transfer of membrane frag-

ments from FcγR+ mastocytoma cell line P815 to CD4 or CD8 T cells (opsonised with anti-CD3 

antibody) was observed and was blocked with the addition of anti-CD16/anti-CD32 antibodies. 

Here a correlation of the binding extent of the antigen-specific antibody to the recipient cell corre-

lated with the levels of membrane fragment transfer [298]. The potential blockage of transfer by 

anti-CD16/anti-CD32 antibody as well as the correlation of antibody/antigen binding to the levels 

of membrane transfer indicated that the antibody function as a bridge between the cells. The Fc 

part of the antibody could bind to the FcγR and, at the same time, the antibody bound the antigen 

on the surface of the other cell, forming a bridge between the cells and thereby inducing trogocy-

tosis due to the close cell contact formation (Figure 5 lower panel) [297, 298]. In follow-up studies 

with HEK293T cells transiently expressing the murine CD32B and murine CD16A, the actual cap-

ture of both receptors by mAb-opsonized murine CD4 or CD8 T cells in co-culture was shown 

[297]. Here, the correct orientation of the FcγRs on the T cell membrane after its transfer as well 

as the remaining capability to bind immune complexes could be demonstrated. However, no po-

tential induction of downstream signals induced by the transferred FcγR was observed, question-

ing the remaining receptor functionality after transfer [297].  
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Figure 5 │ Schematic overview of potential trogocytosis inducing immune cell contacts. 

Trogocytosis can be induced after the formation of an immune synapse (upper panel) or upon interaction of an antibody 

opsonized target cell and the binding of another cell to the Fc part, mediated by FcγR. Both ways can lead to the uptake 

of receptors or antigen by one of the involved cells. Schematic was created with BioRender.com 

The physiological role and function of FcγR-mediated trogocytosis is still not fully understood. 

FcγR-expressing cells, such as macrophages or neutrophils, attack antibody-opsonized cancer 

cells via trogocytosis, inducing cell death by active perforation of the cancer cell plasma mem-

brane [299, 300]. FcγR-mediated trogocytosis regulates inflammation and autoreactivity by re-

moving antibodies bound to self-antigens and thus plays a role in autoimmune diseases inducing 

autoantibody production, such as systemic lupus [294, 301].  

1.3 Aim of the study 

In 2021, the World Health Organization has counted around 38.8 million HIV-infected people and 

currently available pharmacotherapies can only suppress viral load and ameliorate disease out-

come and viral load but do not cure patients [302]. Due to the viral reservoir, the virus persists 

and viral rebound can occur, if treatment is interrupted. As a result, the latently infected cells 

(mainly CD4 T cells) are promising targets to find a cure of HIV infection. It is therefore of high 

interest, to distinguish latently infected cells from healthy cells by surface latency biomarker. Re-

cently, Descours and Petitjean et al. [142] have proposed the FcγR CD32A as a maker for latently 

infected CD4 T cells. These findings have sparked enormous interest, with some research groups 

observing similar findings but also research groups challenging these results. Some research 

groups have postulated potential false-positive results of CD32-positive CD4 T cells due to cell 

doublets of CD4 T cells and CD32-expressing cells such as B cells, but also stated to observe 

CD4 T cells with CD32-positive “cell fragments” on the surface of the T cells, which could have 

been potentially transferred from another cell. 
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In this study, I aimed to recapitulate the findings of Descours and Petitjean et al. [142] and eluci-

date the potential transfer of CD32 during FcγR-mediated trogocytosis. Here, the three different 

CD32 receptors and their potential role in FcγR-mediated trogocytosis together with factors, which 

influence the transfer, will be investigated. Besides mechanistical studies, I aimed to show the 

potential influence of FcγR-mediated trogocytosis on the susceptibly of primary CD4 T cells to 

HIV-1, as well as the role of other receptors on the infection outcome.    
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2. Material and Methods 

2.1 Chemicals and material 

2.1.1 Reagents, drugs, commercial media, buffer, and kits 

Name Cat. Nr. Manufacturer 

Agarose 3810.3 Carl Roth 

Albumin fraction V (BSA) 8076.3 Carl Roth 

AllPrep DNA/RNA Mini Kit (50) 80204 Qiagen 

AMD3100 A5602 Sigma Aldrich 

Anonymized human serum samples n.a. 

obtained from Diagnostic Depart-
ment of Max von 
 Pettenkofer Institute with approval 
of Ethics Committee 

BD Trucount™, Absolute Counting 
Tubes 

340334 BD Bioscience 

BoltTM bis tris gel 4-12%, 10 well NW04120BOX Thermo Fisher Scientific 

CD14 MicroBeads 130-050-201 Miltenyi Biotech 

CD4+ T Cell Isolation Kit 130-096-533 Miltenyi Biotech 

CellTiter-Glo® 2.0 Assay G9243 Promega 

Cholera Toxin B subunit, biotin con-
jugate 

C9972 Merck 

CO2-independent medium 18045088 Thermo Fisher Scientific 

CutSmart Buffer B7204S New England Biolabs 

dATP 1051440001 Sigma Aldrich 

dCTP 11051458001 Sigma Aldrich 

dGTP 11051458001 Sigma Aldrich 

DharmaFECT 1 Reagent T-2001-03 Dharmacon 

DMEM, high glucose, GlutaMAX 31966047 Thermo Fisher Scientific 

dTTP 11051482001 Sigma Aldrich 

Dulbecco’s phosphate buffered sa-
line (PBS) 

P04-36050P Pan-Biotech 

EDTA-free protease inhibitor cock-
tail complete 

11836170001 Roche 

Ethylenediaminetetraacetic acid 
disodiumsalt-dihydrate (EDTA) 

22.161.000 Chemsolute, Th. Geyer 

Fetal Bovine Serum (FBS/FCS) F7524 Sigma Aldrich 

Fetal Bovine Serum, ultra-low IgG 16250078 Thermo Fisher Scientific 

Gel loading dye purple, 6x B7024S New England Biolabs 

Glycerin 3783.1 Carl Roth 
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Human AB serum H4522 Sigma Aldrich 

Human Monocyte Isolation Kit II, 
human 

130-091-153 Miltenyi Biotech 

Hydrochloride acid (HCl, 32%) P074.3 Carl Roth 

Kanamycin Sulfate T832.2 Carl Roth 

LB-Agar X969.2 ChemSolute, Th. Geyer 

Linear polyethylenimine (PEI) 23966 Polysciences 

LipofectamineTM 2000 transfection 11668019 Thermo Fisher Scientific 

Lipopolysaccharides from Esche-
richia coli O55:B5 (LPS) 

L6529 Sigma Aldrich 

LiveBLAzer™ FRET-B/G Loading 
Kit with CCF2-AM 

K1032 Thermo Fisher Scientific 

Lysogenic broth (LB) acc. Miller 
powder 

88.850.500 ChemSolute, Th. Geyer 

Magnesium chloride (MgCl2) M1028-10X1ML Sigmar Aldrich 

Methanol, 100% 14.372.511 ChemSolute, Th. Geyer 

MS2 RNA 10165948001 SIGMA-Aldrich 

Nonidet P40 (NP-40) A1694 PanReac Applichem 

NucleoBond Xtra Midi 740.410.100 Macherey-Nagel 

NucleoSpin® Gel and PCR Clean-
up 

740.609.250 Macherey-Nagel 

NuPAGE LDS Sample Buffer (4X) NP0007 Invitrogen 

NuPAGE MOPS SDS running 
buffer 

NP0001 Thermo Fisher Scientific 

NuPAGE Transfer Buffer (20x) NP0006 Thermo Fisher Scientific 

Opti-MEM™ I Reduced Serum Me-
dium 

31985070 Thermo Fisher Scientific 

P3 Primary Cell 96-well Kit (96 
RCT) 

V4SP-3096 Lonza 

Pancoll human, Density 1,077g/ml P04-60500 P04-60500 

Penicillin-Streptomycin P0781-100ML Sigma Aldrich 

Phytohemagglutinin from 
Phaseolus vulgaris (PHA) 

L1668 Sigma Aldrich 

Pierce bicinchoninic acid (BCA) 
protein assay kit 

23227 Thermo Fisher Scientific 

Potassium chloride (K 
Cl) 

6781.3 Carl Roth 

Prolong Diamond Antifade Moun-
tant 

P36970 Thermo Fisher Scientific 

Quick-Load® 1 kb Extend DNA 
Ladder 

N3239S New England Biolabs 

RosetteSep Human CD4+ T Cells 15062 STEMCELL Technologies 

RPMI 1640 GlutaMAX 12027599 Fisher Scientific 

siRNA buffer (5x) 
B-002000-UB-
100 

Dharmacon 

Sodium Chloride (NaCl) 9265.2 Carl Roth 
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Streptavidin, Alexa Fluor™ 594 
Conjugate 

S11227 Thermo Fisher Scientific 

SYBR Green I  S4438 Sigma Aldrich 

SYBR Safe-D NA Gel Stain S33102 Thermo Fisher Scientific 

Terrific broth (TB) medium 80.490.500 ChemSolute, Th. Geyer 

Tris(hydroxymethyl) aminomethane 
(Tris) 

T1503-1KG Sigma-Aldrich 

Triton-X 100 3051.3 Carl Roth 

WesternSure Pre-Stained Chemilu-
minescent Protein 
Ladder 

926-98000 LI-COR Biosciences 

 

2.1.2 Chemokines and enzymes 

Chemokines  

Name Cat. Nr. Manufacturer 

Recombinant Human SDF-1α 
(CXCL12) 

300-28A Peprotech 

Recombinant Human RANTES 
(CCL5) 

300-06 Peprotech 

Recombinant Human M-CSF 300-25 Peprotech 

Recombinant Human GM-CSF 300-03 Peprotech 

Recombinant Human IL-4 200-04 Peprotech 

Recombinant Human IL-15 200-15 Peprotech 

Recombinant Human IL-2 200-02 Peprotech 

Recombinant Human IL-7 200-07 Peprotech 

Recombinant Human TNF-α 300-01A Peprotech 

Recombinant Human IL-1β 200-01b Peprotech 

Recombinant Human IL-6 200-06 Peprotech 

Recombinant Human SDF-1α 
(CXCL12) 

300-28A Peprotech 

 

Enzymes 

Name Cat. Nr. Manufacturer 

Liberase TL  05401020001 Sigma Aldrich 

DNAase I  04716728001 Sigma Aldrich 

NLS-Cas9 1081059 IDT 

Accutase  A6964-100ML Sigma Aldrich 

Heparinase I P0735S New England Biolabs (NEB) 
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Heparinase II P0736S New England Biolabs (NEB) 

Heparinase III  P0737S New England Biolabs (NEB) 

Chondroitinase ABC from  
Proteus vulgaris  

C3667-5UN Merck 

Quick CIP M0525S New England Biolabs (NEB) 

EcoRI R0101S New England Biolabs (NEB) 

AgeI R3552S New England Biolabs (NEB) 

Ribolock Rnase E00381 Thermo Fisher Scientific 

GoTag Hot Start Polymerase  M5003 Promega 

 

2.1.3 Antibodies and cell dyes 

Antibodies 

Used as culture supplement   

Name Cat. Nr. Manufacturer 

Alemtuzumab  n.a. 
kindly provided by Central Cytostat-
ics Preparation Facility, LMU hospi-
tal Munich 

Anti-CD32 303202 Biolegend 

PGT151 n.a. 
kindly provided by Prof. Dr. Ralf 
Wagner, University of Regensburg 

Ultra-LEAFTM Purified Human IgG1  403502 Biolegend 

Used as blocking antibody (used in HIV-1 binding assay) 

Name Cat. Nr. Manufacturer 

Recombinant Human SDF-1α 
(CXCL12) 

300-28A Peprotech 

Recombinant Human RANTES 
(CCL5) 

300-06 Peprotech 

Recombinant Human M-CSF 300-25 Peprotech 

Recombinant Human GM-CSF 300-03 Peprotech 

Recombinant Human IL-4 200-04 Peprotech 

Recombinant Human IL-15 200-15 Peprotech 

Recombinant Human IL-2 200-02 Peprotech 

Recombinant Human IL-7 200-07 Peprotech 

Recombinant Human TNF-α 300-01A Peprotech 

Recombinant Human IL-1β 200-01b Peprotech 

Recombinant Human IL-6 200-06 Peprotech 
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Recombinant Human SDF-1α 
(CXCL12) 

300-28A Peprotech 

 
Used in flow cytometry  

Name Cat. Nr. Manufacturer 

Human BD Fc Block™  564220 BD Bioscience 

Anti-hCCR5 APC 556903 BD Bioscience 

Anti-hCD11a APC 301212 Biolegend 

Anti-hCD11b BV421 301324 Biolegend 

Anti-hCD11c FITC 337213 Biolegend 

Anti-hCD14 FITC 325603 Biolegend 

Anti-hCD19 FITC 302206 Biolegend 

Anti-hCD206 APC 550889 BD Bioscience 

Anti-hCD209 (DC-SIGN) BV421 330118 Biolegend 

Anti-hCD3 APC-Cy7  557832 BD Bioscience 

Anti-hCD32 AF647 303212 Biolegend 

Anti-hCD32 BV421 564838 BD Bioscience 

Anti-hCD32 PE-Cy7 303214 Biolegend 

Anti-hCD4 AF594 300544 Biolegend 

Anti-hCD4 APC 555349 BD Bioscience 

Anti-hCD4 PE-Cy7 300512 Biolegend 

Anti-hCXCR7 APC 391405 Biolegend 

Anti- Heparan Sulfate  GTX20073 Nordic Biosite 

Anti-hHLA-DR FITC 347363 BD Bioscience 

Rat anti-mouse IgM BV421 406532 Biolegend 

Goat anti-human IgG APC 109-136-170 Jackson Immuno Research 

 
Used in immunoblotting  

Name Cat. Nr. Manufacturer 

Anti-hVPS4   sc-133122 Santa Cruz 

Anti-Mouse-HRP IgG (H and L) 115-035-062 Jackson Immuno Research 

Anti-Rabbit IgG (H and L) 111-035-144 Jackson Immuno Research 

Anti-Vinculin ab129002 abcam 
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Drugs 

Name Cat. Nr. Manufacturer 

CellTrace™ Violet Cell Proliferation 
Kit 

C34571 Thermo Fisher Scientific 

CellTrace™ Far Red Cell Prolifera-
tion Kit 

C34572 Thermo Fisher Scientific 

Fixable Yellow Dead Cell Stain Kit  L34967 Thermo Fisher Scientific 

 

2.1.4 Primers, plasmids, siRNA and gRNA 

Primers 

Name Sequence  

SG-PERT forward primer 5’-TAGTTGTTGGGCTTCGCTTT-3 

SG-PERT reverse primer  5’-TTGTCGGCTTTACCTGCTTT-3’ 

 

Plasmids 

Name Description 

HIVivo R5 Used in combination with pCMV-Vpr-BlaM to produce 
virus stock for HIV-1 fusion assay. Kindly provided by 
Prof. Michel C. Nussenzweig  
(Howard Hughes Medical Institute, The Rockefeller 
University). 

HIVivo X4 Generated in the lab by introducing env from NLENG-
IRES by using restriction sites EcoRI and HpaI and li-
gation into the backbone of HIVivo R5. Used in combi-
nation with pCMV-Vpr-BlaM to produce virus stock for 
HIV-1 fusion assay.  

NLENG1-I-70 Referred in the thesis as R5 HIV-1 EGFP 

NLENG1-IRES Referred in the thesis as X4 HIV-1 EGFP 

pBK-CMV-FynN18-EGFP Membrane-targeting domains (first 18 amino acid of 
the N terminal part (SH4 membrane domain)  
of Fyn fused to EGFP N terminal. Kindly provided by 
Prof. Dr. Oliver Fackler (Center for Integrative Infec-
tious Disease Research, University of Heidelberg) 

pBK-CMV-LckN18-EGFP Membrane-targeting domains (first 18 amino acid of 
the N terminal part (SH4 membrane domain)  
of Lck fused to EGFP N terminal. Kindly provided by 
Prof. Dr. Oliver Fackler (Center for Integrative Infec-
tious Disease Research, University of Heidelberg) 

pCDH-mtagBFP Expression of mtagBFP. Kindly provided by Prof. Dr. 
Wolfgang Hammerschmidt, Helmholtz Center Munich 

pcDNA3.1_hCXCR7 Expression of human CXCR7. Kindly provided by 
Prof.Dr. Jürgen Bernhagen (Ludwig-Maximilians-Uni-
versität München (LMU Munich)) 

pcDNA3.1-hCXCR4-Flag Expression of human CXCR4 with Flag Tag 
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pcHIV-1 YFP X4 Used in combination with pCMV-Vpr-EGFP to gener-
ate HIV-1 GFP positive particle for HIV-1 binding as-
say.  
Referred in the thesis as HIV-1 Vpr-GFP. Kindly pro-
vided by Prof. Dr. Barbara Müller (Center for Integra-
tive Infectious Disease Research, University of Heidel-
berg) [303] 

pcHIV-1 ΔEnv Used in combination with pCMV-Vpr-EGFP to gener-
ate HIV-1 GFP positive particle for HIV-1 binding as-
say.  
Referred in the thesis as HIV-1ΔEnv Vpr-GFP. Kindly 
provided by Prof. Dr. Barbara Müller (Center for Inte-
grative Infectious Disease Research, University of Hei-
delberg) 

pCMV-BlaM-Vpr To incorporate BlaM-Vpr into HIV-1 viral particle 

pCMV-CD32A WT-mtagBFP Expression of human CD32A wild type fused to 
mtagBFP N terminal 

pCMV-CD32A Δglyco-mtagBFP Expression of human CD32A with point mutation 
N97G, N178G fused to mtagBFP N terminal 

pCMV-CD32B WT-mtagBFP Expression of human CD32B wildetype fused to 
mtagBFP N terminal 

pCMV-CD32B WT-mtagBFP Expression of human CD32B wild type fused to 
mtagBFP N terminal  

pCMV-CD32B Δglyco-mtagBFP Expression of human CD32B with point mutation 
N106G, N180G, N187T (deletion of glycosylation site) 
fused to mtagBFP N terminal 

pCMV-CD32B ΔITIM-mtagBFP Expression of human CD32B with point mutation 
Y292F (deletion of ITIM motif) fused to mtagBFP N ter-
minal 

pCMV-CD32C WT-mtagBFP Expression of human CD32C wild type fused to 
mtagBFP N terminal 

pCMV-Vpr-EGFP To incorporate Vpr-EGFP into HIV-1  viral particle 

pEGFP- CD32A (Δglyco) Used for cloning of mtagBFP fusion variant 

pEGFP- CD32A WT Used for cloning of mtagBFP fusion variant 

pEGFP- CD32B (Δglyco) Used for cloning of mtagBFP fusion variant 

pEGFP- CD32B (ΔITIM) Used for cloning of mtagBFP fusion variant 

pEGFP- CD32C WT Used for cloning of  mtagBFP fusion variant 

pEGFP-CD32B Generated in the lab. CD32B from pCMV6-XL5-CD32B 
(Cat. No. SC128159) origen amplified by PCR and in-
serted in pEGFP-N1 (Clontech) using AgeI and EcoRI 

pEGFP-CD63 Expression of human CD63 fused to EGFP N terminal 

pEGFP-H2B Expression of human histon protein H2B fused to 
EGFP N terminal 

pEGFP-hCCR5 Expression of human CCR5 fused to EGFP N terminal 

pEGFP-hCD4 Expression of human CD4 fused to EGFP N terminal 

pEGFP-hCXCR4 Expression of human CXCR4 fused to EGFP N termi-
nal 

pHR-CD4 Expression of human CD4  

pHR-hCCR5 Expression of human CCR5  

pSAMHD1-EGFP (N-term) Expression of human SAMHD1 fused to EGFP N ter-
minal 
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Peptides 

Name Cat. Nr./ Description Manufacturer 

Soluble hCMV-gp34 kindly provided by Prof. Dr. med. 
Hartmut Hengel (University of Frei-
burg) 

n.a. 

Soluble hCMV-gp34 ΔIgG binding 
site 

kindly provided by Prof. Dr. med. 
Hartmut Hengel (University of Frei-
burg) 

n.a. 

Soluble hCMV-g68 kindly provided by Prof. Dr. med. 
Hartmut Hengel (University of Frei-
burg) 

n.a. 

Soluble ICOSL kindly provided by Prof. Dr. med. 
Hartmut Hengel (University of Frei-
burg) 

n.a. 

Recombinant ICAM-1 150-05  Peprotech 

 

siRNA 

Name Cat. Nr. Manufacturer 

ON-TARGETplus Non-targeting 
Pool 

D-001810-10-05 Dharmacon 

ON-TARGETplus Human VPS4A 
(27183) siRNA 

L-013092-00-0005 Dharmacon 

 

2.1.5 Prepared buffers, media and solutions 

 

Name Description 

Adhesion solution 1x PBS, 0.5 % BSA, 1 mM CaCl2, 2 nM MgCl2 

Agar plates 
6.25 g LB-Agar in 500 ml LB medium, 50 mg/ml  
kanamycinsulfat 

Antibody solution 1x TBS, 1 % BSA, 0.09 % sodium azide 

Blocking buffer for flow cytometry 1x PBS, 2 mM EDTA, 5 % human AB serum 

Cyopreservation media RPMI (w/o supplements), 10 % DMSO, 10 % FBS 

Differentiation of monocytes 
Seeding of monocytes in RPMI c++; M-CSF (100 
ng/ml) 

Differentiation of monocytes to 
monocyte derived macrophage 
sublineages 

MDM: keeping monocytes in RPMI c++; M-CSF (100 
ng/ml) for 7 days 

M1 macrophages: addition of LPS (50 ng/ml) and INF-
γ (20 ng/ml) on day 6/7 

M2 macrophages: addition of IL-4 (20 ng/ml) on day 7 

Differentiation of monocytes to ma-
ture monocyte-derived dendritic 
cells (moDC) 

Seeding of monocytes in RPMI c++; IL-4 (250 IU/ml; 
Peprotech) and GM-CSF (800 IU/ml; Peprotech) 
and keeping in culture for 7 days. Addition of IL-6 
(2,000 IU/ml), IL-1β (400 IU/ml), TNF-α (2000 IU/ml) 

DMEM c++ 
DMEM, high glucose, GlutaMAX supplemented with 
10% (v/v) FCS, Penicillin-Streptomycin (100 IU/ml) 

FACS buffer 1x PBS, 2 mM EDTA, 1% FCS 
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Hunt lysis buffer 
20 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 
0.5 % NP-40  

LB medium 
25 g LB powder in 1000 ml H2O, 50 mg/ml kanamycin-
sulfat 

Media for resting primary CD4 T 
cell media 

RPMI c++; IL-7 (1 ng/ml); IL-15 (1 ng/ml). 

RPMI c++ 
RPMI 1640 GlutaMAX supplemented with 10 % (v/v) 
FCS, Penicillin-Streptomycin (100 IU/ml) 

SG-PERT dilution buffer (10x) 
50 mM (NH4)2SO4, 200 mM KCl, 200 mM Tris HCl (pH 
8.3) in H2O 

SG-PERT Lysis buffer (2x) 
50 mM KCl, 100 mM Tris HCl (pH 7.4), 40 % Glycerol, 
1% Triton-X 100, 0.4 U/µl RNAse inhibitor RiboLock, in 
H2O 

SG-PERT reaction buffer (2x) 

SG-PERT dilution buffer (1x), 10 mM MgCl2, 0.2 mg/ml 
BSA, SYBR Green I (1:10 000),  
0.4 mM of each dNTP, 1 µM SG-PERT forward primer, 
1 µM SG-PERT reverse primer,  
8 ng/µl MS2 RNA, 0.05 U/µl GoTag Hot Start DNA Pol-
ymerase 

Supplement to activate primary 
CD4 T cells 

Addition of PHA; (5 µg/ml); IL-2 (50 IU/ml) to culture 
media 

TB medium 
47.6 g TB powder in 1000 ml H2O, 4 ml Glycerol, 
50 mg/ml kanamycinsulfat 

Tris buffered saline (TBS) buffer, 
10x, (pH 7.5) 

121 g Tris, 175.2 g NaCl in 2l H2O 

 

2.1.6 Cells and tissue material 

Bacterial cells 

Name  Description 

Escherichia coli Stbl2 Chemical competent E.coli; F-mcr A Δ(mcrBC-

hsdRMS-mrr) 

Mammalian cell line 

Name Description Culture medium 

293T  

Human embryonic kidney cell line 

(immortalized via SV 40T antigen 

and E1A adenovirus protein). Com-

mercially obtained from DSMZ (ACC 

635) 

DMEM c++ 

SupT1 

T cell lymphoma cell line, originating 

from an 8-year old male patient with 

T-lymphoblastic lymphoma in re-

lapse. Commercially obtained from 

DSMZ (ACC 140). 

RPMI c++ 

HeLa 

Epitheloid cervix carcinoma cell line, 

originating of a female patient. Com-

mercially obtained from ATCC 

(CCL-2). 

DMEM c++ 
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Primary human cells from blood 

Isolated from heparinized blood re-

tained in leukocyte reduction system 

chambers from healthy blood do-

nors with approval by the Ethics 

Committee of the Medical Faculty of 

LMU München (Project No. 17-202 

UE). 

RPMI c++ 

Primary human PBMCs from HIV-1 

patients 

Isolated from EDTA whole blood. 

Approval by the local Ethics Com-

mittees of the Medical Faculty of 

LMU München (Project No. 21-

0866) and TUM (Project No. 

548/21). 

Not cultivated 

Human lamina propria lymphocyte 

culture (LPAC) 

Isolated from macroscopically nor-

mal human jejunum or ileum tissue 

samples were obtained from pa-

tients undergoing elective ab-

dominal surgery. Approval by the 

Ethics Committee of the Medical 

Faculty of the University Duisburg-

Essen (Project No. 15-6310-BO). 

Not cultivated 

Human lymphoid aggregate culture 

(HLAC) 

Isolated from tonsil tissue, from HIV-

-, hepatitis B virus-, and hepatitis C 

virus-negative anonymous patients 

with informed consent and removed 

during therapeutic tonsillectomy 

(surgical waste). Approval by the 

Ethics Committee of the Medical 

Faculty of LMU München (Project 

No. 18-209 UE). 

Not cultivated 

 

2.1.7 Devices and Software 

Devices 

4D-Nucleofector System (Lonza) 
  

FACSAria Fusion cell sorter (BD). 
  

FACSLyric (BD). 
  

CLARIOstar Plus plate reader (BMG Labtech) 
  

CFX96 Touch Real-Time PCR Detection System (BioRad) 
  

Fusion FX (Vilber) 
  

Sorvall WX+ Ultracentrifuge and Rotor SW28 (Beckman Coulter) 
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Eclipse Ti2 microscope with DS-Qi2 camera (Nikon) 
  

 

Software 

Imaris Viewer (Oxford Instruments)  
  

Image J (National Institue of Health) 
  

FlowJo™ Software 
  

GraphPad Software 
  

CFX Manager™ Software BioRad 
  

Adobe Illustrator 2023 
  

Biorender.com 
  

SnapGene software 
  

 

2.2 Methods 

2.2.1 Cloning of expression vectors 

Following plasmids expressing mtagBFP fusion variants of FcγRs and their mutants, were spe-

cially cloned for the experiments in the thesis: pCMV-CD32A WT-mtagBFP, pCMV-CD32C WT-

mtagBFP, pCMV-CD32B N106G N180G N187T (Δglyco)- mtagBFP, pCMV-CD32B Y292F 

(ΔITIM)- mtagBFP, pCMV-CD32A N97G N178G (Δglyco)- mtagBFP. The cloning strategy is de-

scribed below: 

2.2.1.1 Generation of Backbone and Insert 

The desired backbone was generated by digest of pCMV-CD32B WT-mtagBFP with EcoRI and 

AgeI-HF for 2 h at 37 °C (for digest reaction mix see Table 1).  

Table 1│Reaction mix for restriction digest of pCMV-CD32B WT-mtagBFP with EcoI and AgeI-HF. 

Component Volume 

Cutsmart Buffer 9.0 µl 

EcoRI 2.0 µl 

AgeI-HF 2.0 µl 

pCMV-CD32B WT-mtagBFP 70.0 µl 

H2O 7.0 µl 
 

 

After incubation, 1 µl of Quick CIP enzyme is added to dephosphorylate the 5′ ends of the digested 

DNA. Dephosphorylation was performed for 10 min at 37 °C followed by stopping the reaction by 

heat-inactivation at 80 °C for 2 min. The digested backbone contained DNA fragments with a size 

of 947 bp and 4674 bp, which were separated within an 1 % agarose gel (with SYBR Safe DNA 
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Gel stain 1:10 000 diluted) and 1x TAE buffer through electrophoresis for 1 h at 80 V. The desired 

DNA fragment of 4674 bp was excised from the gel and cleaned up using the NucleoSpin Gel & 

PCR clean up Kit.  

The desired inserts were generated by restriction digest with EcoRI and AgeI-HF of pEGFP ex-

pressing vectors with the corresponding FcγR sequence (see Table 2) as described for the back-

bone generation above (without dephosphorylation).  

Table 2│List of corresponding insert sequence, size and the original plasmid. 

Insert Digested plasmid Insert fragment size 

CD32A WT pEGFP- CD32A WT 968 bp 

CD32C WT pEGFP- CD32C WT 986 bp 

CD32B (Δglyco) pEGFP- CD32B (Δglyco) 947 bp 

CD32B (ΔITIM) pEGFP- CD32B (ΔITIM) 947 bp 

CD32A (Δglyco) pEGFP- CD32A (Δglyco) 968 bp 
 

 

2.2.1.2 Ligation and Transformation  

For ligation of backbone and the corresponding insert DNA fragments, the cleaned-up DNA frag-

ments were incubated with T4-Ligase overnight (approximately 16-20 h) at 16 °C, with a ratio of 

about 1:3 backbone to insert (see Table 3). 

Table 3 │Ligation reaction of insert and backbone. 

Component Amount 

Backbone 50 ng 

Insert  30 ng 

T4-Ligase buffer 1 µl 

T4-Ligase 1 µl 

Add to 10 µl with H2O  
 

For transformation, an aliquot of 50 µl of chemical competent E. coli Stabl II was thawed on ice 

and 10 µl of the corresponding ligation mix was added and incubated for 5 min on ice. After 

incubation the cells were heat shocked at 42 °C for 2 min with subsequent cooling down on ice 

for 5 min. The cells were then mixed with 1 ml LB Media (without antibiotics) and shaken for 90 

min at 37 °C before plating on LB-Agar plates with kanamycin. After incubation of the plates for 

20 h at 37 °C, 10 clones were picked from the plate and cultivated overnight in TB medium with 

kanamycin at 37 °C (shaking). The next day, DNA was isolated from 2/3 of TB culture using the 

AllPrep DNA/RNA Mini Kit. The remaining 1/3 of the TB culture was kept at 4 °C until inoculation 

of TB culture with higher volume. Transformation of the desired ligation product was then vali-

dated by sanger sequencing at Eurofins Genomics using the standard CMV forward primer of the 

company.  
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2.2.1.3 DNA purification 

The bacterial clone showing the correct sequence was then selected from the remaining 1/3 TB 

culture (described above) and used to inoculate 400 ml TB medium with kanamycin. The cultures 

were shaken overnight (approx. 20 h) at 37 °C. The next day the DNA was isolated using the 

NucleoBond Xtra Midi Kit. DNA concentration was adjusted to 1 µg/µl DNA with H2O and stored 

at -20 °C until usage.  

2.2.2 Eukaryotic cell isolation, cultivation and differentiation 

If not described differently, cells were cultured at 37 °C (5% CO2) and centrifugation steps were 

performed at 500 g 5 min at room temperature (RT). For corresponding standard culture media 

of the different cell types see also chapter 2.1.6.  

2.2.2.1 Isolation of primary human cells from whole blood 

Heparinized human blood was retained in leukocyte reduction system chambers from healthy 

donors (approval by Committee of Medical Faculty of LMU München (Project No. 17-202 UE). 

The harvested blood was diluted with PBS and CD4 T cells were isolated with EasySep Rosette 

Human CD4 T cell enrichment kit according to manufacturer protocol. In brief, the approximately 

10 ml blood was diluted with 20 ml PBS and 1 ml of the EasySep Rosette Human CD4 T cell 

enrichment cocktail was added. After inverting the tube 8-10x times, the cell suspension was 

incubated for 20 min at RT. Then the volume was added to 105 ml with PBS, and 35ml of the cell 

suspension was carefully mounted on top of 15 ml Pancoll (with a density of 1.077 g/ml). The two 

layers of cell suspension and Pancoll was then centrifuged for 35 min at 700 g 20°C (without 

acceleration/break). After centrifugation the plasma layer was removed as much as possible with-

out disturbing the other layers and the layer with CD4 T cells was harvested and cells were 

counted. The cell was either used directly for functional assays or kept in a resting state [304] 

(see chapter 2.1.5).  For isolation of PBMCs, the harvested blood was directly diluted with PBS 

to 105 ml total volume and the cell suspension was mounted on Pancoll layer and centrifuged as 

described above. PBMC were either kept in culture with 2-4 x106 cells/ml (see chapter 2.1.6), or 

cryopreserved in cryopreservation media at a cell density of 1x 108 cells/ml. 

CD14-positive monocytes were isolated from PBMCs with the human monocyte isolation kit II 

(negative isolation) or with the CD14 MicroBeads (positive isolation) according to the manufac-

ture´s protocol. During negative isolation all leucocytes except CD14-positive monocytes were 

targeted by the antibody cocktail mix of the kit, followed by secondary antibody binding with mi-

crobeads. With this, the “undesired” cells retain in the column under the magnetic field and CD14-

positive monocytes were harvested in the elution. In contrast, during positive isolation CD14-

positiv monocytes were targeted with an anti-CD14 antibody with microbead tag and here these 

cells retained in the column during magnetic isolation, whereas the “undesired” cell fraction is 

eluted from the column. The retained cells are then flushed out of the column, by removing the 

magnetic field and flushing the column with FACS buffer. After counting of the cells, the mono-

cytes were differentiated by cultivation with different cytokine addition to the culture medium (see 

chapter 2.1.5). 

Alternatively, to the isolation by EasySep Rosette human CD4 T cell enrichment kit, primary CD4 

T cells could be isolated from the PBMC culture by magnetic fractioning with microbeads of the 

CD4 T cell isolation Kit (negative isolation) similarly as described above for monocytes.  
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2.2.2.2 Isolation of tonsillar cells 

Tonsil tissue was obtained during therapeutic tonsillectomy from patients (negative tested for HIV, 

hepatitis B and hepatitis C virus). The anonymous surgical waste was then kindly provided by the 

LMU hospital Munich Großhadern with the approval of the Ethics Committee of the Medical Fac-

ulty of LMU Munich (Project No. 18-209 UE). Single cells were isolated from the tissue by me-

chanical cutting of the tissue into 2-3 mm tissue piece, which were then passed through 70 µm 

and 40 µm cell strainers. Remaining tissue was additionally incubated with 1 U/µl DNAse I and 

0.4 mg/ml liberase TL for 30 min at 37 °C. After passing through 70 µm strainer these cells were 

added to the cell suspension. The cells were counted and then cryopreserved with cyopreserva-

tion media at -80 °C with a density of 1x 108 cells/ml.  

2.2.2.3 Isolation of lamina propria mononuclear cells 

Cryopreserved lamina propria mononuclear (LPAC) cells were kindly provided by Prof. Dr. Ulf 

Dittmer, University of Duisburg-Essen. The cells were isolated from macroscopically normal hu-

man jejunum or ileum tissue samples (as previously described [305, 306]), with the approval of 

Ethics Committee of the Medical Faculty of the University Duisburg-Essen. The tissue samples 

were obtained from patients undergoing elective abdominal surgery.  

2.2.3 Antibody staining for flow cytometer analysis  

Cell were collected from the culture and washed once with PBS. In case of adherent macro-

phages, the cells were washed once with PBS and then incubated with Accutase for 1-1.5 h at 

37 °C to detach the cells before collecting. The cells were then seeded into a 96 Well V-Shape 

plate (100 000-200 000 cells/well). After spinning down, the cells were resuspended in 25 µl 

blocking buffer and incubated for 10 min at 4 °C before adding 25 µl antibody staining solution 

(FACS buffer + corresponding staining antibody, see chapter 2.1.3 and 2.1.5) and incubation of 

the cells for additional 20 min at 4 °C. After the incubation, 100 µl FACS buffer was added to each 

well and the cells were spun down and washed twice with FACS buffer before resuspending the 

cells in 50 µl of 4 % PFA/PBS and incubation for 10 min at 4 °C. Afterwards the cells were diluted 

with 100 µl FACS buffer per well, spun down at 1100 g for 8 min and resuspended in 100 µl FACS 

buffer. Flow cytometric analysis was then performed with FACSLyric (BD).  

2.2.4 Knockdown (KD) generation in 293T cells 

293T cells were seeded in a 12 Well plate with 350 000 cells/well. After adhesion of the cells (after 

4-5h), the siRNA transfection mix was prepared. For this, siRNA was adjusted to 5 µM with 1x 

siRNA buffer. Subsequently, 5 µl of 5 µM siRNA is mixed with 95 µl DMEM w/o supplements. In 

an extra tube 4 µl of DharmaFECT is mixed with 96 µl DMEM w/o supplements. Both tubes are 

incubated for 5 min at RT before mixing both solutions together. The medium is carefully removed 

from the 293T cells and 800µl DMEM with 10% FCS without Penicillin-Streptomycin is added into 

each well followed by addition of 200 µl siRNA/DharmaFECT transfection mix per well. The next 

day medium was changed and cells were used for follow up experiments, such as in vitro tro-

gocytosis analysis (see chapter  2.2.7.1) and extra wells were harvested (24h, 48h or 72h post 

KD) for KD efficiency analysis by immunoblotting.  
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2.2.5 Expression plasmid nucleofection in primary CD4 T cells 

CD4 T cells were freshly isolated from whole blood as described above (see chapter 2.2.2.1). 

After washing twice with PBS 1x 106 cells were resuspended in 20 µl P3 buffer from P3 Primary 

Cell 96-well Kit and 0.1-0.5 µg plasmid DNA of the corresponding expression vector was added. 

The cell suspension was then carefully transferred into a 16-well reaction cuvette of the 4D-Nu-

cleofector System (Lonza) and subsequently nucleofected with the program EO-115. Directly af-

ter nucleofection, 100 µl prewarmed RPMI medium (w/o supplements) was added to the cells and 

they were incubated for 10 min at 37 °C.  The cells were then seeded into culture media with IL-

7/IL-15 to keep them in a resting state (see chapter 2.1.5) at a concentration of 2x 106 cells/ml. 

The day after nucleofection the cells were then used to determine the expression of the gene of 

interest (by flow cytometry see chapter 2.2.3) as well as tested in HIV-1 Vpr-BlaM fusion assay 

(see chapter 2.2.10.3).  

2.2.6 Knockout generation in primary CD4 T cells and monocytic cells 

For generation of knockout (KO) CD4 T cells, the cells were used directly after isolation from 

whole blood as described in chapter 2.2.2. For generation of KO monocytic cells, CD14-positive 

monocytes were isolated by negative isolation as described in chapter 2.2.2. The KO procedure 

for CD4 T cells has been previously described [304] and the protocol was adjusted for the gener-

ation of KO in primary monocytic cells. Briefly, in order to form CRISPR-Cas9-gRNA ribonucleo-

protein (RNP), synthetic 100 pmol sgRNA was incubated with recombinant 40 pmol NLS-Cas9 

protein for 10 min at RT.  After incubation the RNP complex was diluted with sterile filtered H2O 

(0.22 µm pore size) to a final concentration of 20 µM.  After washing the cells twice with PBS, 2x 

106 cells were resuspended in P3 buffer from P3 Primary Cell 96-well Kit and 2µl of the corre-

sponding 20 µM RNP suspension was added. Here, to ensure an efficient KO of the gene of 

interest, two to four RNPs with different sgRNAs specific for the gene of interest were added to 

suspension. The cell/RNP mixture was then carefully pipetted into a 16-well reaction cuvette of 

the 4D-Nucleofector System, avoiding the formation of air bubbles in the cuvette. Following the 

nucleofection with the program EH-100, 100 µl pre-warmed RPMI medium (w/o supplements) 

was added into each cuvette, and the cells were kept at 37 °C for 15 min to recover. In the case 

of KO in primary CD4 T cells, the cells were seeded into 96 Well flat bottom plates at a concen-

tration of 2x 106 cells/ml, with medium to keep the cells resting (see chapter 2.1.5). For KO gen-

eration in monocytic cells, the cells were seeded into 96 well flat bottom plates with 100 000 

cells/well and differentiated into M2 macrophages (see chapter 2.1.5).  

2.2.7 In vitro trogocytosis and functional assays 

2.2.7.1 Co-culture of 293T/HeLa cells with SupT1/primary CD4 T cells 

To create donor cells which transiently express FcγR and/or other receptors of interest the cells 

were transfected with the corresponding expressing vector on day 1. For the usage of 293T cells 

as donor cells, 200 000 293T cells were seeded in 24 well plate and transfected using 520 ng of 

plasmid DNA with 1 µl linear polyethylenimine (PEI) and 100 µl DMEM medium (w/o supple-

ments). The DNA/PEI mixture was incubated at RT for 20 min before adding the mixture to the 

293T cells. In the case of using HeLa cells as donor cells, the cells were transfected with corre-

sponding plasmid DNA and Lipofectamine 3000, according to manufacturer´s protocol. Briefly, 50 

µl Opti-MEM™ I Reduced Serum Medium was mixed with 1 µg plasmid DNA. In an extra tube 2.5 
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µl of Lipofectamine 3000 was mixed with 50 µl Opti-MEM™ I Reduced Serum Medium. The tubes 

were incubated for 5 min at RT before mixing both solutions and incubation for additional 25 min 

at RT. Subsequently, 100 µl transfection mix was added to the culture.  

The next day the donor cells were reseeded into 96 well flat bottom plate with 1x 105 cells/well. 

The day after, recipient cells (SupT1 or primary CD4 T cells) were labeled with cell trace dye. For 

this, the cells were washed once with PBS and spun down and resuspended in cell trace dye 

solution (PBS with cell trace dye diluted 1:20 000) with 1-10 x106 cells/ml. The cell suspension 

was then incubated for 20 min in a water bath at 37°C before stopping the reaction by adding the 

double amount of RPMI c++. The cells were then washed twice with PBS, before resuspending 

them in RPMI c++ with a concentration of 2.5 x106 cells/ml.  

To start the co-culture, medium was carefully removed from the donor cells without detaching the 

cells and 100 µl of RPMI c++ was added into each well. Subsequently, 100µl with 2.5 x106 cells/ml 

of recipient cell suspension was carefully added into each well.  

If trogocytosis enhancement or inhibition was tested by the addition of antibody or human sera, 

the antibody/sera were added to the donor cells 30 min before the addition of the recipient cells 

to the culture (2.5 µg/ml final concentration of antibody if not indicated differently, human sera 

were added to the culture medium with 10% final concentration in the co-culture). Human sera 

were inactivated at 56 °C for 1 h previously to the addition (HIV-1 viral load of patients was less 

than 50 copies/ml).  

If the experiment was carried out under IgG low conditions, all cells were cultured before the 

experiment for at least one week in RPMI c++ with low IgG FCS. During the co-culture all steps 

were performed using also RPMI c++ with low IgG FCS as culture medium.  

After 24 h of co-culture the cells were harvested and further analyzed for receptor transfer by flow 

cytometer (see chapter 2.2.3). 

2.2.7.2 Co-culture of M2 macrophages and CD4 T cells 

PBMC were freshly isolated from whole blood and monocytes were isolated by magnetic fraction-

ing with anti-CD14 microbeads (positive selection) as described above (see chapter 2.2.2.1) and 

differentiated to M2 macrophages by the addition of M-CSF and IL-4 to the culture medium (see 

chapter 2.1.6). The flow through of the magnetic fractioning as well as remaining PBMCs were 

cyropreserved with cryopreservation media at -80 °C with a density of 10 x107 cells/ml. On the 

day of co-culture start, the cyropreserved cells were thawed and CD4 T cells were isolated by 

magnetic fractioning using microbeads of the CD4 T cell isolation Kit (negative isolation, see 

chapter 2.2.2.1). After isolation, the cells were counted and labeled with a cell trace dye similarly 

as described above for SupT1 (see chapter 2.2.7.1). The medium of the adherent and differenti-

ated M2 macrophages was then carefully removed and 100µl of RPMI c++ was added on top of 

the cells. Subsequently, 100 µl with 2x 106 cells/well of cell trace labeled CD4 T cells was added 

to the macrophages. 

If trogocytosis was enhanced by the addition of an antibody, the antibody was added to the M2 

macrophages 30 min before the addition of primary CD4 T cells to the culture (Alemtuzumab or 

isotype control with a final concentration of 0.1 µg/ml). The cells were then co-cultured for 2 days 

and subsequently CD4 T cells were harvested from the culture and either directly analyzed for 

trogocytotic transfer of receptors or further purified by sorting the cell trace positive CD4 T cells 

by flow cytometry (see chapter 2.2.8), before performing further functional experiments such as 

testing in HIV-1 infection or fusion assays.  
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2.2.7.3 Screening of transferred receptors by surface marker in BD 

LyoplateTM 

M2 macrophages and CD4 T cells were co-culture as described in chapter 2.2.7.2. After co-cul-

ture, CD4 T cells co-cultured or not co-cultured (control), were harvested and sorted by their cell 

trace positivity (see chapter 2.2.8). The sorted CD4 T cells (co-cultured or not co-cultured) as well 

as not co-cultured M2 macrophages were then stained with the BD Lyoplate antibody panel (242 

monoclonal primary antibodies and the corresponding secondary antibody conjugated with Alexa 

Flour 647) as described in chapter 2.2.3.  

2.2.7.4 Testing the binding of human IgG to primary CD4 T cells 

Freshly isolated CD4 T cells from whole blood (see chapter 2.2.2.1) were incubated with human 

BD Fc Block in PBS for 20 min at RT in 96 well V-shape plate. After incubation, the cells were 

spun down and resuspended in 50µl of the selected human serum and incubated for 20 min at 

4°C. The cells were washed with FACS buffer to remove excessive primary antibodies and then 

incubated with APC AffiniPure F(ab')₂ Fragment Goat Anti-Rat IgG (H+L) at 4°C for 20min. After 

washing the cells with FACS buffer twice, the APC signal was determined by flow cytometry.  

2.2.7.5 Determination of chemokine migration on CD4 T cells after co-

culture 

Primary CD4 T cells were co-cultured with HeLa cells transiently expressing CD32B-EGFP or 

H2B-EGFP together with CCR5 or CXCR4-HA as described above (see chapter 2.2.7.1). After 

co-culture, 250 000 CD4 T cells were seeded in the upper part of a transwell system (3.0 µm 

pore). 500 µl of RPMI medium with 0.2 % FCS and the corresponding chemokine was added in 

the lower part of the transwell system (SDF-1α 1000 ng/ml; RANTES 800 ng/ml). The upper 

transwell part with the cells was then carefully laid on top of the medium in the lower part and 

incubated for 3h at 37°C. After incubation the upper part was carefully removed and the total 

number of cells that have migrated to the lower part was quantified by flow cytometry using BD 

TrucountTM Absolute Counting tubes.  

2.2.7.6 Testing the binding of co-cultured CD4 T cells to ICAM-1 

The method was adapted from a protocol previously described [307]. Briefly, to coat the surface 

of a 384 well plate with recombinant ICAM-1 (in 1 mM CaCl2/ 2 nM MgCl2 in PBS), each well was 

filled with ICAM-1 solution and the plate was incubated for 1 h at 37 °C. Until the usage the plate 

was sealed and kept at 4 °C. Into each well, 20 000 co-cultured and sorted CD4 T cells (see 

chapter 2.2.7.2 and 2.2.8) were seeded in adhesion solution and incubated for 30 min at 37 °C. 

Subsequently the cells were washed in the plate with 30 µl adhesion solution three times and 

loaded with 30 µl adhesion solution and 10µl CellTiter-Glo 2.0 solution. Binding was determined 

by the number of cells remaining in each well, quantified with CLARIOstar Plus plate reader.  

2.2.7.7 Trapping of PGT151 with human CMV glycoproteins 

Purified soluble HCMV glycoproteins (gp) and ICOSL were prepared (as described previously 

[221]) and kindly provided by the lab of Prof. Dr. med. Hartmut Hengel - University of Freiburg. 

The bNAb PGT151 was incubated at a concentration of 0.6 µM with different titrated amounts of 

the soluble gps (or ICOSL) for 30 min at 37°C in RPMI media (w/o supplements). The 

PGT151/peptide mixture was then added to donor cells (293T cells CD32B-mtagBFP or mtagBFP 
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positive) in trogocytosis assay (see chapter 2.2.7.1 ) 30 min before adding the recipient cells 

(SupT1) to the co-culture. The next day, the percentage of mtagBFP positive SupT1 cells was 

analyzed by flow cytometry.  

2.2.7.8 Transfer analysis of GM1  

M2 macrophages were differentiated from CD14-positive monocytes in 96 Well flat bottom plates 

with 100 000 cells/well as described in chapter 2.1.5. In order to label Monosialotetrahexosyl-

ganglioside (GM1) the binding of Cholera Toxin B subunit, biotin conjugated, was used. On the 

day of starting the co-culture with CD4 T cells, the culture medium of the adherent M2 macro-

phages was carefully removed and the cells were rinsed with cold RPMI c++ before adding 

200µl/well of Cholera toxin subunit (CT-B) staining solution (1 µg/ml Cholera Toxin B subunit, 

biotin conjugated, in RPMI c++) and incubation for 10 min at 4°C. Subsequently the solution was 

carefully removed and the adherent cells were washed with cold PBS three time. After the wash-

ing the M2 macrophages were co-cultured with primary CD4 T cells (as described in chapter 

2.2.7.2) and trogocytosis was enhanced by the addition of Alemtuzumab. After co-culture the CD4 

T cells were harvested and analyzed and incubated with HIV-1 Vpr-GFP (see chapter 2.2.10.5) 

and subsequently stained with anti-CD32 AF647 antibody and conjugated streptavidin AF594 

followed by confocal microscopy analysis.  

2.2.8 Flow cytometric sorting of cell trace positive cells after co-culture 

To sort recipient cells from donor cells for further experimental procedure, the recipient cells were 

sorted for their cell trace positivity by flow cytometry using BD FACS Aria Fusion device. The day 

before, 15 ml collection tubes were filled with 3 ml FCS for pre-coating and kept rolling over night 

at 4 °C. The next day, cells were harvested from the co-culture, spun down and resuspended in 

500 µl FACS buffer (see chapter 2.1.5) and kept on ice until sorting. FCS from the precoated 

collection tubes was removed and each tube was filled with 2 ml RPMI medium with 20 % FCS 

as collection medium. The cells were meshed through a 70 µm cell strainer previous to loading, 

to ensure a single cell in the suspension and sorted using 70 µm nozzle. After gating for viable 

single cells, the highly cell trace positive cell population was gated for sorting into the tube. In the 

case of cell trace far red positive cells the APC channel was used for gating, whereas in the case 

of cell trace violet stained cells, the BV421 channel was used for gating. After sorting, the cells 

were spun down and resuspended in RPMI c++ for counting. To ensure the same treatment of 

the cells, not co-cultured recipient cells were sorted as control in the same way as the co-cultured 

cells. 

2.2.9 Immunoblot Analysis of Vps4 expression 

2.2.9.1 Total Protein extraction and BCA-assay 

Cells were harvested and washed with PBS before freezing down the cell pellet at -80°C until 

total protein extraction was performed. Here, the cell pellet was thawed and resuspended in hunt 

lysis buffer (see chapter 2.1.5) supplemented with protease inhibitor cocktail (ratio 1:7, protease 

inhibitor cocktail to hunt lysis buffer). The cell suspension was then repeatedly freeze/thawed by 

short incubation steps of the tubes in liquid nitrogen to freeze and thawing at RT to ensure phys-

ical disruption of the cells. The samples were then centrifuged for 30 min at 4 °C at 20 000 g. The 
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supernatant was harvested and stored at -20 °C until performing bicinchoninic acid (BCA)-assay 

for protein quantification.  

For BCA-assay the supernatant was thawed and 10 µl of the supernatant (or 1:10 diluted with 

H2O) were added to 96 well flat bottom plate. In separate wells of the 96 well plate a dilution row 

of bovine serum (concentration reaching from 0.0 to 2.0 mg/ml) was pipetted to generate protein 

standard samples. 100 µl of solution A of the Pierce (BCA) protein assay kit (previously supple-

menting solution A with solution B in a 50:1 dilution) was added into each well. The plate was 

then incubated for 20 min at 37 °C and total protein quantification was colorimetrically measured 

using CLARIOstar Plus plate reader.  

2.2.9.2 Immunoblot analysis 

From each sample 25 µg protein was mixed with 4x NuPAGE LDS (1:4 dilution) and incubated 

for 10 min at 70 °C. The samples as well as 5 µl of PageRuler were then loaded on 4-12 % SDS 

gel (precast gels with neutral pH and Bis-Tris buffering) in 1x NuPAGE MOPS SDS running buffer 

for 1.5 h at 150 V. Subsequently the proteins were blotted from the gel to 0.45 µm nitrocellulose 

membrane at 30 V for 1 h in 1x NuPAGE transfer buffer with 10 % methanol. Blocking of the 

membrane after blotting was performed in 5 % milk in 1x TBS for 30 min at RT (shaking). After 

washing the membrane 3 x 10 min in 1x TBS, the membrane was incubated with primary antibody 

solution (anti-Vps4 1:500 diluted in antibody solution) overnight at RT shaking. The next day the 

membrane was washed 3x 10 min in 1x TBS buffer before incubation with the secondary antibody 

(anti-mouse-HRP IgG (H and L) diluted 1:10 000 in 5 % milk) for 1 h at RT shaking. After washing 

the membrane 3x 10min with 1x TBS buffer, the membrane was incubated with developing solu-

tion (Clarity wester ECL substrate kit). To detect the chemiluminescence and developing digital 

images, the membrane was analyzed using Vilber Fusion FX. Subsequently, the membrane was 

washed 3x 10min with 1x TBS before incubating with the next primary antibody (anti-Vinculin 

1:2000 diluted in antibody solution) overnight as described above. The next day the membrane 

was washed and incubated as described above with the secondary antibody (anti-rabbit IgG (H 

and L) diluted 1: 10 000 in 5% milk) as well as developed and analyzed as described above.  

2.2.10  Viral assays 

2.2.10.1 Production of sucrose cushion-purified HIV-1 stocks 

The day before transfection, 8x 106 293T cells were seeded into 15 cm cell culture dishes. After 

24 h, the cells were transfected with plasmid DNA encoding the viral DNA (see chapter 2.1.4) and 

112.5 µl of linear PEI in 2.5 ml DMEM (w/o supplement). Here, for the production of viral vectors 

to perform HIV-1 infection assay, 18.75 µg viral DNA was used in the transfection mix. In order to 

produce virial stocks for HIV-1-fusion assay, 15 µg of viral DNA was used together with 12.5 µg 

of pCMV BlaM-Vpr vector in the transfection mix. In the case of production of viral stocks for the 

HIV-1-binding assay, 17 µg of viral vector plasmid was combined with 17 µg of pCMV GFP-Vpr 

vector. The transfection mix was then incubated for 20 min at RT and subsequently added on top 

of the cells. After 72h, the supernatant of the cells was harvest, filtered (0.45 µm) and then 32 ml 

supernatant was overlayed on ml sucrose (25 %). The samples were then ultra-centrifuged at 28 

000 rpm for 1.5 h at 4° C. The concentrated virus was then harvested after removing the super-

natant and resuspended in 100 µl PBS. Until usage the viral stocks were stored at -80°C.  
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2.2.10.2 SG-PERT 

To determine the amount of virus particles after sucrose cushion-purification, the reverse tran-

scriptase activity was quantified by qPCR using the SYBR Green I-based PCR-enhanced reverse 

transcriptase assays assay (SG-PERT) described previously [308]. Briefly, the virus stocks and 

SG-PERT standard (pcHIV #528 virus) were lysed with SG-PERT lysis buffer (ratio 1:2) to release 

the RT from the particles and further diluted with SG-PERT dilution buffer (1x diluted with H2O), 

with increasing 1:10 dilution steps.  Each sample was then added to SG-PERT reaction buffer 

(1:2) in 96 Well PCR plate and reaction is started in the qPCR cycler (see Table 4). During the 

first reaction step, the RT transcribed the supplied RNA (from MS2 bacteriophage) in the reaction 

buffer to cDNA. The generated cDNA was then used as a template by the GoTag Hotstar Poly-

merase using the supplied primers in the reaction buffer. The generated DNA copies were then 

subsequently quantified by the signal of the fluorescence of the SYBR green dye intercalating 

into the amplified DNA. For final quantification the cq values of the SG-PERT standard was used 

to define the amount of RT units in the viral stock samples. Analysis performed with CFX-Manager 

V3 BioRad. Composition of the SG-PERT buffers are listed in chapter 2.1.5.  

Table 4 │SG-PERT reaction steps. 

reaction step temperature duration cycle repeats 

RT activity 42°C 20 min 1 

RT inactivation 95 °C 2 min 1 

Initial denaturation 95 °C 5 sec 1 

Denaturation 60 °C 5 sec 

40x Annealing 72 °C 15 sec 

Extension 80 °C 7 sec 

Meltingcurve 60 °C 30 sec 1 

Meltingcurve 
60 °C 

(+0.5 °C/cycle) 
5 sec 70x 

 

2.2.10.3 HIV-1 BlaM-Vpr fusion assay 

The protocol was adjusted from the protocol previously described [309]. Here, 200 000 co-cul-

tured and sorted CD4 T cells per 96 V-shaped well were incubated with either X4 HIVivo [304] or 

R5 HIVivo [310] containing BlaM-Vpr (as described above) for 4 h at 37 °C. After the incubation 

the cells were spun down and washed twice in CO2-independent medium, and then resuspended 

in 100µl CCF2/AM staining suspension (2 µl CCF2, 8 µl of solution B of the kit together with 10 µl 

250 nM probencid and 1 ml CO2-independent medium with 10% FCS). The cells were then incu-

bated in the staining suspension for 16 h at RT in the dark and subsequently washed twice with 

PBS. After resuspending in 4% PFA the cells were incubated at RT for 90 min, for inactivation of 

the virus and fixation of the cells. Subsequently, the cells were spun down at 1100 g 8 min and 

resuspended in 100 µl FACS buffer for flow cytometric analysis. 
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2.2.10.4 HIV-1 infection assay 

To study full infection of CD4 T cells, the cells were inoculated with GFP-reporter viruses (for X4 

tropic virus infection study NLENG1-IRES [311] and for R5 tropic virus infection study NLENG1-

I-70 [311] was used).  Therefore, the cells were seeded in a 96 V-shape well plate with 200 000 

cells/well in RPMI c++ and virus was added with an MOI of 0.5-1 (if not indicated differently). 

Subsequently spinoculation for 2.5 h at 650 g and 37 °C was performed (if not indicated differ-

ently), before resuspending the cells and cultivating for 3 days at 37°C. On the day of analysis, 

the cells were spun down, washed once with PBS and resuspended in 4% PFA and incubated at 

RT for 90 min in order to inactivate the virus and fixing the cells. After the incubation, the cells 

were spun down at 1100 g for 8 min and resuspended in FACS buffer for flow cytometric analysis. 

Previously to infection study, the viral stocks were titrated with freshly isolated CD4 T cells (200 

000 cells/well) from whole, by inoculation with different viral stock volumes (as described above) 

and MOI was determined according to the GFP-positive cell population frequency and total cell 

number per well.  

2.2.10.5 HIV-1 Vpr-GFP binding assay 

After sorting co-cultured CD4 T cells (see chapter 2.2.8), 200 000 CD4 T cells per well were 

seeded in to 96 V-shape well plate in CO2-independent medium (with 10 % FCS). In case of 

treatment with antiviral drug/and blocking antibody, AMD3100 (16 µg/ml) and blocking antibody 

(25 µg/ml) (see chapter 2.1.3) were, added to the cells. After incubation for 15 min at 16 °C, HIV-

1 Vpr-GFP virus was added to the cells and cells were incubated for 1 h at 16°C. After the incu-

bation, the cells were spun down and washed with FACS buffer, following antibody staining for 

flow cytometric analysis (see chapter 2.2.3) or confocal microscopy (see chapter 2.2.10.6). 

In the condition of enzymatic digest with heparinase/chondroitinase of the sorted co-cultured CD4 

T cells (or HeLa cells), the cells were incubated with 1 U/ml of heparinase I/II/III and chon-

droitinase ABC from Proteus vulgaris for 15 min at 37 °C in PBS stopping the reaction by addition 

of medium supplemented with 10 % FBS. The cells were then spun down and washed twice with 

PBS before inoculation with the virus as described above.  

2.2.10.6 Confocal microscopy analysis of HIV-1 Vpr-GFP binding and co-

localization 

After co-culture of CD4 T cells and M2 macrophages as described above (see 2.2.7.2), CD4 T 

cells were sorted by flow cytometry and incubated with HIV-1 Vpr-GFP followed by staining for 

cell surface receptors of interest, as described before (see chapter 2.2.3 and 2.2.10.5). After the 

staining the cells were washed twice and fixed with 4 % PFA for 10 min at RT and washed again. 

Cells were then fixed on culture plates with ProLong Diamond Antifade Mountant. To analyze the 

images the software Imaris Viewer was used and Intensity profiles were evaluated with Image J 

software.  
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3. Results 

3.1 CD32 exposure on CD4 T cells is cell-contact dependent 

In a pilot experiment conducted with the intention to recapitulate experiments by Descours and 

Petitjean et al. [142], a culture of peripheral blood mononuclear cells (PBMC) was infected with 

X4 HIV-1 Green fluorescent protein (GFP) reporter virus. Subsequently, the infection rate as well 

as CD32 surface levels were analyzed three days post infection on the fraction of CD4 T cells. 

This determined 9.3% of the cells to be GFP positive, of which 28% (2.6% of all CD4 T cells) were 

also CD32 positive. However, CD32 positivity (4.59% among all cells) was observed also in the 

GFP-negative population (Figure 6A, left panel). In parallel, CD4 T cells were isolated from the 

PBMC culture prior to viral inoculation. The sample with the isolated CD4 T cells showed also a 

high infection rate with 5.26% GFP-positive cells. However, the frequency of CD32-positive cells 

was very low (Figure 6A, right panel), indicating a potential influence by other immune cells on 

CD32 positivity of CD4 T cells. 

 

Figure 6 │ CD32 exposure on CD4 T cells is independent of infection or activation statuts, but influenced by the 

presence of co-cultured cells  

A, Infection of freshly isolated PBMCs or CD4 T cells highly purified by negative selection with HIV-1 GFP reporter virus. 

After 3 days CD32 and GFP expression was assessed by flow cytometry. One representative donor is shown (n=3). B, 

Activation with PHA/IL-2 or left untreated PBMCs and negative-selected CD4 T cells were analyzed for CD32 expression 

after 3 days of culture. Median with 95% CI are shown (n=6). Asterisks indicate statistical significance by one-way ANOVA 

relative to unstimulated (Not stim.) CD4 T cells. P values were corrected for multiple comparison (Tukey) C, Depletion of 

CD14+ cells from PBMC. Cultivation for 3 days of PBMC +/- CD14+ cells or isolated CD4 T cells cultured +/- CD14+ cells, 

following CD32 expression analysis. Mean ± s.e.m. are shown (n=6). Asterisks indicate statistical significance by one-

way ANOVA. P values were corrected for multiple comparison (Tukey). *P ≤0.05; **P ≤0.01. Experiments performed by 

Maximilian Münchhoff and Manuel Albanese. 

To assess whether CD32 expression on CD4 T cells is dependent on HIV-1 infection or on acti-

vation, we stimulated cells with Phytohemagglutinin (PHA) + Interleukin-2 (IL-2). The CD32 ex-

posure was only detected on CD4 T cells when kept in PBMC co-culture. Isolated cells remained 

negative, also following stimulation (Figure 6B), indicating an HIV-1 infection-independent and 

activation-independent CD32 expression on CD4 T cells. 

Aiming at investigating the dependency of the CD32 exposure to cell culture composition, we 

isolated CD14-positive monocytes from the PBMC culture. As a consequence, the CD4 T cells 

showed a decrease of CD32 positivity in the CD14-negative PBMC culture, whereas in the pres-

ence of CD14-positive cells, the levels of CD32-positive CD4 T cells remained high. Consistent 

with these findings, addition of CD14-positive cell fraction to the isolated autologous CD4 T cells 
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showed CD32 levels on CD4 T cells comparable to the whole PBMC culture condition (Figure 

6C).  

So far, we demonstrated that the presence of CD14-positive monocytes and monocyte-derived 

cells strongly influenced the CD32 exposure on CD4 T cells and that this event is independent of 

HIV-1 infection. We next aimed to examine whether the CD32 exposure on the surface was cell-

contact-dependent, and which type of monocyte-derived cells influenced its surface exposure. 

For this purpose, monocytes were differentiated into monocyte-derived macrophages (MDM), M1 

macrophages or M2 macrophages and subsequently co-cultured with autologous CD4 T cells. 

The cells were either kept in cell-contact co-cultures or separated by a transwell membrane sys-

tem (Figure 7A). Analyses of the CD4 T cells for their CD32 positivity after co-culture revealed a 

strong cell-contact interaction dependency, since the separation of the cells by transwell resulted 

in CD4 T cells being largely negative for CD32. As expected, also the CD4 T cells that had mi-

grated through the transwell membrane and harvested from the bottom of the transwell, which 

therefore had cell-contact to the monocytic cell layer, showed high CD32 percentages similar in 

magnitude to the CD4 T cells kept in direct contact co-culture from the beginning of the experiment 

(Figure 7B).  
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Figure 7 │ Co-culture with myeloid cells in direct cell contact leads to exposure of CD32 and HLA-DR on CD4 T 

cells 

A, B, Schematic of the experimental set up: After isolation of CD14+ monocytes, cells were differentiated into different 

myeloid lineages for 7 days followed by co-culture with autologous CD4 T cells. The co-culture was either in direct cell-

cell contact or T cells separated from the other cells in the upper part of a transwell setup (schematic overview (A)). (B) 

Analysis for CD32 exposure on CD4 T cells kept isolated in transwell (top), CD4 T cells kept in close contact with the 

differentiated myeloid cells (direct co-culture), as well as CD4 T cells that had migrated to the bottom of the transwell and 

which therefore had cell-cell contact with differentiated myeloid cells (bottom). Mean ± s.e.m. are shown (n=3). Asterisks 

indicate statistical significance by two-way ANOVA. P values were corrected for multiple comparison (Tukey). The illus-

tration was created with BioRender.com. C, Pearson correlation plot for frequency of CD32- positive CD4 T cells, which 

had been in a 2 day co-culture with indicated differentiated myeloid cells and the expression levels of CD32 given as 

mean fluorescence intensity (MFI)) on the corresponding myeloid cells. **P ≤0.01; ***P ≤0.001. Experiments performed 

by Manuel Albanese. 

The M2 macrophage linage showed the strongest effect with 66.8% of the CD4 T cell being CD32 

positive after direct co-culture (Figure 7B), followed by co-culture with MDM or M1 macrophages. 

In contrast, only low percentages of CD32-positive CD4 T cells were found in the co-culture with 

monocyte-derived DC.  

The CD32 expression on myeloid cells was different for each sublineage (Figure 7, y-axis). There-

fore, we aimed to analyze the CD32 percentage of CD4 T cells together with the CD32 expression 

levels on the monocyte-derived cells and observed a strong correlation (r=0.82; P=0.0012; Figure 

7C). Notably, besides CD32 also the percentage of HLA-DR demonstrated an increase among 

direct co-cultured T cells, and also here the culture with M2 macrophages, showed the highest 

percentages (data not shown).  

Interestingly, CD32 expression correlated with HLA-DR expression on CD4 T cells, after M2 co-

culture, with more than 15% of the cells being double-positive (Figure 8). 
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Figure 8 │ HLA-DR and CD32B double-positive CD4 T cells after co-culture with M2 macrophages. 

CD4 T cells directly co-cultured with M2 macrophages (as described in Figure 7) were co-stained for CD32 and HLA-DR. 

One representative donor out of three is shown. 

In a follow-up experiment, we could exclude the possibility that the CD32 levels on T cells was 

induced by T cell’s activation, since even long-term culture after activation did not show CD32-

positive T cells (data not shown).  

The capture of FcγRs by non-expressing cells has previously been reported [297], which could 

explain the dependency of cell-cell contact and correlation of CD32 exposure on T cells to the 

expression on the co-cultured cells (Figure 7 B and C). Together with the transfer of FcγRs some 

reports showed also a “co-transfer” of other cell surface receptors or even membrane parts in an 

FcγR-dependent manner in a process called “trogocytosis” [267, 287, 293, 295, 296]. We there-

fore hypothesized that CD32 on CD4 T cells was actually not expressed de novo, but previously 

transferred from a CD32-expressing cell such as an M2 macrophage and this also could induce 

transfer of other receptors such as HLA-DR.  

To assess whether the increased HLA-DR levels on CD4 T cells after co-culture was also due to 

transfer from M2 macrophages to CD4 T cells we designed a CRISPR/Cas9 knockout (KO) ex-

periment. In this approach, HLA-DR expression was abrogated by nucleofection of specific Cas9–

gRNA ribonucleoprotein complex (RNP) [304], targeting the first exon of HLA-DR. In a first exper-

imental setup, HLA-DR was knocked out in M2 macrophages (KO M2) to prevent the potential 

transfer of HLA-DR from macrophages to T cells. We then analyzed the HLA-DR positivity of CD4 

T cells co-cultured with HLA-DR KO M2, wildtype M2 (WT) or not co-cultured CD4 T cells. In the 

co-culture of WT M2 and CD4 T cells, an increase of HLA-DR-positive CD4 T cells was detected 

as observed previously. However, the percentage of HLA-DR on CD4 T cells co-cultured with 

HLA-DR KO M2 cells was comparable to levels on the not co-cultured T cells (data not shown).  

In a second part of the experiment, we addressed the question from a different angle by perform-

ing the HLA-DR KO in CD4 T cells. Again, we analyzed the HLA-DR expression on CD4 T cells 

after co-culture with WT M2 cells, HLA-DR KO M2 cells or not co-cultured cells. CD4 T cells not 

co-cultured and co-cultured with HLA-DR KO M2 cells showed no expression of HLA-DR on their 

surface. Nevertheless, co-culture of HLA-DR KO CD4 T cells with WT M2 cells resulted in HLA-

DR percentages similar to the percentages seen in WT CD4 T cells/WT M2 cells co-culture (data 

not shown).  

These experiments demonstrated that the HLA-DR observed on CD4 T cells after co-culture was 

the result primarily of the transfer of HLA-DR from M2 macrophages. Given the similar expression 

of CD32 on the co-cultured CD4 T cells we speculated that also CD32, similar to HLA-DR, was 

transferred from macrophages. 
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The CD32-mediated transfer of cell surface receptors and antigens has been reported and inves-

tigated, yet is not fully understood [293, 294, 297]. Therefore, it was of interest for us to investigate 

further this phenomenon and its possible impact on the surface proteome of CD4 T cells. 

3.2 Investigating CD32 as mediator of trogocytosis 

3.2.1 Testing CD32 genes 

Human CD32 is encoded by three different genes named FCGR2A, FCGR2B, and FCGR2C. To 

investigate, which subclass can be transferred from one cell to another and, in addition, also 

whether CD32 mediates the transfer of other receptors or membrane patches, we established a 

trogocytosis in vitro model. Here, 293T cells are used as donor cells, transiently expressing the 

FcγR fused to a fluorescent protein. The receptor of interest is also co-expressed transiently by 

the donor cells and can be detected by staining with a specific antibody. The T cell line SupT1 is 

used as recipient cell in the model. To distinguish the two cell populations in subsequent flow 

cytometer analysis, the recipient cells, prior to co-culture, are stained with a cell trace dye. By 

gating for the cell trace-positive cell population, the transfer of the protein of interest can be in-

vestigated (Figure 9).  

  

Figure 9 │ In vitro model to investigate FcγR-mediated trogocytosis. 

Experimental workflow: 293T cells (donor cells) transiently expressing the FcγRs together with the protein of interest, are 

cultured together with SupT1 cells (recipient cells, previously stained with a cell trace dye) for 24 h. After co-culture, the 

cells are harvested and analyzed by flow cytometry, gating the recipient cell population according to the cell trace-positivity 

and analyzing the transfer of receptors from the 293T cells. The illustration was created with BioRender.com. 

To ensure we can distinguish FcγR-mediated trogocytosis from other potential membrane transfer 

mechanisms such as exosome uptake, 293T expressing the intracellular protein Sterile Alpha 

Motif and Histidine-Aspartic acid domain containing protein 1-GFP (SAMHD1-GFP) instead of 

FcγRs, was used as control and the transfer detected in this co-culture condition was set as 

baseline. With this approach we could observe the transfer of CD32A-, -B- and -C-GFP as well 

as the FcγRI (CD64-GFP). We also co-expressed on 293T cells CCR5 or CD4 to investigate the 

potential co-transfer of these receptors, in the context of expression of one of the FcγRs. By using 

this setup, we could show that CD32A, B and C can be transferred and also mediate co-transfer 

of the receptors of interests tested. Nevertheless, transfer of CD4 was only detected above the 

baseline in the presence of CD32A, B or C and CCR5 only in the presence of CD32B and C. In 
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all cases CD32B-GFP showed the highest transfer efficiency (21-39% GFP positive cells) and 

also mediated the highest transfer of the receptors of interest (CCR5 31.25% and CD4 16.2% 

positive cells). The deletion of the cytoplasmic tail of CD32B (CD32B ∆CT-GFP) diminished the 

transfer of the receptor itself but also of CD32-dependent transfer of other receptors (CCR5 11.2% 

and CD4 4.2% (Figure 10).  

 

Figure 10 │ FcγRs mediate the transfer of CCR5 and CD4. 

After co-culture (as described in Figure 9) with 293T cells expressing GFP fusion proteins of FcγRs variants or SAMHD1 

together with CD4 (A) or CCR5 (B) the transfer of the receptors to SupT1 cells was investigated and compared with 

detection on not co-cultured SupT1 cells. The transfer levels in the control condition with SAMHD1 were set as baseline 

(dashed line). Mean ± SD of technical replicates. 

3.2.2 Autoantibodies can mediate trogocytosis enhancement  

In the following experiments, we used fetal calf serum (FCS) with depleted IgG (“IgG low” FCS) 

as supplement in the culture medium for cultivating the donor cells, recipient cells and during co-

culture. In previous experiments, we could observe with this culture condition a decrease of FcγR-

mediated trogocytosis (“IgG low” vs “regular” FCS, data not shown). After this initial observation, 

a possible role of antibody-induced trogocytosis was raised since this was also reported in the 

context of FcγR-mediated trogocytosis [289, 295, 300]. This was then examined by testing the 

trogocytosis effect of sera from patients with either infectious diseases or autoimmune diseases 

known to induce autoantibody production in patients (Figure 11A).  
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Figure 11 │ CD32 transfer is enhanced by T-cell-autoreactive antibodies frequently seen in chronical infected 

HIV-1 patients. 

A, SupT1 cells were co-cultured with 293T cells expressing CD32B-GFP and CCR5. Prior to co-culture the 293T cells 

were pre-treated with sera from patients with different diseases. Chronic HIV-1 infection (CHI); ART: Anti-retroviral ther-

apy; Acute HIV-1 infection (AHI); Fiebig stages II-III of acute HIV-1 infection, HIV-2: HIV type 2; HTLV-1: Human T-cell 

lymphotropic virus type 1; HCV: Hepatitis C virus; DENV: Dengue virus; YFV: Yellow-fever virus-vaccinated; SARS-CoV-

2: Severe acute respiratory syndrome coronavirus type 2; EC: Echinococcus multilocularis; SCH: Schistosoma spp.; TB: 

Mycobacterium tuberculosis; RA: Rheumatoid arthritis; SLE: Systemic lupus erythematosus; CG: Cryoglobulinemia or 

healthy donors (HD). After 20h co-culture the SupT1 population was analyzed and the percentage of CD32B-GFP and 

CCR5 positive target cells) was determined by flow cytometry (see CCR5 transfer Supplemental figure 1). Median with 

95% CI are shown, each dot represents a different patient. Asterisks indicate statistical significance by Mann-Whitney 

test. B, IgG binding of selected serum to primary CD4 T cells. CD4 T cells were incubated with selected sera samples, 

followed by staining with fluorochrome-coupled anti-human IgG Ab. selected sera: Six HIV-1 serum samples with high 

trogocytosis levels from (A) were selected. Median with 95% CI are shown. Kruskal–Wallis test is corrected with Dunn’s 

multiple-testing. Experiments performed by Hong-Ru Chen. C, Flow cytometry analysis of CD3/CD4-positive T cell popu-

lation was analyzed for CD32 expression derived from peripheral blood of healthy donors (n=23) and chronic HIV-1-

infected patients (CHI) (n=39) (for gating strategy see Supplemental figure 2). Median with 95% CI are shown. Asterisks 

indicate statistical significance by Mann-Whitney test. n.s.: not significant; *P ≤0.05; **P ≤0.01; ***P ≤0.001. 

Intriguingly, a number of sera from patients with chronic HIV-1 infection (CHI) could enhance 

trogocytosis of CD32B-GFP (Figure 11A) as well as CCR5 co-transfer (Supplemental figure 1). 

In contrast, sera from acute HIV-1 infection as well as samples from patients with chronic HIV-2 

infection showed no significance compared to the sera of healthy donors. Moreover, besides two 

hepatitis C virus (HCV) patient sera, none of the other tested sera from viral infectious diseases 

like T-lymphotropic leukemia virus (HTLV, n=4), SARS-CoV-2 (n=6), dengue virus (DENV, n=11), 

attenuated yellow fever virus (YFV) vaccine (n=10)) or autoimmune diseases (rheumatoid arthritis 

(RA; n=4), systemic lupus erythematosus (SLE; n=5) or cryoglobulinemia (CG; n=8)), nor from 

parasitic or bacterial infections (Echinococcus multilocularis, (EC; n=5), Schistosoma spp. (SCH; 

n=5) or Mycobacterium tuberculosis (TB; n=6)) could affect trogocytosis (Figure 11A).  



3 Results 58 

Since “cell-bridging” antibodies have been reported to induce FcγR dependent trogocytosis [291, 

293, 295, 312], we wondered whether the trogocytotic effect observed with some sera could be 

explained by auto-antibody binding to the surface of CD4 T cells (Figure 11B). Next, primary CD4 

T cells were incubated with the corresponding patient sera followed by staining for human IgG. In 

the analysis, the CHI as well as the HCV patient sera were divided into two groups: one group of 

sera previously shown to enhance trogocytosis (“High trogocytosis”) and the ones with low or no 

effect (“low trogocytosis”). This revealed medium/high binding of antibodies to CD4 T cells for 

those sera with a high trogocytosis boosting effect, but no binding was observed in the group of 

“low trogocytosis” sera as well as for the other tested sera (Figure 11B). A correlation of antibody 

binding and trogocytosis boosting was further demonstrated by removal with IgG from the sera of 

two selected CHI “highly boosting sera”. Here, the trogocytosis-enhancing effect was lost but 

could be partially reversed by reconstituting the co-cultures with the column-eluted IgGs (data not 

shown). Notably, also screening PBMC cultures from healthy donors or HIV-1-positive patients, 

displayed an increased rate for CD3/CD4/CD32-positive T cells in PBMC from HIV-1 patients 

(Figure 11C). These finding showed the possibility of increased CD32-dependent trogocytosis 

rate in vivo for CHI patients, and gave insight into a potential role of increased trogocytosis-induc-

ing antibodies in the blood of chronic HIV-1-infected individuals.  

In a subset of HIV-1 infected-individuals, HIV-1 broadly neutralizing antibodies (bNAbs) are found 

[313-315] and are of high interest for the research and development of HIV-1 drugs and vaccines. 

However, bNAbs showed various unfavorable properties for the use in patients, such as autore-

activity to human lipids and proteins [316, 317]. This type of autoreactivity could explain the bind-

ing of IgGs to CD4 T cells as in the serum of some of the tested HIV-1 sera samples.  

We therefore screened 10 known HIV-1 bNAbs in 293T/SupT1 cell co-cultures. Here, we found 

the bNAb PGT151 as trogocytosis enhancer of CD32B-GFP and also the co-transfer of CCR5 to 

SupT1 cells (data not shown). Besides the trogocytosis “boosting” effect, we observed a strong 

CD4 T cell-reactive binding of PGT151 (known to bind the HIV-1 envelope [318]), compared to 

the other bNAbs tested. In follow-up experiments, in which the Fab and Fc part of PGT151 were 

separated by the treatment with papain, neither the F(ab')2 fragments nor the Fc part alone were 

able to enhance trogocytosis (data not shown). 

These findings demonstrate a critical role of T cell autoreactive antibodies in the CD32-dependent 

trogocytosis and suggested the usage of such antibodies to modulate trogocytosis.   

3.2.3 Trogocytosis enhancement with the bNAb PGT151 

In previous experiments, we could show that the transfer of CCR5 could be enhanced with the 

bNAb PGT151. Following this we wanted to investigate whether PGT151 enhances also co-trans-

fer of other receptors such as the tetraspanin receptor CXCR7 as well as single transmembrane 

receptor CD4. Similar to the transfer of CCR5 (with ~47-fold increase) also the CD32B-GFP me-

diated transfer of CXCR7 (~32-fold) and of CD4 (~55-fold) could be highly increased by the addi-

tion of PGT151 to the co-culture (Figure 12A). The CD32B dependency was underscored by low 

or no differences of receptor transfer in the control condition, here with, co-expressed GFP-tagged 

histone protein 2B (H2B-GFP).  

This property of PGT151 enabled us to more easily differentiate between CD32-dependent and 

independent receptor transfer. For a better understanding on the influence of antibodies on the 

CD32-mediated transfer, we cloned CD32A and B constructs with different mutations, substituting 

either the N-glycosylation sites (observed to play a role in IgG binding [319]) or mutating the ITIM 
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motif of CD32B (see Figure 12C and Supplemental figure 3). The FcγR genes have different N-

glycosylation sites but share a common structure, also displayed by CD32C representing a chi-

mera of CD32A and CD32B. Here, the intracellular sequence of CD32C has a high homology 

with the intracellular part of CD32A with the ITAM motif, but has more sequence homology with 

CD32B in the extracellular part [177, 320]. The chimeric properties of the wild type CD32C con-

struct therefore were of interest.   

  

Figure 12 │ Co-transfer of different receptors is promoted by bNAb PGT151 binding to the glycosylated Fc-bind-

ing part of CD32.  

A 293T cells were transfected to transiently express CD32B-GFP together with CCR5, CXCR7 or CD4. After co-culture 

in the presence or absence of PGT151, the transfer of CCR5, CXCR7 and CD4 to the SupT1 cells was determined as 

described in Figure 9. Mean of technical replicates ± SD. are shown. B, in a similar co-culture approach as in (A) the 

transfer of CCR5 mediated by either CD32A, B, C or indicated mutant was assessed in comparison to their indicated 

mutants (presented in scheme (C)) as well as CD32C WT. Means of technical replicates ± SD. are shown. Schematic 

created by BioRender.com.   

To further exclude any background staining caused by the staining antibodies in the flow cytom-

etry analysis, we designed plasmids to express all FcγRs as well as their mutated versions (see 

scheme Figure 12B) fused to mtagBFP, and a N-terminal GFP fusion construct of CCR5 as re-

ceptor of interest (Figure 12B). This enabled a simplified detection of the transfer of the receptors 

by flow cytometry without the need of antibody-based staining. The mutation of the N-glycosyla-

tion sites on the extracellular part (Δglyco) reduced the PGT151-enhanced trogocytosis to a high 

extent, which was even more dramatic for CD32B (from ~26-fold with CD32BWT, to ~2-fold with 

CD32B∆glyco). In contrast, the depletion of the signaling motif ITIM of CD32B (CD32B∆ITIM ~20-

fold increase) only slightly affected the antibody-mediated trogocytosis. PGT151 could also im-

prove the transfer of CCR5 mediated by CD32CWT, but to a lower extent, than with CD32AWT 

and CD32BWT (Figure 12B, transfer of FcγRs-mtagBFP variants see also Supplemental figure 

3).  

Since bNAb PGT151 enabled us to investigate antibody-mediated, CD32-dependent transfer, we 

also investigated the co-transfer of receptors located in different cellular compartments. As rep-

resentative of transmembrane receptors we analyzed the transfer of CCR5, CXCR4, CD63 and 

CD4, intracellular, but membrane-associated proteins were represented by the membrane-target-

ing domains of Lck and Fyn. SAMHD1 was selected as a non-membrane-associated intracellular 

protein with both cytoplasmic and nuclear localization (Figure 13). 
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Figure 13 │ CD32 mediates transfer of plasma membrane-associated receptors. 

293T cells were co-transfected with plasmids encoding either CD32B-mtagBFP or mtagBFP alone (Ctrl), together with a 

plasmid encoding one of the indicated surface receptors (CCR5, CXCR4, CD4 or CD63), the first 18 amino acid of the N-

terminal part of the intracellular membrane-anchored proteins of the Src kinase receptors Lck or Fyn or the intracellular 

protein SAMHD1. Cells were co-cultured for 24 h as described in Figure 9, with or without addition of PGT151. Transfer 

of the receptors to SupT1 T cells was assessed and percentage difference between +PGT151 condition and untreated 

cells was determined (see also Supplemental figure 4). Means of two experiments are shown as a heatmap. The illustra-

tion was created with BioRender.com. 

When the transfer of a specific receptor is CD32-dependent, this is reflected by increased transfer 

in the presence of PGT151 during the co-culture. The CD32B-dependent transfer was highly in-

creased for the transmembrane receptors (CCR5 ~58%; CXCR4 ~42%; CD4 ~47% and CD63 

~41%) or medium increased with intracellular membrane located proteins FyN and Lck (LckN18 

~16%, FckN18 ~14% difference). No CD32-dependent transfer was seen for the intracellular pro-

tein SAMHD1 (0.8% increase) (Figure 13 and Supplemental figure 4).  

The immune evasion strategy of the Human Cytomegalosus Virus (hCMV) includes the manipu-

lation of the FcγR activation by the viral glycoproteins virus-encoded gp34 and gp68. These gly-

coproteins were reported to bind the Fc part of antibodies in immune complexes, impairing the 

binding to the FcγR and therefore surmounting immune reactions such as antibody-dependent 

cellular cytotoxicity [217, 221].  To explore whether the Fc trapping properties of gp34 and gp68 

could potentially also influence PGT151-enhanced trogocytosis, we added soluble purified hCMV 

glycoproteins in increasing amounts to the 293T/SupT1 co-culture. As a presentative readout, the 

transfer of CD32B-mtagBFP to SupT1 cells was assessed. The transfer observed without addition 

of PGT151 was defined as baseline. The T cell inducible co-stimulator ligand (ICOSL) glycopro-

tein and the non-Fc-binding point mutant of gp34 (gp34 ∆IgG binding site) [221] served as con-

trols, since both proteins should not bind antibodies (Figure 14).  
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Figure 14 │ PGT151 is trapped by hCMV gp34 and gp68, diminishing the bNAb trogocytosis-enhancing effect.  

A, Schematic overview: proposed bridging effect of PGT151 in the co-culture system (as described in Figure 9) and the 

disruption of the binding by the addition of hCMV glycoproteins 34 and 68 (gp34 and gp68) (upper part). Schematic of an 

antibody and the different binding sites of gp34 or gp68 and CD32 (lower part) [221, 223]. The illustration was created 

with BioRender.com. B, Purified hCMV glycoproteins gp34, gp8, ICOSL as well as the non-Fcγ-binding point mutant 

(W65F) gp34 (gp34 ∆IgG binding site) were added at indicated molarity to 293T cells expressing CD32B-mtagBFP. SupT1 

T cells were added to start the co-culture (as described in Figure 9) for 24 h in the presence of PGT151 followed by 

CD32B-mtagBFP transfer analysis (dashed line indicating the transfer of CD32B in the co-culture condition without 

PGT151). The Asterisk indicates statistical significance by two-way ANOVA.  

As expected, we observed decreasing transfer of CD32B with increasing amounts of purified gp34 

as well as gp68 (~30% positive cells without glycoproteins to ~16% positive cells with 10 µM gp34 

or gp68) close to the baseline (with ~14% positive cells), even though equal concentration of 

PGT151 had been present. This revealed a potential interference of hCMV glycoproteins with 

PGT151. The control glycoproteins ICOSL as well as gp34∆IgG binding control glycoproteins, did 

not impair PGT151-enhancing trogocytosis effect, with stable transfer levels (~30%) observed 

independently of the amount of the proteins (Figure 14B).  

Overall, these results confirmed PGT151 as a powerful tool to investigate CD32-dependet trans-

fer and the factors influencing its outcome. The Fc binding domain of CD32 receptors as well as 

the plasma membrane association of proteins were observed to play an important role for their 

FcγR-dependent transfer. Interference with antibody binding by trapping the Fc part also could 

suppress the transfer to some extent, in together verifying the previously observed crucial role of 

antibody bridging of donor and target cells. 

3.2.4 Knockdown of ESCRT protein Vps4 in CD32B-expressing cells 

In order to release a vesicle during mircovesicle fission cells have to ensure to release vesicles 

with an intact membrane, but at the same time exclude potential damage to the cell membrane 

itself. In order to ensure this, eukaryotic cells recruit endosomal sorting complexes required for 

transport (ESCRT) [321-324]. The complex itself consists of various proteins and also recruits 

enzymes and transport machinery [325, 326]. Additionally, ESCRT, is also highjacked by viruses 

such as HIV-1 for viral release [327, 328]. The core units’ compounds of the complex are ALIX, 

ESCRT-I, ESCRT-II, ESCRT-III, and the AAA ATPase Vps4. Since the membranes of the two 

cells get into close proximity during CD32-dependent trogocytosis, membrane scissoring could 

take place and therefore ESCRT could play a mechanistic role in this process.  
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We addressed this question in a pilot experiment by knockdown (KD) of Vps4 as an important 

modulator of the ESCRT complex in the donor 293T cell and subsequently investigating its impact 

on CD32B-mediated transfer. This was achieved by transfection of siRNA for Vps4 or a non-

targeting control siRNA (NTC) in 293T cells stably expressing CD32B-T2A-mtagBFP. One day 

after transfection, the analysis of Vps4 expression showed an efficient knockdown of the protein 

(Figure 15A). On the same day the co-culture with SupT1 T cells was started. The time point to 

start the co-culture after siRNA transfection was chosen, due to a previous monitoring of Vps4 

expression 24 h, 48 h and 72 h post siRNA transfection and showed an efficient knockdown after 

24 h with a continuous loss observed after 72 h (Supplemental figure 5). NTC or the Vps4 KD 

293T cells were co-cultured with SupT1 T cells for an additional 24 h. 

   

Figure 15 │ Knockdown of Vps4 in donor cells does not impact CD32B transfer to recipient cell. 

A, B, Stably CD32B-T2A-mtagBFP expressing 293T cells were transfected with siRNA specific for human Vps4 or a non-

targeting control siRNA (NTC). The next day, SupT1 cells were added and cells were co-cultured as described (Figure 9). 

(A) Vps4 expression in the 293T KD, NTC and wild type (WT) as well as in SupT1 T cells was analyzed by western 

blotting, 24 h post transfection. Shown are immunoblots for either Vps4 or vinculin (loading control) (full image of im-

munoblots see Supplemental figure 6). (B) CD32B expression on 293T cells as well as transfer to SupT1 cells was deter-

mined, the following day by flow cytometry. Mean of technical replicate shown. 

Analyzing both donor and recipient cells for CD32B expression after co-culture showed, no neg-

ative impact of the Vps4 KD on the CD32B expression in the 293T cells. However, also the trans-

fer of CD32B to SupT1 T cells was unaltered, independently of the Vps4 status in 293T cells. 

Since the knockdown highly reduced the expression of Vps4 in the 293T cell, but had no effect 

on the transfer of CD32, we concluded that the ESCRT complex was not recruited by the donor 

cell to transfer CD32B to T cells.  

In the previous experiments the mechanisms of CD32-dependent trogocytosis were investigated 

using controlled in vitro cell culture conditions with cell lines. This helped to understand the induc-

tion of CD32-dependent trogocytosis by close cell-cell contact, the role of autoreactive antibodies 

and preferential co-transfer of plasma membrane-associated receptors. Next, it was of further 

interest to investigate the CD32-dependent transfer in a primary cell context.  

3.3 Fcγ-mediated trogocytosis in primary cell co-cultures 

The monocyte-derived M2 macrophages showed the highest CD32 expression and highest trans-

fer of CD32 to CD4 T cells (Figure 7). We therefore established a primary cell co-culture model 

with M2 macrophages as donor cells and autologous CD4 T cells as recipient cells. In this exper-

imental setup, the CD4 T cells are isolated from cryo-conserved PBMC by negative isolation and 

stained with a cell trace dye (similar to the 293T/SupT1 cell co-culture) before starting a 48 h co-

culture with autologous M2 cells. The M2 macrophages are previously differentiated from CD14-

positive monocytes for 7 days by addition of macrophage colony-stimulating factor (M-CSF) for 6 
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days and subsequent 24 h addition of M-CSF and IL-4, to the culture medium. The aim was to 

create a model that is closer to in vivo conditions using primary human cells. This model enables 

further investigation of CD32 transfer from the M2 to the CD4 T cells and also enables a closer 

investigation of the co-transfer of other receptors and factors influencing trogocytosis in primary 

HIV target cells (Figure 16).  

 

Figure 16 │ Primary cell in vitro trogocytosis model with CD4 T cells and M2 macrophages.  

Schematic overview of the experrimental setup of CD4 T cell-M2 macrophage trogocytosis model. Monocytes isolated 

from whole blood are differentiatied to M2 macrophages followed by 48 h co-culture with autologous CD4 Tcells 

(previously stained with cell trace dye). After co-culture, CD4 T cells are analyzed for receptor transfer and/or used in 

functional assays.  

3.3.1 Comprehensive screening of receptor transfer  

In previous experiments, we saw the co-transfer of HLA-DR and CD32 to CD4 T cells from M2 

macrophages (Figure 7C). Following this observation, we aimed to broadly screen for the transfer 

of other M2 receptors. This was performed by staining for 273 different receptors using the BD 

Lyoplate™ (BD) Kit. Of the total receptors included in the kit, we found 116 receptors that were 

moderately or highly expressed on M2 cells from 3 pooled donors (moderate: MFI ≤6000, but 

higher than the MFI of the isotype control; highly expressed: MFI >6000). After CD4 T cells/M2 

macrophage co-culture (as described before; Figure 16), we sorted the CD4 T cells, pooled the 3 

donors and then determined the “ratio of receptor exposure” by dividing the MFI for each receptor 

on co-cultured cells by the MFI on not co-cultured CD4 T cells. A ratio >1 indicates an increase 

of the receptor after co-culture and therefore implying a transfer from M2 cells to T cells. By rank-

ing the receptors for their “ratio of receptor exposure”, the macrophage receptor DC-SIGN 

(CD209) showed the highest ratio of ~6.2 followed by HLA-DR with a ratio of ~5.8, confirming our 

previous observations (Figure 17A and Supplemental table 1). A ratio above 2 was considered 

as “highly transferred” receptor, which was also confirmed for 10 out of the 116 receptors (Figure 

17B). Interestingly, not all receptors of the “top 10” were highly expressed on M2 cells. Vice versa, 

also receptors highly expressed on M2 cells not always exhibited a high ratio of transfer (such as 

CD44 or CD43). This was also depicted by ranking seven receptors that were highly expressed 

by M2 macrophages but not detected on CD4 T cells independently of co-cultured or not (Figure 

17C).  
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Figure 17 │ A number of receptors is transferred from M2 macrophages to CD4 T cells. 

A, Surface receptor screening on M2 macrophages and autologous CD4 T cells, either co-cultured with M2 cells or kept 

alone for 48 h (antibody screening panel of the BD Lyoplate™). CD4 T cells were sorted and then the pool of 3 donors 

was stained for the receptors detected as moderate or highly expressed by the M2 macrophages. Here, ratio of mean 

fluorescence intensity (MFI) detected on the not co-cultured to the MFI of co-cultured CD4 T cells was determined. Ex-

pression on M2 macrophages (Y-axis) towards MFI ratio on CD4 T cells (X-axis) was analyzed. Receptors with a high 

ratio were categorized into “top hits 1-10” and “top hits 11-20” transferred receptors, respectively. Data analysis performed 

together with Simon Besson-Girard generated using ggplot2. B, Ranking of receptors with a ratio of expression above 2, 

categorized as highly transferred surface receptors. C, Ranking of the receptors not detectable on CD4 T cells regardless 

of previous culture condition and with a ratio lower than 1 (indicating no transfer).  

Follow-up experiments sought to test the functionality of the transferred receptors after co-culture. 

Chemokine receptors CXCR4 or CCR5 could be transferred to CD4 T cells in a CD32B-depend-

ent manner from transiently expressing donor cells (HeLa cells). CD4 T cells with a low (CCR5) 

or genetically ablated (KO CXCR4, see also Supplemental figure 7) expression of the correspond-

ing chemokine receptor, were enabled to migrate towards the natural chemokine ligand for CCR5 

(Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted (RANTES)) or 

for CXCR4 (stromal-derived factor-1α (SDF-1α), if the chemokine receptors were transferred (Fig-

ure 18A and B). The induced migration of the CD4 T cells was not observed if the cells had been 

previously co-cultured with H2B-GFP/chemokine receptor co-expressing HeLa cells or if transfer 

was blocked by the addition of anti-CD32 antibody to the co-culture involving CD32B-GFP/chem-

okine receptor-positive HeLa cells and the T cells.  
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Figure 18 │Transferred receptors remain functional on CD4 T cells. 

A, B Testing chemotaxis of CD4 T cells after co-culture with Hela cell transiently co-expressing CD32B-GFP or H2B-GFP 

(control) together with chemokine receptor (A) CXCR4 or (B) CCR5. Hela cells were treated with or without anti-CD32 

mAbs before co-culture with (A) CXCR4 KO or WT CD4 T cells or (B) WT CD4 T cells. One day after co-culture CD4 T 

cells were harvested and placed in top chamber of transwell and chemokine (A) SDF-1α or (B) RANTES (CCL-5) was 

added to the lower chamber of the transwell. Migrating cells were collected and counted by flow cytometry. Mean ± s.e.m. 

are shown (n=3). Asterisks indicate statistical significance by one-way ANOVA. P values were corrected for multiple com-

parison (Tukey). C, ICAM-1/CD11b binding of CD4 T cells after co-culture with M2 macrophages. CD4 T cells and M2 

macrophages were co-cultured for 48 h as described before (see Figure 16) with or without trogocytosis enhancing anti-

body Alemtuzumab (see next chapter 3.3.2). CD4 T cells were then harvested and sorted and then cultured in plates with 

or without coated with ICAM-1. Cells attached to plate were quantified by luminometry. Cell binding values were normal-

ized to wells with input cells without washing. Mean ± s.e.m. are shown (n=3). Asterisks indicate statistical significance by 

two-way ANOVA. P values were corrected for multiple comparison (Tukey). Experiments performed by Hong-Ru Chen. 

Similar to this experiment also CD11b transferred in the primary co-culture of M2 macrophages 

to CD4 T cells increased the binding of the co-cultured CD4 T cells to the surface coated with 

CD11b ligand ICAM-1 (Figure 18C). The transfer of CD11b and, as consequence, the binding to 

ICAM-1 could be enhanced by T cell-specific binding antibody (Alemtuzumab, described and 

tested in the following chapter 3.2.2).  

The findings from the receptor screening indicated a strong impact on the surface proteome of 

CD4 T cells, following close cell-cell contact with M2 macrophages. The newly acquired ability to 

migrate after receptor transfer indicated a potential impact on the migration behavior of primary 

CD4 T cells.  

3.3.2 CD32 transfer to CD4 T cells is enhanced by autoreactive antibody 

binding and close cell-cell contact  

In the in vitro trogocytosis model with 293T and SupT1 cells, we could boost the CD32-dependent 

transfer by adding bNAb PGT151. The binding of PGT151 to the surface of SupT1 cells was 
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observed, confirming the cell-antibody-cell bridging effect as transfer booster (chapter 3.2.2 

&3.2.3). 

Following this observation, we decided to test a second antibody that binds specifically to the 

surface of CD4 T cells and hereby potentially inducing the bridging between the M2 and CD4 T 

cells in co-culture. The monoclonal humanized anti-CD52 antibody matches these criteria. CD52 

is expressed by T cells, B cells and monocytes [329, 330]. This antigen is a target of relapsing 

multiple sclerosis (MS) therapy using the IgG1 kappa monoclonal humanized anti-CD52 antibody: 

Alemtuzumab (Lemtrada®) [331, 332]. Alemtuzumab is used to decrease the number of T cells 

and B cells, thereby reducing the main inflammatory inducing factors in MS [333, 334]. Its prop-

erties of (i) targeting an antigen mainly expressed on T cells and (ii) its humanized IgG, made it 

to a promising candidate to test it for boosting FcγR-depended trogocytosis. We therefore first 

cultured CD4 T cells in the presence of Alemtuzumab and could define a concentration of the 

antibody with no severe cytotoxic effect (data not shown). This antibody concentration was then 

used to pre-incubate M2 macrophages following the addition of CD4 T cells to start the co-culture. 

To show the specific trogocytosis effect of Alemtuzumab, human IgG1 (isotype control) was tested 

in comparison. After co-culture, CD4 T cells were analyzed for the transfer of CD32 as well as the 

co-transfer of HLA-DR. In both co-culture conditions, we could see the transfer of the two recep-

tors, but in the presence of Alemtuzumab this was significantly increased (%CD32 ~26-fold, 

%HLA-DR ~8-fold, Figure 19).  

  

 

Figure 19 │ CD4 T cell binding antibody Alemtuzumab can enhance receptor transfer from M2 cells to CD4 T cells. 

Addition of mAb Alemtuzumab or isotype control antibody to the M2 cell culture prior to co-culture with autologous CD4 T 

cells. Subsequently, the cells were kept in co-culture for 48 h together with the indicated antibody. After co-culture CD4 T 

cells were sorted and the transfer of CD32 (A) and HLA-DR (B) was determined by flow cytometry. Mean ± s.e.m. is 

shown (n=6-7). Asterisks indicate statistical significance by two-way ANOVA. P values were corrected for multiple com-

parison (Šídák). *P ≤0.05; ***P ≤0.001. 

So far, we demonstrated that also in a primary cell context, CD32 is transferred from donor to 

recipient cells together with a variety of other receptors and this process can be enhanced with 

CD4 T cell-binding antibodies. The aim of the next experiment was to further explore the rele-

vance of CD32-dependent trogocytosis for CD4 T cells in vivo. Since CD4 T cells are found in 

different compartments of the body, this can influence the number of trogocytic events, especially 

if there is a close cell-cell contact with CD32-expressing cells. Therefore, the CD3/CD4-positive 

T cells, originating from different tissues, were analyzed for their CD32 positivity as following: i) 

PBMC cultures from whole blood, ii) Human lymphoid aggregate culture (HLAC) from tonsil tissue 

and iii) Lamina propria lymphocyte culture (LPAC) from L. propria of the intestinal tract (Figure 

20). For the analysis, the CD14-/CD19-/CD3+ population was gated from the living cells to exclude 

monocytes and B cells with further gating for CD4-positive cells and assessment of the frequency 
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of CD32-positive cells (gating strategy as for experiment in Figure 11, see Supplemental figure 

2).  

 

Figure 20 │ Increased rate of CD32-positive CD4 T cells originating from lymphatic tissue culture. 

Flow cytometry analysis shows frequency of CD32-positive CD3+/CD4+ T cells, originating from peripheral blood lympho-

cyte culture (n=23), tonsil tissue culture (n=6) or lamina propria of jejunum or ileum tissue culture (n=6) samples (for gating 

strategy see also Supplemental figure 2). Median with 95% CI are shown. Asterisks indicate statistical significance by 

one-way ANOVA. P values were corrected for multiple comparison (Dunnett)*P ≤0.05; ***P ≤0.001. 

The rate of CD32-positive CD4 T cells was higher in tissue with higher cell density and therefore 

induces more frequent T cell-macrophages contacts [335], such as the lamina propria and tonsil 

tissue, with the highest rate seen for the L. propria tissue samples.  

The close macrophage cell contact of CD4 T cells has been shown to have a strong impact on 

their surface proteome and can equip CD4 T cells with macrophage-like properties. CD4 T cell 

binding auto-antibodies also strongly enhance this phenotype. Taking these observations into 

account we next addressed the question whether CD32-dependent trogocytosis has an impact 

on the susceptibly of primary CD4 T cells to HIV-1. 

3.4 HIV-1 exploits CD32-driven trogocytosis to infect resting 

CD4 T cells  

3.4.1 Increased HIV-1 fusion to and infection of CD4 T cells after co-

culture 

Since the examination of PBMC cultures showed an increased rate of CD32-positive CD4 T cells 

in HIV-1 patients (Figure 11), we further characterized whether CD32-mediated trogocytosis af-

fects HIV-1 fusion to and infection of CD4 T cells. For this, the primary cell co-culture model which 

was described in Figure 16 was used. Here, CD4 T cells were sorted 48 h after co-culture and 

used for HIV-1 fusion or infection.  

The HIV-1 fusion assay was performed as described by Cavrois et al. [336] with macrophage-co-

cultured and not co-cultured CD4 T cells. Briefly, HIV-1 fusion can be detected by the change of 

fluorescent wavelength resulting from the enzymatic cleavage of CCF2 dye by beta-lactamase 

(BlaM) activity. The enzyme is incorporated into the virion during virus production mediated by 

the fusion to the viral protein Vpr. Later on, the fusion protein Vpr-BlaM is released into CCF2-

stained CD4 T cells upon viral entry, allowing thereby the cleavage of the dye.  

As demonstrated in the experiments above, the addition of Alemtuzumab could increase CD32-

dependent trogocytosis (Figure 19) and we therefore added the CD52-targeting antibody also to 

the co-culture to increase the rate of trogocytosis to investigate if this affects capacity of cells for 
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HIV-1 fusion. The fusion of X4- and R5-tropic HIV-1 showed, in both cases, enhanced virus entry 

following M2 co-culture in comparison to the not co-cultured CD4 T cells (X4 ~5-fold increase; R5 

~20-fold increase, Figure 21A).  

   

Figure 21 │ CD32-mediated trogocytosis enhances HIV-1 fusion to CD4 T cells and can be further enhanced by 

addition of a T cell-binding antibody (Alemtuzumab). 

A, M2 macrophages were pre-treated with Alemtuzumab followed by 48 h co-culture with autologous CD4 T cells. CD4 T 

cells were then sorted and the HIV-1 fusion assay performed with either X4- or R5-tropic HIV-1 virion carrying Vpr-BlaM. 

The rate of HIV-1 fusion was determined by flow cytometry. Mean ± s.e.m. are shown (n=4). Asterisks indicate significance 

by two-tailed paired t-test. B, M2 macrophages were pre-treated with Alemtuzumab or an isotype control antibody and 

then co-cultured with autologous CD4 T cells. CD4 T cells were sorted after 48 h co-culture and viral fusion was performed 

(as in A), as well as stained for CD32 and analyzed by flow cytometry. Pearson correlations between CD32 positivity and 

HIV-1 fusion are shown. C, Overexpression of CD32B in primary CD4 T cells by nucleofection with a CD32B-encoding 

plasmid. Cells were then incubated either HIV-1 Vpr-BlaM virion X4- or R5-tropic and viral fusion was determined by flow 

cytometry. The fusion percentages were normalized with fusion percentages in empty vector-expressing cells. Mean ± 

s.e.m. is shown (n=4). Asterisks indicate significance by two-tailed paired t-test. *P ≤0.05; **P ≤0.01; n.s.: not significant. 

The amount of trogocytic events in the co-culture was represented by the percentage of CD32-

positive T cells afterwards and was detected for all co-culture conditions (untreated, +isotype Ab. 

or + Alemtuzumab). The assessment of CD32 transfer and HIV-1 fusion in the same cells demon-

strated a direct positive correlation (X4 tropic r=0.90 (right panel), R5 tropic r=0.84 left panel; 

Figure 21B).  

To exclude a direct involvement of CD32 in the enhanced HIV-1 susceptibility, we transiently 

expressed CD32B in primary CD4 T cells. This was performed by nucleofection of a CD32B-

expression plasmid in CD4 T cells, followed by an HIV-1 fusion assay. Here, even though the 

CD4 T cells had high expression levels of CD32B (see Supplemental figure 8) nucleofected cells 

did not show a higher HIV-1 fusion percentage than the control cells (for R5-tropic the rate was 

even lower than the control cells; Figure 21C).  
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Since HIV-1 encounters several restrictions after fusion in resting CD4 T cells [337], we addressed 

in the next experiment whether the increased fusion translates into increased productive infection 

after M2 co-culture.  

 

Figure 22 │ Productive HIV-1 infection is enhanced in CD4 T cells following M2 co-culture. 

A, B. Following co-culture with M2 macrophages, CD4 T cells were sorted and spinoculated (2.5 h, 650 g, 35 °C) with 

either X4- (A, with different MOI) or R5-tropic (B) HIV-1 GFP reporter viruses. After 2 days in culture, the cells were 

analyzed by flow cytometry for their GFP expression compared to the frequency of infected not co-cultured CD4 T cells. 

Mean ± s.e.m. is shown (n=7-11). Asterisks indicate significance by two-tailed paired t-test. *P ≤0.05; **P ≤0.01; ***P 

≤0.001. Experiments performed together with Manuel Albanese.  

Spinoculation of HIV-1 GFP reporter viruses onto sorted CD4 T cells after co-culture was per-

formed to study productive infection. Infection-positive cells were detected by GFP expression 2 

days post infection. The X4 HIV-1 GFP infection rate was ~2.3 fold increased when CD4 T cells 

had previously been in culture with M2 cells, regardless of the multiplicity of infection (MOI) (Fig-

ure 22A). Analogue to these findings also spinoculation with R5 HIV-1 GFP resulted in an ~3-fold 

increase upon co-culture (Figure 22B).  

Thus, CD32-positive CD4 T cells showed enhanced HIV-1 susceptibility, but here CD32 was a 

marker of previous trogocytosis and was not the contributing factor of increased HIV-1 fusion and 

infection in co-cultured CD4 T cells. The next step was to combine this observation and investi-

gate which factors may be involved in increased HIV-1 fusion and whether this enhancement is 

already during the binding of the virus to the target cells.  

3.4.2 HIV-1 attachment to CD4 T cells is increased following M2 co-culture  

To address this question, CD4 T cells were prepared and co-cultured with M2 macrophages as 

described in Figure 16. After co-culture, CD4 T cells were sorted and incubated with X4 HIV-1 

Vpr-GFP particles for 1 h at 16 °C with subsequent staining for CD32. In the analysis, the HIV-1 

binding to CD32-positive cells was compared with the CD32-negative cells. The CD32-positive 

cells reflect those cells that had been in close proximity with M2 macrophages, resulting in tro-

gocytosis of CD32 and co-transferred receptors. Whereas within the CD32-negative cell popula-

tion most likely trogocytosis had not occurred during co-culture. 
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Figure 23 │ Increased binding of HIV-1 to CD32-positive membrane patches on CD4 T cells after M2 co-culture.  

A, B, HIV-1 binding assay. M2-co-cultured CD4 T cells were sorted and incubated with HIV-1 Vpr-GFP particles with 

subsequent staining for CD32. GFP and CD32 positivity of target CD4 T cells were determined by either flow cytometry 

(A) or by spinning disc confocal microscopy (B). Scale bar =2 µm. Mean ± s.e.m. are shown (n=6). Asterisks indicate 

statistical significance by one-way ANOVA. P values were corrected for multiple comparison (Dunnett´s). **P ≤0.01; n.s.= 

not significant. Microscopy analysis performed by Manuel Albanese and Hong-Ru Chen.  

Increased HIV-1 binding was detected on CD32-positive CD4 T cells compared to CD32-negative 

cells (~2-fold). The increased trogocytosis-dependent binding was reduced, following the addition 

of anti-CD4 antibody and the CXCR4 antagonist AMD3100 (Figure 23A). Confocal microscopy 

studies of co-cultured CD4 T cells also showed a co-localization of CD32 and HIV-1 Vpr-GFP 

particles. Of note, CD32 was not homogenously distributed on the surface of T cell but rather 

observed as distinct spots (Figure 23B). 

Taking together, the results showed a relationship of the transferred CD32 positive membrane 

patches and the preferential binding of HIV-1.  

3.5 Deciphering factors involved in enhanced HIV-1 binding to 

CD32-positive CD4 T cells 

Next, we sought to identify key factors located within the trogocytosed membrane patches that 

mediate this virological phenotype. In “receptor transfer screening experiment” (Figure 17), we 

already identified a variety of receptors being transferred from M2 macrophages to T cells. It was 

therefore of particular interest whether specific transferred receptors or proteins may underlie the 

higher binding of HIV-1 to the trogocytosed membrane patches.  

To approach this question, we focused on receptors reported to be expressed on myeloid cells 

and previously implicated in increased viral attachment or entry [30-33]. These receptors of inter-

est were then knocked out in monocytes, followed by differentiation to M2 macrophages. As a 

control we nucleofected the M2 with non-targeting control gRNA (NTC). If the knockout efficiency 

was sufficient (≥ 80% negative cells for the target protein) the next step was to co-culture these 

KO M2 with autologous CD4 T cells. The CD4 T cells were then sorted and viral assay (fusion or 

binding assay) was performed. This experimental setup included three different flow cytometry 

readouts: i) the knockout efficiency on the M2 macrophages before co-culture, to ensure no or 

very low expression of the targeted receptor ii) the transfer of CD32 on CD4 T cells after co-

culture, to ensure a high trogocytosis rate, but lack of transfer of the receptor of interest from the 

KO M2 macrophages iii) the HIV-1 binding or fusion analysis comparing CD4 T cells that had 

been co-cultured with either NTC M2 macrophage or KO M2 macrophages (Figure 24).  
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Figure 24 │Functional investigation of potentially trogocytosed HIV-1-binding receptors by gene KO in M2 

macrophages.  

Schematic overview: Monocytes were isolated from PBMCs and the receptor of interest was knocked out by nucleofection 

with specific Cas9–gRNA ribonucleoproteins (RNP). After differentiation, the KO efficiency was analyzed followed by co-

culture as described in Figure 16. Subsequently to co-culture, the transfer of CD32B and the receptor of interest is deter-

mined. The co-cultured CD4 T cells are then sorted and examined in viral assays for HIV-1 binding or fusion.  

3.5.1 Ablated co-transfer of DC-SIGN does not reduce HIV-1 fusion in co-

cultured CD4 T cells 

One of the first candidates we focused on was DC-SIGN. This receptor has been reported to 

increase HIV-1 binding to the surface of dendritic cells (DC) or macrophages and being involved 

in the trans-infection of CD4 T cells [338-340]. It was also reported that co-expression of DC-

SIGN together with the HIV-1 entry receptors lead to an increased infection rate in a CD4 T cell 

line [33, 341]. DC-SIGN was also found in our studies to be one of the receptors with the highest 

relative transfer ratio from M2 macrophages to CD4 T cells (Figure 17). The following experiments 

therefore focused on DC-SIGN as receptor of interest with the experimental setup as described 

above (Figure 24).  
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Figure 25 │ Knockout of DC-SIGN in macrophages does not impact HIV-1 fusion to co-cultured CD32-positive 

CD4 T cells. 

A, Monocytes were isolated from PBMCs as previously described (Figure 16) followed by knockout of DC-SIGN using 

specific RNPs or NTC RNPs as control (Figure 24). After differentiation of the NTC and KO monocytes to M2 macro-

phages, the expression of CD32 and DC-SIGN was assessed by flow cytometry. Mean ± s.e.m. is shown (n = 3). B, 

Autologous CD4 T cells were co-cultured with DC-SIGN KO or NTC M2 cells for 2 days followed by staining for CD32 and 

DC-SIGN on co-cultured and not-cultured T cells. Mean ± s.e.m. is shown (n = 3). C, CD4 T cells were sorted and X4 as 

well as R5 HIV-1 fusion assays were performed comparing CD4 T cells co-cultured with NTC or DC-SIGN KO M2 cells 

as well as not co-cultured cells. Mean ± s.e.m. is shown (n=3). Asterisks indicate statistical significance by two-way 

ANOVA. P values were corrected for multiple comparison (Šídák) n.s.: not significant *P ≤0.05; **P ≤0.01; ***P ≤0.001. 

Experiments performed together with Manuel Albanese. 

The KO of DC-SIGN in M2 macrophages was validated by flow cytometry (91% DC-SIGN-nega-

tive cells). As expected, the M2 DC-SIGN KO did not show differences in their CD32 expression 

compared to the NTC (Figure 25A). This was also reflected by the comparable transfer of CD32 

to CD4 T cells in both co-culture scenarios (~30% CD32-positive CD4 T cells) (Figure 25B). The 

virtual absence of DC-SIGN-positive CD4 T cells, when co-cultured with DC-SIGN KO M2 cells, 

further validated the actual transfer of DC-SIGN onto CD4 T cells from donor M2 macrophages. 

However, the abrogated transfer of DC-SIGN from the M2 KO co-cultured CD4 T cells, did not 

negatively influence HIV-1 fusion to co-cultured CD4 T cells. The co-cultured CD4 T cells still 

showed increased fusion compared to the not-cultured CD4 T cells, irrespective of the DC-SIGN 

status (Figure 25C).  

These findings excluded DC-SIGN as a potential factor within the transferred membrane patches 

that is directly involved in the increased HIV-1 binding and fusion to co-cultured CD4 T cells.  
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3.5.2 Macrophage mannose receptor is dispensable for HIV-1 attachment 

to co-cultured CD32-positive CD4 T cells 

An analogous experiment was performed with a different receptor candidate: the macrophage 

mannose receptor CD206. CD206 recognizes different polysaccharide structures such as man-

nose, fucose and GlcNAc and is involved in the recognition of pathogen’s glycan structures as 

innate immune sensor in macrophages [342]. It was shown to bind the HIV envelope glycoprotein 

gp120 and potentially playing a role in transmission of bound HIV particles from macrophages to 

CD4 T cells [30, 31].  

Similar to the DC-SIGN KO experiment (Figure 25), we achieved a high KO efficiency for CD206 

(99% CD206-negative M2 KO cells) in M2 macrophages (Figure 26A). The CD206 KO had no 

effect on CD32 expression (Figure 26A) with efficient transfer of CD32, ranging between 35 and 

40% in both co-culture conditions. We examined also the co-transfer of CD206 (14.5% positive 

CD4 T cells) after co-culture with the NTC M2 cells, which was completely suppressed in the M2 

CD206 KO co-culture condition (0.5% CD206 positive CD4 T cells) (Figure 26B).  

 

 

Figure 26 │ Knockout of CD206 in macrophages does not impact HIV-1 attachment to co-cultured CD32-positive 

CD4 T cells. 

A, Monocytes were isolated from PBMCs as previously described (Figure 11), followed by knockout of CD206 using 

specific RNPs, or NTC RNPs as control (Figure 18). After differentiation of the NTC and KO monocytes to M2 macro-

phages the expression of CD32 and CD206 was assessed by flow cytometry. Mean ± s.e.m. are shown (n=3). B, Autolo-

gous CD4 T cells were co-cultured with CD206 KO or NTC M2 cells for 2 days followed by staining for CD32 and CD206 

on co-cultured and not-cultured T cells. Mean ± s.e.m. is shown (n = 3). C, T cells from (B) were sorted after co-culture 

and then challenged with X4 HIV-1 particles carrying Vpr-GFP, followed by staining for CD32. CD32 frequency and GFP 

MFI were assessed by flow cytometry. Mean ± s.e.m. is shown (n=3). Asterisks indicate statistical significance by two-

way ANOVA. P values were corrected for multiple comparison (Šídák). n.s.: not significant; *P ≤0.05; ***P ≤0.001.  
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However, also comparable to the DC-SIGN KO experiment, the absence of CD206 transfer did 

not affect the binding of HIV-1 virions to the CD32-positive T cells. In both co-culture conditions, 

HIV-1 binding to CD32-positive cells was increased compared to CD32-negative cells, which ex-

cluded also CD206 as relevant factor influencing HIV-1 binding to the transferred membrane 

patches (Figure 26C). With a similar approach we also excluded the receptor family CD11a/b and 

c. The β-integrin CD11c has been reported recently to bind HIV-1 when expressed on cervical 

epithelial cells. However, CD11c is also expressed on monocytes and macrophages, which in-

duced our focus on also investigating this receptor. In order to exclude the influence of other 

receptors of the CD11 receptor family, we aimed to perform a “triple” KO in the macrophages, 

targeting CD11a, b and c simultaneously in the cells (Figure 27A).  

 

 

Figure 27 │ Knockout of CD11a/b/c in macrophages does not impact HIV-1 attachment to co-cultured CD32-pos-

itive CD4 T cells. 

A, Monocytes were isolated from PBMCs as previously described (Figure 11) followed by knockout of CD11a, b and c 

using specific RNPs, or NTC RNPs as control (Figure 18). After differentiation of the NTC and KO monocytes to M2 

macrophages, the expression of CD32 and CD11a, b and c was assessed by flow cytometry. Mean ± s.e.m. are shown 

(n=3). B, Autologous CD4 T cells were co-cultured with CD11a/b/c KO or NTC M2 cells for 2 days followed by staining 

for CD32 and CD11a, b and c on co-cultured and not-cultured T cells. Mean ± s.e.m. is shown (n = 3). C, T cells from (B) 

were sorted after co-culture and then challenged with X4 HIV-1 particles carrying Vpr-GFP, followed by staining for CD32. 

CD32 frequency and GFP MFI were assessed by flow cytometry. Mean of two independent donors are shown. Experiment 

performed by Hong-Ru Chen.   

The KO of CD11b and c ablated the expression of these receptors nearly completely, with over 

90% of the macrophages being negative after KO. In the case of CD11a, the KO efficiency was 

reduced, over 50% of the macrophages were still positive for CD11a. Analyzing the T cells after 

co-culture with the KO or NTC macrophages, allowed us to verify the transfer of CD11b and 

CD11c to the cells after co-culture, which was ablated if co-cultured with CD11a/b/c KO macro-

phages (Figure 27B). The expression levels of CD11a on the T cells were high, regardless of the 

culture condition, so transfer of CD11a could not be verified. Yet, even though the transfer of 
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CD11b and c was prevented in the co-culture of CD4 T cells and CD11a/b/c KO M2 cells, the 

binding of HIV-1 to CD32-positive T cells remained similarly high as in the condition of NTC co-

cultured T cells (Figure 27C). This also excluded CD11a/b and c as potential receptors to induce 

HIV-1 binding to the transferred CD32-positive membrane patches on CD4 T cells after co-culture 

with M2 cells.   

3.5.3 Heparinase and chondroitinase digestion does not reduce HIV-1 

binding to CD32-positive CD4 T cells 

The anionic polysaccharide Heparan sulfate (HS) is found on cell surfaces as well as extracellular 

matrix. Here it is covalently bound to proteoglycans (Heparan sulfate proteoglycan, HSPG) e.g. 

syndecans [343]. HSPGs have been reported to interact and help viruses such as hepatitis vi-

ruses [344-346], human papilloma virus (HPV) [347], herpes virus [348, 349] as well as HIV-1 

[350] to attach on cell surfaces. In the case of HIV-1 binding it was found that HS on syndecans 

can bind the viral particle on spermatozoa supporting the transmission of the virus to the target 

cells such as macrophages and CD4 T cells [351]. HS was found to interact with the virus enve-

lope glycoprotein gp120 [352] and was observed to bind HIV-1 on the cell surface independently 

of the presence of CD4 on the cells [35]. Syndecan expressed by macrophages could help the 

virus to surmount the restriction of low CD4 and positively influence the entry of the virus [353]. 

Heparan sulfate was therefore considered to play a potential role in increased HIV-1 binding to 

the trogocytically transferred membrane patches on CD4 T cells following M2 co-culture.  

The antibody staining for HS on CD4 T cells (not co-cultured compared to co-cultured cells) did 

not show HS regardless of culture condition (Supplemental figure 9). Hereby we could not exclude 

a possible limit of detection of HS expressed on CD4 T cells and therefore continued with the 

strategy to enzymatically digest and remove potentially transferred HS, and additionally, also 

chondroitin sulfate (Ch) on co-cultured CD4 T cells. After digestion, we investigated HIV-1 binding 

to CD32-positive and negative cells. HeLa cells had shown high expression of HS (Supplemental 

figure 9) and served as digestion and HIV-1 binding control cells. Here the binding was strongly 

reduced upon HS/Ch digestion (Figure 28A). 

 

Figure 28 │ HS and Ch digestion can reduce HIV-1 binding to HeLa cells, but not to CD32-positive CD4 T cells. 

A, B, Heparinase I/II/III (HS) and chondroitinase ABC (Ch) digestion of HeLa cells (A), or on M2-co-cultured sorted CD4 

T cells (B). HIV-1 Vpr-GFP binding was performed after digestion with subsequent staining for CD32 on the co-cultured 

T cells. MFI of GFP on CD32-positive and negative population was assessed by flow cytometry. Mean of two independent 

donors is shown.  

In contrast, the enzymatic digestion of the co-cultured CD4 T cells did not reduce HIV-1 binding 

and did not reduce the differences of HIV-1 binding to CD32-positive (Figure 28B). CD32-positive 
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cells (MFI ~500) showed nearly twice as high binding of HIV-1 compared to CD32-negative cells 

(MFI ~270) irrespective of prior HS/Ch treatment. 

The enzymatic treatment of the HeLa cells was in line with previous reports of high HIV-1 binding 

to these cells due to HS [35]. This could also validate the effectiveness of the performed HS/Ch 

digestion in our experimental setup. Since the digestion did not affect the HIV-1 binding to the 

CD32-positive CD4 cells, we largely excluded heparan sulfate- and chondroitin sulfate-carrying 

structures as potential factor of HIV-1 binding to CD32-positive membrane patches.  

3.5.4 Increased HIV-1 binding to transferred membrane patches can be 

blocked by anti-CD4 antibodies and is mainly Env-dependent 

The receptor KO approach as well as the enzymatic reduction of factors of interest allowed a 

structured investigation of potential factors one by one. We next extended this approach imple-

menting a “receptor screening” procedure. Hereby we used antibodies specific for receptors that 

we found to be highly transferred after trogocytosis (Figure 17). The antibodies were added to the 

CD4 T cells after co-culture, followed by performing a HIV-1 Vpr-GFP binding assay. The hypoth-

esis was that if one of these receptors is responsible of the higher HIV-1 binding capacity ob-

served, it could be potentially blocked by a specific antibody.  

To raise the number of screened receptors in one round of experiments, we simultaneously used 

a mixture of different antibodies for each sample. If one of the antibody mixtures showed an effect 

on HIV-1 binding, we further tested the individual antibodies in the mix.  

 

Figure 29 │ Blocking a selection of highly transferred surface receptors marginally decreases HIV-1 binding to 

CD32-positive CD4 T cells.  

CD4 T cells were sorted after co-cultured with M2 and challenged with X4 HIV-1 Vpr-GFP in the presence of different 

antibody combinations and/or antiviral drugs. Mean ± s.e.m. are shown (n=3). Asterisks indicate statistical significance by 

two-way ANOVA. P values were corrected for multiple comparison (Šídák). n.s.: not significant; *P ≤0.05; **P ≤0.01; ***P 

≤0.001. 

All three antibody mixtures showed a significant reduction of HIV-1 binding to CD32-positive cells, 

albeit only to a minor extent (Figure 28). Since the three antibody mixes did not share the same 

targets, we concluded that the binding reduction was most likely caused by steric hindrance than 
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of bound antibodies by specific blocking of one receptor. In the control condition, where X4 HIV-

1 entry receptors were blocked by the addition of AMD3100/anti-CD4 antibody, the MFI was 

markedly decreased. Here, the reduction was seen within the CD32-positive as well as the CD32-

negative CD4 T cell population. However, binding decreased within the CD32-positive cells upon 

drug treatment, stronger than the level of binding seen within the untreated CD32-negative pop-

ulation (CD32-pos. +AMD3100/α-CD4: MFI ~160; CD32-neg. medium only: MFI ~234). This indi-

cated a strong loss of increased HIV-1 binding phenotype in the CD32-positive CD4 T cell popu-

lation and raised the question of whether the increased HIV-1 binding within the transferred mem-

brane patches strongly depends on the viral entry receptors. 

We therefore targeted in an analogous experiment, the blockages of CXCR4 by AMD3100 or of 

CD4 by anti-CD4 antibody separately to investigate the impact of each compound (Figure 30A). 

This approach revealed that only in the presence of anti-CD4 antibody the binding was strongly 

reduced (no treatment MFI ~664; AMD3100/α-CD4 Ab. MFI ~248; AMD3100/Isotype ~649). Al-

ready with the addition of anti-CD4 antibody only, the difference of HIV-1 binding to CD32-positive 

cells was restored to levels seen in CD32-negative cells. The addition of AMD3100 and isotype 

control had no significant effect (α-CD4 Ab. MFI ~225).  
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Figure 30 │ Addition of anti-CD4 antibodies reduces HIV-1 binding to CD32-positive cells to levels found for CD32-

negative cells. 

A, B, HIV-1 binding to M2 co-cultured and sorted CD4 T cells following addition of (A) anti-CD4 antibody, isotype control 

and or CXCR4 antagonist AMD3100 in different combinations. Mean of two independent donors shown. Using a similar 

approach, the binding of HIV-1 Vpr-GFP to CD4 T cells was investigated in the presence of (B) either different anti-CD4 

antibody clones, isotype control antibodies or antibodies against receptors known to be highly transferred to the T cells 

during M2 co-culture. Mean ± s.e.m. are shown (n=3). Asterisks indicate statistical significance by two-way ANOVA. P 

values were corrected for multiple comparison (Šídák). n.s.: not significant; ***P ≤0.001. 

The specificity of blocking CD4 in the binding assay by the antibody clone SK3 used in the previ-

ous experiments was confirmed in the following experiment (Figure 30B) in which we tested dif-

ferent anti-CD4 antibodies. As controls, we used antibodies against prominently transferred re-

ceptors such as HLA-DR and DC-SIGN or isotype controls, which should not interfere with bind-

ing. All four anti-CD4 antibody clones prevented the increased HIV-1 binding to CD32-positive 

cells, whereas the addition of neither anti-HLA-DR, anti-DC-SIGN nor isotype control antibody 

had an effect on HIV-1 binding. Addition of anti-CD4 antibodies showed a slight reduction in HIV-

1 viral binding also within the CD32-negative population, which did not react statistically signifi-

cant.  

Following these findings, we addressed the HIV-1 envelope dependency of increased binding of 

HIV-1 to CD32-positive cells. For this aim, we inoculated CD4 T cells after co-culture with increas-

ing MOIs of either X4 HIV-1 Vpr-GFP or HIV-1∆Env Vpr-GFP particles (Figure 24). The amount 

of viral particles had been previously quantified by SYBR Green I-based real-time PERT assay 

(SG- PERT) for both virus stocks, to ensure the inoculation with the same number of viral particles 

in both conditions.  
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Figure 31 │ Inoculation with HIV-1 ∆Env particles reduces HIV-1 binding to CD32-positive T cells to levels found 

for CD32-negative T cells. 

In an experiment analogues to the setup of Figure 30 and Figure 29, sorted CD4 T cells were inoculated after co-culture 

with increasing amounts of X4 HIV-1 or HIV-1∆Env particles carrying Vpr-GFP, followed by staining for CD32. CD32 

expression and GFP MFI were assessed by flow cytometry. Mean of two independent donors are shown. 

With increasing amounts of X4 HIV-1 particles also the GFP MFI differences between the CD32-

positive and CD32-negative T cells increased. In contrast, this phenotype was only observed to 

a minor extent for the binding of HIV-1∆Env GFP. Consistent with previous experiments, the bind-

ing of X4 HIV-1 Vpr-GFP could be strongly decreased by addition of anti-CD4 antibody, to similar 

levels as the lowest MOI with HIV-1∆Env Vpr-GFP.  

Overall, these findings provided insight into increased binding to CD32-positive T cells being par-

tially HIV-1 Env-dependent and strongly influenced by the binding to CD4.  

3.5.5 CD4 expressed de novo by T cells, but not by M2 macrophages, 

affects HIV-1 viral binding to CD32-positive membrane patches on T 

cells.  

In previous experiments, we excluded pre-selected receptors/host factors of co-cultured M2 mac-

rophages to play a role in preferential binding of HIV-1 to CD32-positive CD4 T cells. Among all 

receptors tested, blocking with anti-CD4 antibodies had the strongest effect on the increase in-

HIV-1 binding.  

Following up on this observation, we considered CD4 could be co-transferred from the M2 mac-

rophages during co-culture, resulting in a concentrated localization within the transferred CD32-

positive membrane patches and inducing a preferential virus binding environment compared to 

the CD4 highly endogenously expressed on T cells. We assessed this hypothesis with a similar 

experimental setup as implemented for the previous investigation of CD206 (Figure 24 & Figure 

26). We knocked out CD4 in monocytes, differentiated them to M2 macrophages, resulting in a 

highly effective loss of CD4 expression of 99% (Figure 31A). In parallel, also the CD32 expression 

was monitored and was not found to be affected by the CD4 KO. In the following co-culture with 

autologous CD4 T cells, both co-culture conditions showed lower transfer of CD32 compared to 

previous experiments (7-9% CD32 positive cells). However, we concluded that the KO of CD4 did 

not generally influence the transfer since the NTC M2 co-cultured showed similarly low levels 

(Figure 32B). Since CD4 is highly expressed on T cells, we could not detect differences of CD4 

levels after co-culture (data not shown) leaving the question unsolved whether CD4 is transferred 

from M2 macrophages during co-culture. 
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Figure 32 │Absence of CD4 on M2 macrophages does not reduce the binding of HIV-1 to CD32-positive T cells.  

A, Monocytes were isolated from PBMC as previously described (Figure 11) followed by knockout of CD4 using specific 

RNPs, or NTC RNPs as control (Figure 18). After differentiation of the NTC and KO monocytes to M2 macrophages the 

expression of CD32 and CD4 was assessed by flow cytometry. Mean ± s.e.m. are shown (n=4) Asterisks indicate statis-

tical significance by two-way ANOVA. P values were corrected for multiple comparison (Šídák). B, Autologous CD4 T 

cells were co-cultured with CD4 KO or NTC M2 cells for 2 days followed by staining for CD32 and CD4 on co-cultured 

and not-cultured T cells. Mean ± s.e.m. is shown (n = 4). Asterisks indicate statistical significance by one-way ANOVA. P 

values were corrected for multiple comparison (Tukey) C, CD4 T cells in (B) were sorted and inoculated after co-culture 

with X4 HIV-1 particles carrying Vpr-GFP, followed by staining for CD32. The percentage of CD32-positive cells and GFP 

MFI was assessed by flow cytometry. Mean ± s.e.m. are shown (n=4). Asterisks indicate statistical significance by two-

way ANOVA. P values were corrected for multiple comparison (Šídák). n.s.: not significant. ***P ≤0.001 

In the final step of the CD4 KO co-culture experiment, we analyzed the binding of HIV-1 Vpr-GFP 

particles to the CD32-positive or negative CD4 T cells after M2 co-culture and sorting. The CD4 

KO in M2 macrophages did not affect the binding of HIV-1 to CD32-positive CD4 T cells. Further-

more, the blocking of binding by addition of AMD3100/anti-CD4 showed to be efficient for NTC 

and CD4 KO M2-co-cultured T cells. The drug/antibody treatment reduced the levels of bound 

HIV-1 particles on CD32-positive cells to levels similar seen for those untreated or CD32-negative 

cells for the NTC and the CD4 KO M2 co-cultured T cells (Figure 31).  

Until now the focus was on identifying cellular factors transferred from M2 macrophages to explain 

the increase in HIV-1 binding on CD32-positive membrane patches on CD4 T cells. However, 

since the blocking with anti-CD4 antibody was observed in all conditions tested, irrespective of 

the CD4 expression on co-cultured M2 cells, the question arose whether CD4 endogenously ex-

pressed by the T cells may be involved in this virological phenotype.  

Accordingly, we re-designed the experimental setup, genetically modifying this time the recipient 

cells before co-culture instead of the myeloid donor cells. We therefore aimed to knock out CD4 

in resting CD4 T cells applying protocol recently established in the Keppler laboratory [304]. To 

ensure a complete loss of CD4 after KO in resting CD4 T cells, the cells had to be kept in culture 
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for more than 10 days (based on pilot experiment, data not shown). The CD4 T cells were directly 

isolated from whole blood and on the same day nucleofected with specific RNPs to knock out 

CD4, NTC RNPs served as control. The autologous WT monocytes were kept in culture and the 

differentiation period was extended until the start of the co-culture (~14 days instead of ~7 days). 

Following confirming the effective loss of CD4 (data not shown) on the T cells, these cells were 

seeded for the co-culture with the autologous wildtype M2 macrophages. CD4 (Figure 33A) and 

CD32 (Figure 33B) levels were analyzed on the CD4 T cells after co-culture compared to not co-

cultured cells. First, the complete depletion of CD4 within the KO T cells confirmed the absence 

of CD4 transfer from M2 cells, in line with the previous experimental outcome with CD4 KO M2 

cells (Figure 32). Second, the efficient transfer of CD32 was seen independently of the editing 

condition of the T cells (Figure 33B).  

 

Figure 33 │Abolishing CD4 expression in T cells reduces HIV-1 binding to the CD32-positive T cell population.  

A, B, Freshly isolated CD4 T cells were nucleofected with either specific RNPs to knock out CD4 or, as control nu-

cleofected with NTC RNPs. The cells were kept in a resting state by addition of IL-7/IL-15 [304] for 16 days before starting 

a 48 h co-culture with autologous wild type M2 macrophages. After co-culture, the cells were analyzed for CD4 (A) or 

CD32 surface levels (B). Mean ± s.e.m. are shown (n=3). Asterisks indicate statistical significance by two-way ANOVA. 

P values were corrected for multiple comparison (Šídák).C, the sorted T cells from (A) and (B) were then seeded for the 

X4 HIV-1 Vpr-GFP binding assay as described previously. Mean ± s.e.m. are shown (n=2-3). Asterisks indicate statistical 

significance by two-way ANOVA. P values were corrected for multiple comparison (Šídák). n.s.: not significant; **P ≤0.01. 

Subsequent analysis of HIV-1 Vpr-GFP binding to the co-cultured T cells showed a decline of 

HIV-1 binding to CD32-positive cells, when CD4 was not present on T cells. This nearly com-

pletely abrogated the enhanced binding to CD32-positive compared to CD32-negative cells (Fig-

ure 33C).  Consistently, with the addition of anti-CD4 antibodies to the NTC T cells the binding 

declined to similar levels as within the untreated CD4 KO T cells. In these cells, HIV-1 binding 

levels to the CD32-positive CD4 KO T cells was not affected by the addition of anti-CD4 antibod-
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ies, further confirming that CD4 had to be expressed de novo by T cells to recapitulate this phe-

notype (Figure 33C). Overall these results implicated the crucial role of endogenously expressed 

CD4 in the enhanced HIV-1 binding to T cells observed after co-culture.  

Next, a fluorescent microscopic analysis of co-cultured CD4 T cells was performed. Here, the 

endogenously expressed CD4 receptor was observed to be homogenously distributed on the 

surface of wild type CD4 T cells. However, at the site of CD32-positive membrane patches, where 

also high levels of HIV-1 Vpr-GFP particles were found to be bound, the CD4 staining indicated 

an aggregation of CD4 receptors. Intensity profile analysis of the membrane verified the co-local-

ization of CD32, HIV-1 GFP particles and CD4 (Figure 34).   

 

Figure 34 │Aggregation of CD4 at CD32-positive transferred membrane patches promotes HIV-1 binding. 

CD4 T cells co-cultured with M2 macrophages for two days (as in Figure 16), were sorted and subsequently incubated 

with HIV-1 Vpr-GFP followed by staining for CD32 and CD4 as in (Figure 30). After fixation, the images were taken with 

a spinning disc confocal microscope. White arrow heads indicate the co-localization of CD32, HIV-1 Vpr-GFP and clus-

tered CD4. The intensity profiles were analyzed along selected regions on, the cell surface with ImageJ. Scale bar: 5 µm. 

Microscopic picture and intensity profile performed by Hong-Ru Chen.  

The CD4 KO T cell experiments (Figure 33) with analysis of HIV-1 binding as well as the following 

microscopic analysis (Figure 34) indicated that the increased susceptibility of T cells seen after 

myeloid cell co-culture, is induced by the aggregation of endogenously expressed CD4 receptors 

within the M2-derived trogocytotically transferred membrane spots. We speculated that these 

higher levels of CD4 created a more favorable environment for the interaction with the virus, re-

sulting increased binding, fusion and infection of these otherwise infection-refractory CD4 T cells.  
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Figure 35 │Trogocytosed membrane patches with increased HIV-1 binding are positive for CD32 and the typical 

constituent of lipid rafts, GM1.  

CD4 T cells were co-cultured with M2 macrophages as described before (Figure 16). M2 macrophages were pre-labeled 

with biotin-xx-conjugated CT-B- prior to co-culture to detect ganglioside monosialotetrahexosylganglioside (GM1). After 

co-culture, CD4 T cells were sorted by flow cytometry and incubated with HIV-1 Vpr-GFP. Subsequently CD4 T cells were 

stained for CD32 and fluorochrome-conjugated streptavidin followed by fixation of the cells. The cells were then analyzed 

by spinning disc confocal microscope. The white arrow heads indicate the co-localization of CD32, HIV-1 Vpr-GFP and 

CT-B. Scale bar: 5 µm. Microscopic pictures and intensity profile performed by Hong-Ru Chen. 

Moreover, pre-labeling M2 macrophages with cholera toxin subunit-B (CT-B) prior to co-culture 

with CD4 T cells enabled the detection of the ganglioside monosialotetrahexosylganglioside 

(GM1) and its transfer within the CD32-positive membrane patches with high HIV-1 binding ca-

pacity on T cells (Figure 35). In the field of membrane lipid research GM1 has been used as a 

marker for lipid rafts [354-356], which was mainly detected within the transferred membrane 

patches but not in other parts of on the surface of the CD4 T cells. This further verified the transfer 

of complete membrane patches with remaining M2 membrane composition to the T cells.  
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4. Discussion 

4.1 CD32 is transferred to CD4 T cells from CD32-expressing 

cells in a cell contact-dependent manner 

The persistence of HIV in latently infected cells is still one of the major limitations to the cure of 

HIV-infected patients. A selectively expressed biomarker in this HIV reservoir (mostly resting CD4 

T cells), would facilitate the specific targeting and elimination of latently infected cells. In the past 

several surface markers have been proposed to have this potential property, such as CD30 [156], 

CD98 [158] and CD32a [142]. Descours and Petitjean et al. [142] proposed CD32a to be a highly 

exclusive biomarker for latently infected cells, since they could not detect CD32-positive CD4 T 

cells within the uninfected controls, while over 50% of the latently infected cells were CD32a-

positive. This electrified the HIV field with some groups partially confirming the findings, reporting 

CD32 expression on HIV transcriptionally active CD4 T cells [144, 151, 152]. However, also con-

tradictory findings have been found, observing e.g. no enrichment of HIV-1 proviral DNA in CD32-

positive cells [147-150] and comparable CD32-positive CD4 T cell frequencies in healthy donors 

[148, 150], or even proposing for the original discovery of Descours and Petitjean et al.[142] ex-

perimental artifacts [148, 151] that had caused false positive results. In our hands, the culturing 

conditions turned out to have a strong impact on the exposure of CD32 positivity on CD4 T cells. 

Keeping the cells in a PBMCs co-culture (similar to the settings Descours and Petitjean et al. 

[142] had used), we could detect CD32-positive CD4 T cells in the infected and uninfected cell 

population. However, isolation of the CD4 T cells from PBMC prior to infection, diminished this 

phenotype drastically with low to no detectable CD32-positive CD4 T cells (Figure 6A, p.51). This 

indicated a potential dependency on the presence of other immune cells for the CD32 exposure 

on CD4 T cells. CD32 was also proposed to be induced in CD4 T cells upon activation [144, 151, 

153]. We therefore investigated a scenario with induced activation of the CD4 T cells within the 

PBMC culture, which could explain the previous experimental outcome. Yet, strong T cells acti-

vation with PHA+IL-2 treatment did not induce CD32 expression, if the CD4 T cells were cultured 

alone. This therefore further supported the dependency of CD32 positivity on the presence of 

other immune cell types (Figure 6B, p.51). This was further verified by the depletion of CD14-

positive cells from the PBMC culture, that strongly reduced the CD32 frequency in the CD4 T cell 

population (from ~6% CD32-positive CD4 T cells with PBMC culture to ~1% within the CD14-

depleted PBMC culture) and furthermore, the co-culturing of the isolated CD14-positive cells with 

CD4 T cells induced similar or even higher CD32 positivity (~8% CD32-positive CD4 T cells) 

(Figure 6C, p.51). Together these findings suggested that CD32 expression on CD4 T cells de-

pends on the presence of monocytic cells in the culture and is independent of HIV-1 infection. 

The co-culture in a transwell system, which physically separates CD4 T cells from myeloid cells 

demonstrated the cell contact-dependency and shaped the hypothesis of CD32 being transferred 

from CD32-expressing myeloid cells and not being de novo expressed by CD4 T cells. No CD32 

exposure was detected on CD4 T cells, if cells were kept separated from myeloid cells (Figure 

7B, p. 53). In addition, the frequency of CD32-positive CD4 T cells strongly correlated with the 

levels of CD32 expressed on the surface of myeloid cells (Figure 7C, p.53). The higher the ex-

pression of the primary donor cells (myeloid cells) the higher the level of CD32 exposure on CD4 

T cells could be detected. The highest exposure of CD32 on CD4 T cells after co-culture was 

seen with M2 macrophages, followed by MDM and M1 macrophages. Macrophages have been 



4 Discussion 85 

reported to express CD32A and B and also the FcγRI (CD64), whereas DC cells have been re-

ported to express CD64, but are not thought to express CD32 [169, 175] (Figure 3, p.21). Like-

wise, we could not detect CD32 on the monocyte-derived DC cells and, correspondingly, no CD32 

was found on co-cultured CD4 T cells (Figure 7, p.53). As also described by Abdel-Mohsen et al. 

[151]  the commercially available anti-CD32 antibodies for the detection by flow cytometry cannot 

distinguish between CD32A, CD32B or CD32C, because of their high degree of amino acid se-

quence similarity in the extracellular part [151]. We therefore could not define which gene product 

is actually expressed by the macrophages and was transferred to co-cultured CD4 T cells. Also, 

qPCR analysis could not satisfyingly distinguish between the different mRNAs (data not shown). 

Interestingly the co-culture with M2 macrophages also showed double-positive CD4 T cells for 

CD32 and HLA-DR (Figure 8, p.54). The actual transfer of HLA-DR could be proven by the de-

pletion of HLA-DR expression on CD4 T cells by gene perturbation, which still showed compara-

ble HLA-DR exposure after co-culture with wild type (WT) M2 macrophages. In contrast, the co-

culture with HLA-DR KO macrophages and WT T cells showed no increase of HLA-DR exposure 

on CD4 T cells (data not shown, description in chapter 3.1 p.54). Descours and Petitjean et al. 

[142] had excluded HLA-DR-positive CD4 T cells from their analysis to exclude activated CD4 T 

cells. However, taking into account that HLA-DR can also be transferred from macrophages to-

gether with CD32 this might have excluded a high number of CD32-positive CD4 T cells from 

their investigation. It also has to be considered that HLA-DR transfer to T cells could also result 

in their false categorization as “activated T cells”. Other groups have stated that CD32 could be 

a marker of activation, since they saw co-expression of HLA-DR and CD32 on T cells [143, 151]. 

However, when analyzing CD32-positive T cells after co-culture over 16 days, we could not ob-

serve its induction by activation while other activation marker such as CD69, CD25, CD38 and 

Ki67 responded as expected (data not shown). Other groups have also noted that CD32 could be 

transferred within membrane fragments from CD32-expressing cells to CD4 T cells and these cell 

fragments could also include other cell surface markers such as CD19 and HLA-DR [150].  

4.2 CD32B is a strong driver of trogocytosis, which can be 

enhanced by autoantibodies 

In an attempt to gain further insight into the dynamics of the transfer of CD32 and potential co-

transfer of other receptors we turned to design an in vitro FcγR-mediated trogocytosis cell line 

model. Similarly, also Hudrisier et al. had designed an in vitro trogocytosis protocol to investigate 

the transfer of receptors from one cell to another, in which the target cells are stained with a 

lipophilic probe, DiO, before co-culturing with the donor cells for 1 h at 37 °C [297, 298].  With this 

model they were able to observe the transfer of murine CD32B and CD16A from transiently ex-

pressing 293T cells (donor cells) to primary CD4 or CD8 T cells (recipient cells). Yet, the T cells 

had previously been opsonized with mAb, binding to antigens on the T cell surface e.g. anti-CD2 

antibody [297]. In comparison we used in our in vitro model a cell trace dye that in contrast to DiO 

does not stain the lipid membrane but reacts with intracellular compounds. In our hands this min-

imized the transfer of the dye to the co-cultured cell population and ensured a clear distraction of 

the cell populations later on (Figure 4, p.22). We also extended the co-culture duration to 24 h at 

37 °C. With this setup we could monitor the transfer of human FcγRs CD32A, B and C as well as 

CD64 to human T cell line SupT1 (Figure 10A and B (left panel), p.56). Here, the inhibitory FcγR 

CD32B showed the highest transfer efficiency and, interestingly, we could detect the co-transfer 

of other receptors (CD4 and CCR5) in the presence of CD32A (for CD4) and CD32B and CD32C 

(for CD4 and CCR5) (Figure 10A and B (right panel), p.56). However, in contrast to the findings 
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of Hudrisier et al. [297] we had not previously opsonized the T cell line with antibodies to induce 

trogocytosis. Follow up experiments showed a role of the bovine IgGs in the fetal calf serum 

supplemented to the culture media in the co-culture to enhance trogocytosis (data not shown). 

This indicated that not only specific antibodies could enhance trogocytosis, but potentially unspe-

cifically bound IgGs from another species could also enhance trogocytosis.   

Since CD32 is an IgG binding receptor, we sought to investigate whether the trogocytosis rate 

was enhanced by the presence of antibodies. To this end we tested human serum as addition to 

the regular co-culture. Additionally, we not only tested sera from healthy donors, but also sera 

from patients with different virologic, bacterial or parasitic infections as well as autoimmune dis-

eases (Figure 11A, p.57), which are known diseases that are characterized by the presence of 

auto-antibodies. Interestingly, neither the healthy donor sera nor most of sera of other diseases 

enhanced trogocytosis. In contrast, two HCV patient samples and a subset of chronic HIV-1-

infected patient sera (non-treated and ART-treated) enhanced the trogocytosis rate to different 

degrees. When incubating a selection of these HIV-1 and HCV patient sera with primary CD4 T 

cells, the same sera that had shown trogocytosis-enhancing properties also showed high levels 

of IgG bound to the surface to primary CD4 T cells (Figure 11B, p.57). This further supported the 

notion that antibodies bound to the surface of the target cells, may form a cell-to-cell bridge with 

the CD32-expressing donor cells to enhance trogocytosis, as proposed by Daubeuf et al. [295]. 

This raised the question why this was almost exclusively seen for sera of chronic HIV-1 patients?  

In HIV infection auto-antibody levels are known to increase already in the early acute phase of 

infection and these levels stay high also in chronic infection [357, 358]. However, auto-antibody 

production is also reported for some of the other viral infections studied (SARS-CoV-2 [359], 

DENV [360], HTLV [361] and HCV [362]) and autoimmune diseases (SLE [363] or RA [364]).  Yet, 

for the trogocytosis-enhancing effect it seems like the autoantibody specifically has to bind to the 

recipient cells (in this case CD4 T cells). Autoantibodies targeting CD4 T cells are observed only 

in HIV-1-infected patients [357, 358, 365], which could explain the exclusive phenotype for a sub-

set of HIV-1 patient sera. In contrast, the infection or diseases reported to induce more broadly 

binding autoantibody production such as antibodies against intracellular components [359, 362, 

363, 366] or antigens on other cells such as platelets and endothelia cells [360] might not produce 

autoantibodies with the properties to bind to the CD4 T cells. Trogocytosis-enhancing autoanti-

bodies present in HIV-1 patients can also explain the increased rate of CD32-positive CD4 T cells 

in chronic disease in comparison to CD4 T cells from healthy donors (Figure 11C, p.57). If CD4 

T cells are opsonized with autoantibodies in HIV-1 patients, this will also induce and enhance the 

interaction with CD32-expressing cells such as macrophages with CD4 T cells, leading to in-

creased rate of CD32 transfer to the CD4 T cells. Interestingly, the limited number of  HIV-2 sera 

tested did not show trogocytosis-enhancing effects, indicating potential differences in autoanti-

bodies between chronic HIV-1- or HIV-2-infected patients, as it is also seen for other clinical man-

ifestations such as lower viral load and more frequent non-progressors in HIV-2 disease [367]. 

In a subset of bNAbs we screened for potential trogocytosis-enhancing properties, bNAb PGT151 

markedly enhanced CD32 transfer and strongly bound to CD4 T cells (data not shown). Since the 

trogocytosis-enhancing effect in our model is believed to be induced by the antibody binding to 

FcγRs on the surface of donor cells with their Fc part and targeting an antigen on the recipient 

cell surface, an enhancement of trogocytosis by the antibody should only be observed if trogocy-

tosis is mediated by an FcγR. Consequently, transfer of receptors enhanced by antibodies can 

be described as FcγR-dependent trogocytosis and therefore we used PGT151 as a tool to better 

characterize CD32-dependent co-transfer of other receptors.  
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The co-transfer of seven-transmembrane receptors CCR5 and CXCR7 as well as the single trans-

membrane receptor CD4 could be enhanced with the addition of bNAb PGT151, whenever CD32 

was co-expressed on the 293T cells (Figure 12A, p.59). If the donor 293T cells expressed instead 

of CD32B the control protein H2B, low basal levels of transfer of CCR5, CXCR7 or CD4 to SupT1 

target cells were observed with no increase of transfer when PGT151 was present. The CD32 

dependency on the trogocytosis-enhancing effect of PGT151 was also supported by mutating the 

N-glycosylation site on CD32B IgG binding sites (Δglyco CD32B: N106G, N18G, N187T): Here, 

the increased transfer of CCR5 was strongly reduced with the Δglyco CD32B mutant compared 

to the increased transfer by PGT151 with CD32B WT (from ~26-fold increase with WT to ~2-fold 

Δglyco). In contrast, deleting the intracellular signaling motif (ΔITIM CD32B) only slightly de-

creased the enhancing effect i.e. from ~26-fold increase with WT to ~20-fold with ΔITIM. Degly-

cosylation of FcγR has been shown to affect the binding of antibodies [319], for CD32B, mutation 

especially of the N-glycosylation site N187 has been reported to decrease the binding of the ther-

apeutic antibody trastuzumab [368]. However, in that study the mutation of CD32A on the N-

glycosylation sites showed no strong effect on the interaction of trastuzumab and the mutated 

CD32A. In contrast, our finding also showed a decrease of PGT151-enhancing trogocytosis with 

Δglyco CD32A (N97G, N178G).  Since the mutation of the N-glycosylation sites presumably de-

crease the binding of the Fc part to CD32B this then can potentially decrease the capability of the 

antibodies to form a bridge between the two cells and enhance trogocytosis. Since CCR5 transfer 

was still highly detected with a “silenced” ITIM motif in CD32B, the signaling function of the FcγR 

seems to be not essential for CD32B to mediate trogocytosis, this implies that the transfer mech-

anistically relies more on the binding and the close cell-cell contact than on the known signaling 

function of the receptor.  

Using PGT151 as a tool to investigate CD32B-dependent transfer of receptors, we could deter-

mine a certain selectivity of transferred receptors/proteins in dependency on their cellular locali-

zation (Figure 13, p.60). Here, the cell surface receptors with large extracellular domains CCR5, 

CXCR4, CD4 as well as CD63 showed to be highly transferred. But also intracellular plasma 

membrane proteins could be transferred by CD32B e.g. LckN18, however to a lower extent. 

Transfer of cytoplasma-nuclear protein SAMHD1 was not observed. This provided the insight that 

mainly receptors or proteins located in or at the cell membrane were actually transferred together 

with CD32B. In trogocytosis in vitro models performed by others, fluorescent chemical probes 

were used for discriminating subcellular compartments, reporting similar observations, with 

mainly cell membrane components being transferred [369, 370].  

The crucial role of an accessible Fc part of bNAb PGT151 to enhance CD32B-mediated transfer 

was observed when neutralizing the antibody with soluble viral FcγR gp34 or gp68 from hCMV 

(scheme Figure 14A, p. 61). With increasing amount of soluble gp34 or gp68 in the co-culture of 

CD32B-mtagBFP-positive 293T cells and SupT1 cells, we detected an increased loss of PGT151-

enhanced CD32B-mediated trogocytosis (Figure 14B, p.61). Both soluble viral FcyRs bind differ-

ent parts in the Fcγ part of IgGs. The binding site of gp34 is located within the lower hinge region 

[221] whereas gp68 binds the CH2–CH3 interdomain region of Fcγ [216]. This may lead to sterical 

hindrance of the Fc-CD32B interaction since the binding site of CD32 and CD16 have been shown 

to involve the CH2 region as well as the lower hinge region of IgG [216, 223, 371]. 

The selectivity of mainly membrane-associated proteins and receptors being transferred during 

CD32-dependent trogocytosis raised the question whether there are cell machineries involved to 

ensure a transfer of membrane parts without damaging of the cells. Here we sought to investigate 

the potential role of the ESCRT machinery as a prominent membrane scissoring machinery [323]. 
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This hypothesis was investigated by generating a knockdown of Vps4 in CD32B-positive 293T 

donor cells (Figure 15, p.62). Vps4 is an ATPase and is a component of the ESCRT machinery. 

Its catalytic activity is important in the late phase of membrane scissoring performed by the 

ESCRT machinery [323]. The lack of Vps4 ATPase activity has been observed to lead to accu-

mulation of ESCRT machinery compounds at the membrane and defective vesicle release [372, 

373]. However, even though the knockdown showed an efficient decrease of Vps4 protein com-

pared to the NTC control CD32-positive or WT 293T (Figure 15A) the transfer of CD32B to SupT1 

cells was not affected (Figure 15B). This indicates that the ESCRT machinery does not play part 

in the membrane transfer during CD32B-dependent trogocytosis in the donor cells. However, the 

protein analysis of the SupT1 target cells showed high expression of Vps4 (Figure 15A). There-

fore, to better clarify the role of Vps4 during trogocytosis, follow-up experiments are needed to 

investigate a potential role of the ESCRT machinery in the recipient cell that “receives” CD32B. 

For example, by knocking down Vps4 in both, donor and in the recipient cells. Investigation of 

trogocytosis mediated by the immunological synapse, Aucher et al. observed inhibition of trogocy-

tosis in the presence of actin polarization inhibitors. Yet, this was only observed between T cells 

and their target cells, but not in co-culture of B cells and their target cells [374]. This may indicate 

that there are different types of mechanism for the trogocytic transfer of cell surface receptors and 

might not always include an active process in immune synapse-induced trogocytosis. This could 

also be the case in FcγR-mediated trogocytosis. We observed that the signaling motif of CD32B 

is not crucial to trogocytosis mediation by CD32B (Figure 12B), implying that the well-known 

FcγR-signaling is not important for the process but leaving an uncertainty if there are other sig-

naling or actin polarization induction is needed. Therefore, the question if FcγRs-mediated tro-

gocytosis is an active or potentially a passive process still remains to be solved.  

4.3 Receptors transferred to CD4 T cells are functional 

In earlier experiments co-culturing M2 macrophages with CD4 T cells we assessed the co-transfer 

of HLA-DR and CD32 to CD4 T cells in a cell contact-dependent manner (Figure 8, p.54). Intro-

ducing HLA-DR KOs in donor and recipient cells we demonstrated that M2 macrophages were 

the source of the increased surface-exposed HLA-DR on co-cultured CD4 T cells (data not shown, 

described on p. 54). Also in the in vitro model with 293T cells and SupT1 cells, the co-transfer of 

FcγR and other receptors was shown (Figure 10, p.56 and Figure 12A, p.59). With this in mind 

we aimed to assess the breadth of receptors that can be co-transferred with CD32 from M2 mac-

rophages to co-cultured CD4 T cells. This was assessed by an antibody-based screening by flow 

cytometry. We analyzed the donor cells (M2 macrophages) to investigate the surface expression 

profile as well as that of co-cultured the CD4 T cells or T cells left in culture alone to determine 

changes of surface exposure of each receptor (Figure 17, p.64). Of the 242 receptors examined, 

116 receptors were expressed by the M2 macrophages, of which some also showed increased 

surface exposure on the CD4 T cells after co-culture (indicated by a high ratio of MFI on not co-

cultured T cells to the MFI on co-cultured T cells, see also Supplemental table 1). This increased 

surface exposure indicated the transfer of a number of receptors, of which we ranked receptors 

that showed an MFI ratio higher than 2 to be potentially “highly transferred”. Importantly, HLA-DR 

receptor ranked among the top transferred receptors (Figure 17B, p.64). Yet also other members 

of the MHC class II receptors were found to be increased on co-cultured CD4 T cells (HLA-DP 

and -DQ).  The highly ranked receptors showed a broad diversity ranging from single membrane 

anchored receptors (CD74 and CD227), over tetraspanin receptors (CD63) to seven transmem-

brane receptors (CD97, CD195 (CCR5)). This demonstrated that the variety of receptors being 
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potentially co-transferred was indeed broad. Yet, the screening also indicated some level of se-

lectivity. We ranked receptors that were highly expressed on the M2 macrophages, but not de-

tected on the CD4 T cells regardless of prior co-culture or not (Figure 17C, p.64). Already in a 

study by Hudrisier et al. investigating trogocytosis induced by immunological synapse formation, 

a selectivity was observed [254]. In their Westernblot analysis of biotinylated proteins after trans-

fer to T or NK cells indicated that not all proteins present on the donor cells were also transferred 

to the recipient cells [254]. Later studies of CD32B-induced trogocytosis, analyzed the CD32B 

transfer and different proteins/receptors of interest from transiently expressing 293T cells to T or 

B cells [375]. Here, they observed higher transfer efficiencies for proteins or receptors anchored 

in the inner leaflet of the plasma membrane compared to proteins residing in the extracellular 

leaflet of the plasma membrane and observed highly transfer of tetraspanin receptors. Yet, some 

level of selectivity for cytoplasm membrane receptors, which were not transferred were not ob-

served with this model. Interestingly, HIV-1 binding receptor DC-SIGN (CD209) was the receptor 

with the highest ratio in the screening as well as the R5 HIV-1 entry co-receptor CCR5 (CD195). 

This hinted a potential influence on viral infection of resting CD4 T cells after trogocytosis. Taken 

together the screening showed, that the cell-contact dependent transfer of receptors from M2 

macrophages can have a marked impact on the cell surface proteome of CD4 T cells which in 

turn could have an impact on the behavior of these cells. Nevertheless, using this method of 

detection we cannot entirely rule out that the increase of cell surface exposure seen after co-

culture on the CD4 T cells is in part due to de novo expression triggered by the close cell contact 

with the myeloid cells. This possible scenario could only be addressed by a receptor KO approach 

of each receptor, similar to the approach we performed to validate the actual transfer of HLA-DR 

(data not shown, described on p. 54).  

Observing a broad variety of receptors and proteins being transferred to the co-cultured CD4 T 

cells, we next sought to address the question whether the transferred receptors remain functional 

and exert biological activity on CD4 T cells. The transfer of both chemokine receptor CXCR4 and 

CCR5 markedly induced migration towards their corresponding chemokine (Figure 18A and B, 

p.65). Here the chemokine receptors were transferred from transiently expressing HeLa cells 

which had a high expression levels for these receptors together with CD32B. Yet, also the transfer 

of CD11b from M2 macrophages to primary CD4 T cells induced the enhanced binding of the co-

cultured T cells to the CD11b ligand ICAM-1 (Figure 18C, p.65). Transfer of functional receptors 

has also been seen in another study e.g. NK cells could acquire CCR7 from an APC cell line and 

the acquired CCR7 could induce migration activity of NK cells [376]. Also, TCR exchange between 

CD8 T cell clones has been detected. The acquired TCR remained functional and the recipient 

CD8 T cells could induce lysis of tumor target cells [377]. For FcγR-mediated trogocytosis, 

Hudrisier et al. [297] showed that the transferred FcγRs could still efficiently bind immune com-

plexes, however, they could not detect downstream signaling induction [297]. The missing signal 

transduction might be explained by downstream transmitting signal partners that are either miss-

ing or not present, since the transferred FcγRs might not be connected to the signaling machinery 

in CD4 T cells which usually do not express FcγR receptors themselves. Nevertheless, this shows 

that the transferred receptors are in a correct topological orientation integrated into the membrane 

and can be potentially functionally used by the recipient cells. Transferred chemokine receptors 

from macrophages to CD4 T cells therefore could equip T cells with macrophage-like migration 

properties, with potential induced migration to inflammatory tissue (Figure 36). 

With the primary cell in vitro model, we also showed that CD32-dependent trogocytosis can be 

enhanced by using T cell-reactive antibody (here anti-CD52 mAb, Alemtuzumab) (Figure 19, 

p.66). Not only CD32 transfer was increased when Alemtuzumab was present, but also the co-



4 Discussion 90 

transfer of HLA-DR could be enhanced. The application of primary cells can underline the rele-

vance CD4 T cell reactive antibodies inducing trogocytosis under physiological condition. Further-

more, comparing the frequency of CD32-positive CD4 T cells isolated from peripheral blood to 

cells isolated from lymphatic tissue such as tonsil and lamina propria (Figure 20, p.67), revealed 

that increased  frequency of cell contact of CD4 T cells with macrophage as observed in tissues 

with enriched cell density (as it is the case in lymphatic tissue [335]), can potentially elevate CD32-

dependent trogocytosis.  

 

Figure 36 │ CD32-mediated trogocytosis is suppling CD4 T cells with macrophage-like migration behavior. 

CD32-mediated trogocytosis could induce the transfer of functional chemokine receptors from macrophages to CD4 T 

cells. The functional receptor then can bind its corresponding chemokine ligand and induce the migration of the T cells to 

inflammatory hot spots.  

4.4 HIV-1 binding, fusion and infection is increased after 

FcγR-mediated trogocytosis on CD4 T cells 

After observing that the co-culture with M2 macrophages can have a huge impact on the plasticity 

of the surface proteome of CD4 T cells, we next addressed whether this could also influence the 

susceptibility of the CD4 T cells for HIV-1. This was tested by analyzing HIV-1 fusion into CD4 T 

cells either previously co-cultured with M2 macrophages or not (Figure 21A, p.68). Here, we 

tested both X4-tropic and R5-tropic HIV-1 virions. In both cases enhanced fusion was observed 

in CD4 T cells that had previously been co-cultured with M2 macrophages, indicating that the 

previous cell contacts strongly enhance the susceptibility for HIV-1. Furthermore, since we could 

enhance CD32-dependent transfer by addition of Alemtuzumab, we analyzed the correlation of 

enhanced CD32-dependent trogocytosis and enhanced fusion (Figure 21B, p.68). For the X4- 

and the R5-tropic fusion experiments we could see a positive correlation between trogocytosis 

and HIV-1 fusion. Here, trogocytosis efficiency was detected by the transfer of CD32. We could 

further exclude that CD32B itself is enhancing fusion, we used CD4 T cells transiently expressing 

CD32B endogenously. Here no increased fusion was seen for CD32B-positive CD4 T cells com-

pared to cells nucleofected with an empty vector (Figure 21C, p.68). This verified CD32 as the 

mediator of trogocytosis but not the factor causing the increased HIV-1 fusion in the cells.  

Beside fusion, we also tested a full HIV-1 infection (with both X4- or R5-tropic HIV-1). Co-cultured 

CD4 T cells showed over ~2-fold increase of infected cells compared to the not-cocultured cells 

(Figure 22, p.69).  Here, the differences between co-cultured and not co-cultured cells was less 
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than in the fusion experiments. This could be explained by post-entry restriction of HIV-1 infection 

present in resting CD4 T cells, such as SAMHD1 [96, 97]. Nevertheless, these experiments clearly 

showed a change of susceptibility for HIV-1 infection. Testing the binding of X4 HIV-1 Vpr-GFP 

particle on either CD32-positive or CD32-negative co-cultured CD4 T cells indicated that the 

CD32-positive CD4 T cells were binding HIV-1 particle to a higher extent than CD4 T cells that 

were negative for CD32 (Figure 23A, p.70). In confocal microscopy analysis, this was also visu-

alized by CD32-positive membrane patches on the CD4 T cells and preferential binding of a high 

number of HIV-1 Vpr-GFP particle within these membrane patches (Figure 23B, p.70). These 

results could explain why some groups observed HIV-1 enrichment or increased transcriptionally 

active HIV-1 in CD32-positive cells [142-144, 146]. After trogocytosis, the membrane patches are 

positive for CD32, which could lead to the wrong assumption that this is a marker of HIV-1 reser-

voir or transcriptionally active cells. Conversely, these cells are more likely to be infected due to 

the higher binding and fusion of the virus and therefore more likely included in HIV-1 positive cell 

population analysis. In line with this are also observation of increased CD32 expression together 

with transcriptional active HIV-1 in lymph nodes and gut tissue [144, 151, 378]. Correspondingly, 

here trogocytosis can be enhanced due to more frequent cell contact, which then increase HIV-1 

infection of the cells. In addition, the testing of sera of HIV-1 patients for increased CD4 T cell 

binding and enhancing trogocytosis ability (Figure 11, p.57) also indicated that CD32-mediated 

trogocytosis can be elevated in subset of patients but not others. This would give explanation why 

some have reported increased CD32-positive T cells frequency in HIV-1 patients [142] whereas 

others saw no difference to healthy donors [150].  

Since CD32 itself is the driver of trogocytosis but not the factor transferred that increase HIV-1 

fusion, we aimed to investigate what was transferred from the M2 macrophages, residing within 

the membrane patches, that then caused increased binding, fusion and infection of the CD4 T 

cells. Transferred receptors that lead to virus binding has been reported in the case of Epstein-

Barr virus (EBV) binding after membrane transfer on NK cells. Here the membrane transfer was 

induced after the formation of immunological synapse of NK cells and CD21-positive target cells. 

Within the transfer of membrane fragments also CD21 was transferred to the NK cells, which is 

one of the entry receptors of EBV and increased EBV binding to the NK cells was detected after 

contact with the CD21-positive target cells [379]. In the receptor screening experiment, we found 

HIV-1 binding receptor DC-SIGN and HIV-1 co-receptor CCR5 among the top 10 of the highest 

transferred receptors (Figure 17). Since the increased binding/fusion and infection after CD32-

dependent trogocytosis on CD4 T cell was detected for X4- and R5-tropic, it implied that this 

infection enhancement is viral tropism independent. We therefore set our focus on investigating 

which factors increase HIV-1 binding in the case of both viral tropism.  

4.5 HIV-1 binding myeloid C-type lectins receptors and β2-

integrin are transferred to CD4 T cells but do not induce 

FcγR-mediated enhanced HIV-1 binding 

The envelope glycoprotein gp120 of HIV-1 is a heavily N-glycosylated protein with high density 

of oligomannose [380]. It therefore is recognized by C-type lectin receptors such as DC-SIGN [32] 

or the macrophage mannose receptor 1 (also known as CD206) [30], which are expressed by 

antigen presenting cells like dendritic cells and macrophages. The binding to the receptors can 

then induce immune reaction such as chemokine/cytokine production or phagocytosis of the for-

eign material [381]. However, both receptors are also reported to be hijacked by HIV-1 to attach 
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on the surface of DC or macrophages and then being further transported and transmitted to their 

actual target cells (CD4 T cells) in e.g. lymphoid tissue [31, 382]. Since we hypothesized that 

within the transferred membrane patches from macrophages, there is a factor residing within the 

macrophage membrane patches, which then increase binding of HIV-1 within these patches after 

transfer to the T cells, DC-SIGN as well as CD206 were at first of interest to be investigated. Both 

receptors were highly expressed by the M2 macrophages (over 80% positive cells (Figure 25A, 

p. 72 and Figure 26A, p.73) as also previously reported [383, 384]. Additionally, these receptors 

were also identified to be highly co-transferred with CD32 in our receptor-transfer screening pre-

viously. Here, DC-SIGN was the second highest receptor in the “top hits 1-10” of the receptors 

with an MFI ratio above 2 and CD206 had also a high ratio of 1.7 (Supplemental table 1). Their 

properties to be (i) expressed on M2 macrophages, (ii) binding of HIV-1 by these receptors as 

well as their (iii) potential co-transfer with CD32 made both receptors to very promising candidates 

to investigate. Their expression on M2 macrophages could be then efficiently ablated (less than 

1% positive cells upon KO of each receptor in the macrophages (Figure 25A & Figure 26A)). 

Using M2 KO cells in co-culture with CD4 T cells confirmed that both receptors found on CD4 T 

cells after co-culture were originating from the macrophages and are not de novo expressed by 

the T cells, since in the co-culture with KO M2 macrophages the surface exposure was on a 

similar level as in the only T cells culture condition (Figure 25B & Figure 26B). With these results 

we could confirm three receptors being co-transferred from the M2 macrophages together with 

CD32 to CD4 T cells: HLA-DR, DC-SIGN and CD206. However, even though transfer of DC-

SIGN and CD206 was abolished, within the co-culture of CD4 T cells with KO M2 macrophages, 

HIV-1 fusion (Figure 25C) or HIV-1 binding to CD32-positive cells (Figure 26C) was unchanged 

compared to the WT control. This was in contradiction of our initial expectations, since previous 

studies for DC-SIGN had shown increased HIV infection rate if CD4 T cell line co-expressed DC-

SIGN, CD4 and CCR5 [341]. Yet, there was no difference of HIV-1 fusion in co-cultured CD4 T 

cells that had received high amounts of DC-SIGN from M2 macrophages to T cells with no/low 

DC-SIGN surface exposure after co-culture (Figure 25C). Similarly, CD4 T cells that had received 

CD206 in the co-cultured did not show more HIV binding than T cells that had been co-cultured 

but transfer of CD206 was ablated (Figure 26, p.73). These finding not only excluded DC-SIGN 

or CD206 as potential key factors for increased HIV-1 binding to the transferred membrane 

patches, it also was contradicting the expectation that if these receptors are present this should 

enhance HIV-1 binding and fusion similar to the finding in T cells lines expressing DC-SIGN [341]. 

However, our experiments were performed with CD4 T cells highly expressing CD4, therefore the 

entry receptor is not a limiting factor as seen on macrophages. Lee et al. [341] showed that the 

increased viral infection under the presence of DC-SIGN was especially the case if there were 

low levels of CD4 or CCR5. Additionally, we had used MOI between 0.5 and 1. Potentially the 

advanced binding due to the presence of DC-SIGN or CD206 is only seen with lower viral loads. 

This could be of interest in follow-up experiments, in which the transferred DC-SIGN and CD206 

could be tested to bind HIV-1 with lower MOI on the CD4 T cells. Nevertheless, since it also did 

not affect the phenotype of increased fusion or binding to CD32-positive cells, we turned to ex-

plore other potential factors that could cause the increase binding to the co-cultured CD4 T cells 

observed by us.  

With a similar approach, we also investigated CD11a/b/c as factors inducing the virological phe-

notype in the transferred membrane patches. CD11c/CD18 has recently been reported to poten-

tially bind HIV-1 through CD11c on the surface of cervical epithelial cells, mediating then 

transcytosis of the virus through the epithelium to the target cells [40]. Since CD11c is also ex-

pressed to high levels on monocytes and macrophages, we aimed at investigating the potential 
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role of CD11c, using a M2 macrophage KO/CD4 T cell co-culture. To address in parallel the 

potential role of other members of the β2-integrin family, we performed in this experimental setup 

simultaneous KO of three genes: CD11a, CD11b and CD11c in the macrophages. With this 

method we could nearly completely ablate the expression of CD11b and c on the macrophages 

and reduce the CD11a-positive M2 macrophages by ~ 50% (Figure 27A, p.74). CD11a was al-

ready highly expressed by the CD4 T cells without co-culture, so its transfer from M2 macro-

phages could not be readily quantified. Yet, transfer of CD11b and c was documented by their 

increase of cell surface exposure on T cells after co-culture with the NTC M2 macrophages, but 

lack of exposure after co-culture with KO M2 macrophages (Figure 27A, p.74). However, the 

follow-up experiment of HIV-1 binding to the co-cultured CD4 T cells did not show changes of 

binding when the transfer was ablated in the M2 macrophage KO co-culture condition. Even 

though the set up excluded CD11a/b and c as key driver involved in the virological phenotype, 

the experiment nevertheless demonstrated the transfer of both CD11b and CD11c from M2 mac-

rophages to CD4 T cells during co-culture. Furthermore, this confirmed our observed FcγR-me-

diated increase in binding of co-cultured CD4 T cells to ICAM-1 (Figure 18, p.65).  

4.6 Heparan sulfate and chondroitin sulfate from CD4 T cells 

are not responsible for the increased HIV-1 binding 

Besides receptors such as DC-SIGN and CD206 or CD11a/b/c, heparan sulfate (HS) is also re-

ported to play a potential role for HIV-1 attachment to macrophages. Heparan sulfate chains are 

covalently bound to proteoglycans e.g. syndecans, on the cell surface. The chains are large ani-

onic polysaccharides and can be used by pathogens such as HIV-1 to bind to the surface of cells 

such as mucosal epithelial cells or spermatozoa for transport and transmission to the actual target 

cells such as CD4 T cells, macrophages and DCs [350, 351, 385, 386]. Expressed on macro-

phages, HS was observed to enhance the binding of HIV-1 to these cells and to overcome the 

restriction of low CD4 expression. In a study of Saphire et al. [353] treatment of MDMs with hep-

arinase showed a strong decrease of HIV-1 attachment (X4 and R5 HIV-1) whereas the treatment 

with anti-CD4 antibody did not. In contrast, the treatment of activated CD4 T cells in their hands 

with heparinase did not affect the binding of HIV-1, whereas incubation with anti-CD4 antibodies 

strongly decreased binding [353].  Since this indicated that Heparan sulfate proteoglycans 

(HSPGs) could play an important role for HIV-1 binding to the surface of macrophages, but not 

on CD4 T cells, we hypothesized that proteoglycans with heparan sulfate chains have no/low 

physiological expression on CD4 T cells, yet HSPGs can be potentially transferred from macro-

phages during co-culture, residing in the macrophage-derived membrane patches. The HSPGs 

may then enhance the binding of HIV-1 locally.  In a first attempt to stain for HS on the CD4 T 

cells (co-cultured with M2 cells or not), we could not detect HS on CD4 T cells regardless of their 

previous culture condition (Supplemental figure 9). CD4 T cells have only low levels of HSPGs 

on their surface [353, 387] and we therefore concluded that our staining procedure to detect HS 

was here at limit of detection, since we could stain for HS on HeLa cells, used here as positive 

control (Supplemental figure 9), which have been reported to highly express HSPGs [35, 353].As 

a consequence of the heparinase/chondroitinase treatment, we observed a strong decrease of 

HIV-1 binding to HeLa cells. However, this enzymatical digestion of CD4 T cells after co-culture 

showed no effect on binding of HIV-1 to CD32-positive cells compared to CD32-negative cells. 

Since we had seen a strong effect of the treatment on the HIV-1 binding capacity of HeLa cells, 

we concluded that even if small amounts of HS on CD32-positive CD4 T cells had been trans-
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ferred from the macrophages, these amounts should have been effectively removed by the enzy-

matic digestion. Collectively. this largely excluded HS or chondroitin sulfate as important factors 

in the virological phenotype following trogocytotic membrane transfer from M2 macrophages to 

CD4 T cells.   

4.7 M2-derived membrane patches transferred on CD4 T cells 

recruit endogenous CD4 and create an HIV-1 binding hot 

spot 

When testing the blocking of HIV-1 binding by different antibodies, which target transferred re-

ceptors (Figure 29, p.76), our interest was sparked by the investigation of the actual drug/antibody 

control condition with AMD3100 and anti-CD4 (clone SK3). This control reduced the virus binding 

to CD32-positive CD4 T cells to a lower level then observed on CD32-negative cells, therefore 

completely abolished the virological phenotype for CD32-positive CD4 T cells. In a follow up ex-

periment, we then found that the anti-CD4 antibody decreased HIV-1 binding, yet not AMD3100 

(Figure 30A, p. 78). AMD3100 is a small molecule that downregulates CXCR4 from the surface 

and thus blocks the binding of HIV to the co-receptor and therefore the fusion of the virus to the 

cell. When cells are treated with AMD3100, HIV can potentially still bind to the cell surface, since 

the binding to CXCR4 occurs subsequently to CD4 binding [20]. In our experiment, we analyzed 

the binding after one hour of inoculation with viral particles at 16 °C. Temperatures below 25 °C 

should ensure an inhibition of HIV-1 fusion and endocytosis [388, 389] and should thus asses 

only the attachment of the virus to the cell surface. Looking at this early step of viral entry the 

actual inhibition of fusion by AMD3100 might not be present and therefore detectable at this time 

point. The anti-CD4 antibody clone SK3 binds to the extracellular immunoglobulin domain D1[390] 

of CD4, which is also the binding side of HIV-1 gp120 [391-393]. This antibody can be efficiently 

used to inhibit viral binding and entry[390]. To ensure in our experiment that the reduction of viral 

binding to CD32-positive T cells by anti-CD4 mAb clone SK3 was specific, we also tested the 

anti-CD4 mAb clone RPA-T4, which is also reported to bind at the D1 domain, as well as two 

other commercially available mAbs (clone M-T477, clone L200). All four antibodies reduced the 

CD32-mediated enhancement of HIV-1 binding to a similar extent as anti-CD4 mAb clone SK3. 

The isotype controls as well as anti-HLA-DR and anti-DC-SIGN mAbs did not affect the binding. 

This confirmed that the blocking of CD4 strongly reduced the increased binding observed in 

CD32-positive T cells. Furthermore, testing HIV-1 ΔEnv binding to the cells, demonstrated that 

the increased HIV-1 binding to CD32-positive T cells was partially Env-dependent (Figure 31, 

p.79).  

Building on this observation, we further characterized the potential role of CD4 in the increased 

HIV-1 binding to CD32-positive T cells. At first, we hypothesized that CD4, even though highly 

expressed on T cells, is also transferred from the macrophages to T cells by trogocytosis. The 

transferred CD4 would then reside within the densely packed membrane patches that might cause 

a preferential binding of HIV-1 to these CD4 molecules instead of the endogenously expressed 

CD4. A similar idea was hypothesized by Aucher et al. [374], which observed the FcγR-mediated 

transfer of CD4 to CD8. In their study CD4-GFP fusion protein was transferred from the 

CD32/CD16-expressing mast cell line P815 to activated CD8 T cells. However, they could not 

detect an increase of HIV-1 p24 associated with CD8 T cells following transfer of CD4-GFP. Yet 

they also stated that they had a high background for p24 and the limit of detection may have 

limited the value of the findings [394].  We tested the potential transfer from M2 macrophages 
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with a similar M2 macrophage KO approach as for DC-SIGN and CD206 (Figure 32, p.80). Using 

this KO approach almost 100% CD4-negative M2 macrophages were achieved. However, the 

absence of CD4 on M2 cells in the co-culture did not reduce subsequent HIV-1 binding to CD32-

posiitve T cells (Figure 32C, p.80). Since the CD4 T cells endogenously highly expressed CD4, 

the lack of detectable CD4 transfer could also be due to a smaller absolute increase of CD4 by a 

potential transfer. However, since the virological phenotype was not influenced, it indicated that 

CD4 expressed by M2 macrophages does not promote the trogocytosis-mediated enhanced HIV-

1 binding. In the follow-up experiment, we performed the KO in the CD4 T cells (also with a high 

CD4 KO efficiency, Figure 33, p.81). This experiment revealed then the crucial role of the endog-

enously expressed CD4 on T cells for the increased binding of HIV-1 to CD32-positive CD4 T 

cells.  After co-culture with WT M2 macrophages the CD4 KO T cells positive for CD32 showed 

reduced binding to levels similar to those seen in CD32-negative T cells (Figure 33C).  Micro-

scopic analysis of CD4 T cells co-cultured with M2 macrophages revealed a strong clustering of 

CD4 within the CD32-positive membrane patches and co-localization of HIV-1 particles (Figure 

34, p.82). The CD4 receptor has been reported to cluster in membrane islands [395] and is also 

observed to localize in lipid raft/detergent resident membranes [396, 397]. Similarly, CD32 is lo-

calize in lipid raft membrane domains after immune complex binding to the receptor [398-400]. 

Since antibody binding induces the FcγR-mediated trogocytosis, CD32 may be recruited to lipid 

raft membrane domains subsequently to the antibody bridging between M2 macrophages and 

CD4 T cells. The receptor is then transferred to the T cells together with the membrane parts with 

lipid raft properties. This was also supported by the observation of co-localized GM1 within the 

transferred membrane patches (Figure 35, p.83). GM1 is a ganglioside belonging to the sphin-

golipids, and is used as a marker for lipid rafts [354-356]. Popik et al. [401] reported a potentially 

crucial role of lipid raft for the entry of HIV-1, since they observed a strong decrease of HIV-1 

infectivity when depleting raft-resistant membrane cholesterol, without altering the number of HIV 

entry receptors on the cells. Our current working model of the trogocytosis-mediated enhanced 

HIV-1 binding, fusion and infection is therefore the following: endogenously expressed CD4 on T 

cells is preferentially recruited and clustered within the transferred membrane patches (potentially 

with lipid raft properties), creating then a preferential hot spot for HIV-1 binding and entry (Figure 

37).  
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Figure 37 │Scheme of mechanistic model for FcγR-mediated enhanced HIV-1 infection.   

Membrane patches are transferred from macrophages to CD4 T cells. Within the membrane patches endogenously ex-

pressed CD4 receptors are recruited and clustered. This clustering leads then to enhanced HIV-1 binding and entry re-

sulting in enhancement of HIV-1 infection of CD4 T cells. 

4.8 Outlook 

Even though this study excludes CD32 as a biomarker for HIV-1 latency in CD4 T cells, it high-

lighted the capacity of CD32 as a key mediator and driver of trogocytosis and the functional impact 

this can have on the recipient cells. We had initially screened for receptors transferred from M2 

macrophages to CD4 T cells, and here the breadth and selectivity of transferred receptors were 

observed. However, further investigations could be performed to gain a more detailed picture. 

Daubeuf et al. [375] already investigated the transfer of biotinylated surface proteins by Wester 

blotting [375]. In future experiments biotinylating of surface proteins on the donor cells could allow 

identification by mass spectrometry (MS) analysis of proteins transferred to recipient cells and 

could create a list of transferred receptors as well of those receptors who remain on the surface 

of macrophages. We also saw that FcγR-mediated trogocytosis is also happening under physio-

logical conditions in healthy individuals in blood and lymphoid tissue and that transferred recep-

tors can remain functional. This can expand the intrinsic properties of immune cells, and therefore 

should be considered in the research of immune cells and their functions. Additionally, this has to 

be considered as a potential explanation when investigating subpopulations of immune cells with 

surface receptors, which are usually expressed only by other immune cell subtypes [402-406]. 

Furthermore, when investigating PBMC cultures there also has to be an awareness that FcγR-

mediated trogocytosis between these cells can occur under common cell culture conditions. This 

problem has been already addressed by other groups [294], but has not reached a high level of 

awareness in the scientific community.  

Since the results also showed how HIV-1 can exploit FcγR-mediated trogocytosis to enhance the 

infection of resting CD4 T cells this could also lead in vivo to enhanced seeding of the HIV-1 

reservoir in the patients. Future experiments therefore could also focus on the investigation of 

latency development in CD4 T cells in the context of FcγR-mediated enhancement of HIV-1 in-

fection. For this, infected GFP-positive CD32-positive or CD32-negative T cell population could 

be sorted and kept in culture to study the induction frequency from latency in the two populations 

also in comparison to infected, but not co-cultured CD4 T cells. Additionally, also the frequency 
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of productive virus release after reactivation could be determined. Since the reactivation of HIV-

1 production in latently infected resting CD4 T cells has been observed with a high number of 

defective viral genome [101], it could be of interest to investigate whether the increased infection 

by FcγR-mediated trogocytosis may lead to more productive reactivation, giving further insights 

into how these cells can be used by HIV- 1 as its major cellular reservoir.   
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6. Supplemental data 

 

 

Supplemental figure 1 │ CCR5 transfer is enhanced by T-cell-autoreactive antibodies frequently seen in chronical 

infected HIV-1 patients.  

Levels of CCR5 transfer from the experiment described in the legend of Figure 11 p.57. Median with 95% CI are shown. 

Asterisks indicate statistical significance by Mann-Whitney test.*P ≤0.05; **P ≤0.01; ***P ≤0.001. n.s.: not significant. 
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Supplemental figure 2 │ Gating strategy for identification of CD32+ CD4 T cells in PBMCs.   

Lymphocytes were gated using the forward and side scatter area (FSC-A versus SSC-A); doublets were removed by 

FSC-A to FSC-height (FSC-H). To exclude monocytes and B cells, the CD14– CD19– CD3+ population was gated, fol-

lowed by gating for CD4+ CD3+ cells. To quantify the fraction of CD32+ CD4 T cells, a Fluorescence Minus One (FMO) 

control was used to set the gate. Representative examples of flow cytometry dot plots of one HD (A) and one HIV-1 patient 

(CHI) (B). Experiment described in legend Figure 11C p.46. 
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Supplemental figure 3 │ Transfer of CD32 isoforms and mutants promoted by bNAb PGT151 

A, transfer of CD32B-GFP or H2B-GFP in experiment described in legend of Figure 12, p.59. B, transfer of CD32A, B and 

C and corresponding mutants of CD32A and B in experiment described in legend of Figure 12, p.59. Means of technical 

replicates ± SD. are shown. 

 

 

Supplemental figure 4 │ CD32 mediates transfer of plasma membrane-associated receptors. 

Positive SupT-1 (%) after co-culture in experiment described in Figure 13, p.49. Transfer of indicated surface receptors 

(CCR5, CXCR4, CD4 or CD63), the first 18 amino acid of the N-terminal part of the intracellular membrane proteins of 

the Src kinase receptors Lck or Fyn or the intracellular protein SAMHD1 mediated by CD32B or mtagBFP (control) +/- 

presence of PGT151.  Means of technical replicates ± SD. are shown. 
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Supplemental figure 5 │ Knockdown of Vps4 in 293T monitored overtime. 

Stably CD32B-T2A-mtagBFP expressing 293T cells were transfected with siRNA specific for human Vps4 or a non-tar-

geting control siRNA (NTC). Vps4 (upper immunoblot) or Vinculin (control, lower immunoblot) expression in the 293T KD, 

NTC and wild type (WT) was analyzed 24 h, 48 h and 78 h post transfection.  

 

 

Supplemental figure 6 │ Knockdown of Vps4 in donor cells does not impact CD32B transfer to recipient cell (full 

immunoblot). 

Full image of immunoblots of experiment described in legend of Figure 15, p. 62. 

  



6 Supplemental data 127 

Supplemental table 1 │ Surface receptor screening on M2 macrophages and autologous CD4 T cells, either co-

cultured with M2 cells or kept alone for 48 h (antibodies screening panel of the BD Lyoplate™). 

Experiment described in legend of Figure 17, p.64 

 

 

  

Receptor
MFI 

not co-cultured T cells

MFI 

co-cultured T cells

Ratio MFI 

not co-cultured T cells 

to co-cultured T cells

MFI not co-cultured 

M2 macrophages
Expression level on M2 cells

CD1a 24 25,1 1,0 2689 Medium

CD1b 46 40 0,9 5273 Medium

CD1d 37,6 39,3 1,0 1726 Low

CD2 18782 16908 0,9 1241 Low

CD3 26190 25481 1,0 1280 Low

CD4 25881 16658 0,6 5388 Medium

CD4v4 19623 18425 0,9 7761 High

CD5 25745 24964 1,0 1370 Low

CD6 22772 18704 0,8 1113 Low

CD7 9204 11631 1,3 808 Low

CD8a 32,9 61,6 1,9 757 Low

CD8b 63,8 57,9 0,9 1512 Low

CD9 4215 4048 1,0 13118 High

CD10 978 877 0,9 2003 Low

CD11a 22103 21353 1,0 5477 Medium

CD11b 47,2 40,5 0,9 21254 High

CD11c 448 520 1,2 35914 High

CD13 57,1 169 3,0 41284 High

CD14 1648 1380 0,8 28974 High

CD15 1020 733 0,7 830 Low

CD15s 587 187 0,3 1233 Low

CD16 27,8 29,7 1,1 4151 Medium

CD18 11540 12747 1,1 46932 High

CD19 85,3 86,2 1,0 1289 Low

CD20 113 107 0,9 3482 Medium

CD21 122 91,7 0,8 1745 Low

CD22 110 106 1,0 1492 Low

CD23 40,2 31,2 0,8 2482 Medium

CD24 45,2 48,6 1,1 2019 Low

CD25 704 894 1,3 2380 Medium

CD26 5558 7775 1,4 1537 Low

CD27 11874 11347 1,0 1620 Low

CD28 9503 7785 0,8 1870 Low

CD29 267 387 1,4 3897 Medium

CD30 580 530 0,9 1244 Low

CD31 2443 3651 1,5 9264 High

CD32 51,8 123 2,4 32166 High

CD33 42,1 43,6 1,0 7098 High

CD34 49,6 58 1,2 2026 Low

CD35 341 210 0,6 2059 Low

CD36 217 71,6 0,3 11130 High

CD37 1115 865 0,8 2558 Medium

CD38 3782 4095 1,1 2569 Medium

CD39 409 462 1,1 17381 High

CD40 70,7 124 1,8 17988 High

CD41a 37,7 38,4 1,0 1646 Low

CD41b 35,2 21,6 0,6 692 Low
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Receptor
MFI 

not co-cultured T cells

MFI 

co-cultured T cells

Ratio MFI 

not co-cultured T cells 

to co-cultured T cells

MFI not co-cultured 

M2 macrophages
Expression level on M2 cells

CD42a 148 144 1,0 1058 Low

CD42b 23,2 24,3 1,0 1342 Low

CD43 25078 4830 0,2 26404 High

CD44 26348 11073 0,4 159220 High

CD45 26373 22806 0,9 32079 High

CD45RA 8871 6588 0,7 3880 Medium

CD45RB 24185 14674 0,6 16514 High

CD45RO 11306 7224 0,6 52751 High

CD46 18585 18643 1,0 15483 High

CD47 25980 18817 0,7 17206 High

CD48 8793 8666 1,0 4546 Medium

CD49a 84,4 62,8 0,7 1225 Low

CD49b 68,9 61,1 0,9 1127 Low

CD49c 768 627 0,8 2581 Medium

CD49d 5847 4643 0,8 7668 High

CD49e 2307 1971 0,9 14384 High

CD50 26306 23233 0,9 11610 High

CD51/CD61 37,9 23,5 0,6 1908 Low

CD53 18233 12557 0,7 13943 High

CD54 1163 2823 2,4 62996 High

CD55 12250 8377 0,7 5585 Medium

CD56 39,8 32,6 0,8 1683 Low

CD57 437 264 0,6 811 Low

CD58 3416 3580 1,0 43019 High

CD59 10460 7756 0,7 43263 High

CD61 101 88,3 0,9 2324 Medium

CD62E 37,8 32,9 0,9 1291 Low

CD62L 21878 18287 0,8 1059 Low

CD62P 68,9 59,4 0,9 980 Low

CD63 79,5 272 3,4 14543 High

CD64 27,3 33,7 1,2 2124 Low

CD66 (a,b,c,d,e) 217 651 3,0 2190 Low

CD66b 235 78 0,3 828 Low

CD66f 32,8 23,9 0,7 1403 Low

CD69 43,2 813 18,8 1233 Low

CD70 49,5 41 0,8 767 Low

CD71 132 240 1,8 11450 High

CD72 92,4 72,6 0,8 1836 Low

CD73 279 169 0,6 1393 Low

CD74 102 256 2,5 10321 High

CD75 299 134 0,4 952 Low

CD77 187 49,2 0,3 690 Low

CD79b 35,8 16,4 0,5 1167 Low

CD80 1012 749 0,7 6965 High

CD81 22788 19700 0,9 28221 High

CD83 175 158 0,9 1605 Low

CD84 872 1611 1,8 14546 High
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Receptor
MFI 

not co-cultured T cells

MFI 

co-cultured T cells

Ratio MFI 

not co-cultured T cells 

to co-cultured T cells

MFI not co-cultured 

M2 macrophages
Expression level on M2 cells

CD85 27,6 91,2 3,3 33286 High

buffer 28 19,5 0,7 425 Low

CD86 34,1 74 2,2 8633 High

CD87 32,9 42,6 1,3 966 Low

CD88 72,7 110 1,5 2312 Low

CD89 24,7 38,2 1,5 3765 Medium

CD90 64,5 73,6 1,1 700 Low

CD91 33,7 43,2 1,3 2442 Medium

CDw93 32,2 29,9 0,9 2280 Low

CD94 37,6 24,7 0,7 840 Low

CD95 2501 3830 1,5 3566 Medium

CD97 509 1779 3,5 9996 High

CD98 2493 3774 1,5 22768 High

CD99 12392 12279 1,0 23500 High

CD99R 804 572 0,7 1532 Low

CD100 3604 4609 1,3 1624 Low

CD102 13303 12481 0,9 3730 Medium

CD103 80,5 72,6 0,9 1385 Low

CD105 50,4 62,7 1,2 8600 High

CD106 28,8 45,5 1,6 1310 Low

CD107a 122 263 2,2 3534 Medium

CD107b 46,3 64,9 1,4 2532 Medium

CD108 38 38,8 1,0 2218 Low

CD109 43,3 42,8 1,0 2276 Low

CD112 38,9 27,3 0,7 4545 Medium

CD114 29,5 27,1 0,9 1282 Low

CD116 126 44,8 0,4 947 Low

CD117 61,6 36,4 0,6 2303 Low

CD118 38,1 28,1 0,7 1085 Low

CD119 222 300 1,4 6082 High

CD120a 82,6 111 1,3 3865 Medium

CD121a 27 20,3 0,7 1954 Low

CD121b 43 44,1 1,0 2245 Low

CD122 184 91,6 0,5 1368 Low

CD123 25,3 43,4 1,7 3524 Medium

CD124 207 70 0,3 2056 Low

CD126 696 254 0,4 1226 Low

CD127 2209 1132 0,5 1124 Low

CD128b 221 42,5 0,2 1262 low

CD130 420 347 0,8 2776 Medium

CD134 84,1 219 2,6 2603 Medium

CD135 39,5 38,2 1,0 1751 Low

CD137 34,4 57,4 1,7 2171 Low

CD137 Ligand 25,2 31,5 1,2 3277 Medium

CD138 40,1 31,1 0,8 1370 Low

CD140a 51,6 47,6 0,9 2154 Low

CD140b 34,4 27,8 0,8 2774 Medium
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Receptor
MFI 

not co-cultured T cells

MFI 

co-cultured T cells

Ratio MFI 

not co-cultured T cells 

to co-cultured T cells

MFI not co-cultured 

M2 macrophages
Expression level on M2 cells

CD141 38,5 59 1,5 15464 High

CD142 34,3 34,7 1,0 2943 Medium

CD144 28,5 33,9 1,2 1152 Low

CD146 101 108 1,1 1255 Low

CD147 3374 5613 1,7 32916 High

CD150 264 309 1,2 2274 Low

CD151 3201 5135 1,6 10530 High

CD152 55,6 61 1,1 4470 Medium

CD153 43,8 42,3 1,0 3038 Medium

CD154 156 80,3 0,5 2153 Low

CD158a 211 48,8 0,2 693 Low

CD158b 46,5 47 1,0 2946 Medium

CD161 354 391 1,1 1153 Low

CD162 13440 10646 0,8 1759 Low

CD163 46,2 47,4 1,0 14048 High

CD164 558 1019 1,8 4015 Medium

CD165 192 316 1,6 2224 Low

CD166 123 128 1,0 8168 High

CD171 46 62,1 1,4 2533 Medium

CD172b 28,1 21,9 0,8 2458 Medium

CD177 65,1 53 0,8 1458 Low

CD178 31,7 29,5 0,9 1131 Low

CD180 67,4 72,2 1,1 5118 Medium

CD181 44,4 59,7 1,3 3200 Medium

CD183 1365 677 0,5 1298 Low

CD184 7397 14153 1,9 3161 Medium

CD193 57,3 75,2 1,3 1370 Low

CD195 125 395 3,2 7018 High

CD196 433 1175 2,7 1375 Low

CD197 687 590 0,9 730 Low

CD200 420 511 1,2 1464 Low

CD205 2987 4731 1,6 4903 Medium

CD206 29,8 50,1 1,7 11254 High

CD209 31,5 195 6,2 66385 High

CD220 36,5 49,5 1,4 1654 Low

CD221 190 220 1,2 1083 Low

CD226 1834 5380 2,9 2712 Medium

CD227 74 165 2,2 2773 Medium

CD229 1971 1169 0,6 1404 Low

CD231 32,9 46,4 1,4 832 Low

CD235a 58,2 46,8 0,8 1925 Low

CD243 93,1 62,2 0,7 2004 Low

CD244 40,4 60,3 1,5 1618 Low

CD255 35,2 35,3 1,0 618 Low

CD268 268 149 0,6 1412 Low

CD271 43,2 30,5 0,7 1639 Low

CD273 59,8 121 2,0 4610 Medium
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Receptor
MFI 

not co-cultured T cells

MFI 

co-cultured T cells

Ratio MFI 

not co-cultured T cells 

to co-cultured T cells

MFI not co-cultured 

M2 macrophages
Expression level on M2 cells

CD274 179 312 1,7 10053 High

CD275 56,1 42,6 0,8 8584 High

CD278 86,9 108 1,2 729 Low

buffer 26,2 23,3 0,9 498 Low

CD279 140 232 1,7 1444 Low

CD282 28,9 28,8 1,0 4486 Medium

CD305 1233 1452 1,2 12943 High

CD309 25 32,6 1,3 1201 Low

CD314 36,6 41,2 1,1 952 Low

CD321 2645 3283 1,2 9056 High

CDw327 29,4 59,3 2,0 791 Low

CDw328 24,3 35,7 1,5 5453 Medium

CD329 45,1 41 0,9 5762 Medium

CD335 34,3 35,1 1,0 864 Low

CD336 20,6 28 1,4 639 Low

CD337 41,7 35,6 0,9 1043 Low

CD338 31,4 48 1,5 2835 Medium

CD304 33,4 22,7 0,7 1623 Low

αβTCR 5301 6417 1,2 1583 Low

β2-microglobulin 18034 22553 1,3 23551 High

BLLTR-1 44 35,8 0,8 2343 Medium

CLIP 39,5 79,2 2,0 2939 Medium

CMRF-44 170 37 0,2 835 Low

CMRF-56 34,5 34,3 1,0 2336 Medium

EGF Receptor 39,1 32,9 0,8 2623 Medium

fMLP receptor 28,3 37,5 1,3 1687 Low

γδTCR 26,8 17,9 0,7 1253 Low

HPC 246 143 0,6 6559 High

HLA-A,B,C 26309 26357 1,0 38238 High

HLA-A2 22881 25760 1,1 45494 High

HLA-DQ 39,9 94,7 2,4 8021 High

HLA-DR 140 817 5,8 67940 High

HLA-DR, DP,DQ 306 1072 3,5 60783 High

Invariant NKT 46,3 35,1 0,8 1320 Low

Dsialoganglioside GD2 29,7 39,5 1,3 2647 Medium

MIC A/B 50,9 55 1,1 2312 Low

NKB1 31,8 35 1,1 1268 Low

SSEA-1 223 56,6 0,3 676 Low

SSEA-4 263 201 0,8 2015 Low

TRA-1-60 138 32,2 0,2 716 Low

TRA-1-81 148 75,6 0,5 883 Low

Vβ 23 89,8 115 1,3 1768 Low

Vβ 8 1347 1263 0,9 3081 Medium

CD326 41,5 23,4 0,6 1512 Low
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Supplemental figure 7 │ Knockout confirmation of CXCR4 in CD4 T cells and transfer of CXCR4 and CCR5 to CD4 

T cells.  

A, KO confirmation: CXCR4 levels on WT (left panel) and CXCR4 KO (right panel) CD4 T cells were quantified with flow 

cytometry 7 days after RNP nucleofection. One out of three donors shown. Cells used in experiment described in legend 

of Figure 18A, p.65. B, C, transfer levels of CXCR4 (B) to CD4 T cells (described in A) or transfer levels of CCR5 (B) to 

primary CD4 T cells in experiment described in legend Figure 18A, p.54. Mean ± s.e.m. is shown (n = 3). Asterisks indicate 

statistical significance by two-way ANOVA. P values were corrected for multiple comparison (Tukey). **P ≤0.01; ***P 

≤0.001. 
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Supplemental figure 8 │ Expression levels of CD32 on CD4 T cells 24 h post nucelofection with expression vector.  

CD32B levels were analyzed 24 h post nucleofection with empty vector of CD32B expression vector.  Two representative 

donors shown, cells used in experiment described in legend of Figure 21C, p.68. 

 

 

Supplemental figure 9 │Flow cytometric staining for heparan sulfat on HeLa cells and CD4 T cells.  

A, HeLa cells were digested with Heparinase I/II/III (HS) and chondroitinase ABC (Ch) as in experiment described in 

legend of Figure 28 or left untreated. Subsequently the cells were stained for heparan sulfate and analyzed by flow cy-

tometry, gating according to the staining with isotype control.  B, CD4 T cells were co-cultured with M2 macrophages as 

described in Figure 16 and subsequently stained for heparan sulfate as described in (A). One representative donor shown.  
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