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After an infection event, the Human immunodeficiency virus (HIV) can rapidly seed at its initial 

contact zone within few days leading to systemic spread in the whole body. It is the 

combination of high propagation rates and the error-prone viral replication that drives a rapid 

viral evolution and evasion of an effective immune response. Modern combination HIV 

therapy can impede such a continuous adaptation of the virus through sustained virus 

suppression. However, the very rapid return of replicating virus in the blood upon stop of 

therapy, is a most obvious indicator of active or activatable “sanctuaries”. Lymphoid tissues 

and especially the gut associated lymphatic tissue (GALT) play key roles in viral persistence. In 

order to infect the main target, CD4-positive cells, HIV needs to bind a chemokine receptor, 

either CCR5 or CXCR4, prior to fusing with its target cell. During early periods of the infection, 

the virus predominantly uses CCR5. In the untreated host, about 50% of patients experience 

a shift to a dominance of CXCR4-tropic (X4) viruses, associated with higher CD4 depletion rates 

and an accelerated disease progression. In contrast, under successful therapy CXCR4 tropism 

does not increase over time but rather seems to become actively eliminated. To address this 

somewhat unexpected observation, peripheral blood mononuclear cells (PBMCs) were used 

to assess their contribution to the viral reservoir. The aim was to identify predictive properties 

of those “circulating cells”, which have the capacity to carry (viral) information from the 

periphery to distant site of persistence for understanding the dynamics of HIV infections 

during early treatment periods. For single cell immune characterization, a new methodology 

called GERDA (Gag and Envelope Reactivation Detection Assay) was established and validated 

by genetic and functional reservoir assays to find potential infectious cells. To dissect the 

contribution of cellular reservoirs, viral activity was measured on the level of DNA, RNA and 

protein. It confirmed that intracellular viral activity quickly declines after initiation of ART. 

Furthermore, most peripheral cells did not show high viral gene activity in the cytoplasm 

despite detectable plasma viral load and even when sampling right after diagnosis. This 

strongly suggests that the main active reservoir remains outside the periphery. In all patients 

of the study, the dominating virus variant at time of diagnosis was also found inside cells in 

the form of integrated viral genomes and did not change in the first months of therapy. For 

individuals with signs of ongoing viral activity, most actively replicating viruses were found in 

central memory cells, i.e. lymphoid homing cells and not in gut homing cells.  

Overall, this study introduces a new concept of reservoir characterization using PBMCs in 

circulating blood for identifying by use of “homing markers” crucial body compartments and 



Abstract 

18 

actively infected cell populations that will help to explain residing viral activity and potential 

obstacles for the eradication of HIV and towards a cure. 
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VI.1. Introduction to the study: Viral control of CXCR4 under suppressive Therapy 

HIV viruses can be categorized in two groups based on which co-receptor they use to fuse with 

their CD4 target cells: either CCR5 binding (R5-tropic) 1–3 or CXCR4 binding (X4-tropic) 4. In the 

acute phase of an infection HIV positive individuals have predominantly R5 tropic viruses in 

their circulation 5,6. It is also in the acute infection phase where the virus spreads in the whole 

body to establish its viral reservoir especially in lymphoid tissues like lymph nodes (LNs) 7 or 

the gut associated lymphoid tissue (GALT) 8,9, where the virus deprives CD4 populations that 

cannot be fully replenished. In 50% of therapy naïve HIV positive individuals X4 tropic viruses 

arise later in disease, concomitantly with dropping CD4+ cells and progression to AIDS 10,11. 

Thus X4 tropic viruses were associated with faster disease progression, along with higher 

replication rates and higher cytopathic effects 12–14. However, a direct causal link could not be 

established, so that it remained largely unclear if the X4-tropic viruses in untreated individuals 

caused the immunological deterioration or if they were rather the result of a broken immune 

response. Today modern effective antiretroviral therapy (ART) can effectively restore immune 

competence by repressing viral replication. (more details are specified in VI.3. Background). 

A study by Kaufmann and co-workers observed for a group of HIV positive individuals only 

a slow and partial CD4 cell recovery despite suppressive ART, suggesting incomplete response. 

The only predictive clinical parameters for these findings were higher age at time of infection 

and advanced disease status at diagnosis 15. Since X4 tropism is associated with faster disease 

progression Bader et al found that 60% of these incomplete responders were X4-tropic at 

therapy initiation. Moreover 71.4% of the study group had unexpectedly changed their 

proviral tropism from baseline X4- to R5-tropic, after 5 years on suppressive therapy 16. These 

results were further supported by a subsequent Next Generation Sequencing (NGS) study of 

HIV positive individuals with fully suppressive ART and continuous recovering CD4 counts 

showing that 80% of individuals had no increasing but rather diminished levels of X4 tropic 

proviral populations 17. So are X4-tropic viruses really the herald of faster disease progression? 

Another line of evidence against this statement came from the MOTIVATE study, that 

evaluated the efficacy of Maraviroc, a CCR5 antagonizing drug, in patients with a failing 

selvage therapy that presented at the beginning as CCR5 tropic 18,19. For most patients the 

drug outperformed the optimized backbone therapy, but a minor proportion of patients failed 

reflected by increasing viral loads. It turned out that for all failing patients the rebounding 

virus was dual- or mixed (DM) tropic. 20,21 Maraviroc patients defined as “failing” as per the 
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study protocol were shifted back to the optimized backbone therapy, which led to the tropism 

again changing back from DM-tropic to R5-tropic, indicative for a superior role of R5-tropic 

viruses. The predominance of CCR5 was also described in case studies during early infection 

after needle stick accidents and vertical transmission, reporting that an initial dominating X4-

tropic infection reverted back to a R5-tropic dominated population 22–24. 

Putting all these results into perspective these findings suggest that the persistence of X4-

tropic viruses must be inferior to R5-tropic viruses as most patient present as R5-tropic, while 

X4-tropic virus can only arise under immunocompromised condition. Further X4 seems to be 

readily detected and cleared in recovering patients. The central question is, what is the 

eliminating pressure? Are X4-tropic selectively cleared by the immune system or are these 

cells found in different compartments compared to R5 tropic counterparts? 

 

VI.2. Aim of the study 

Most diagnostic work on HIV utilizes blood as the most accessible and relevant compartment 

providing information about ongoing disease parameters or the dynamics and stability of the 

virus. It is evident that transiently circulating cells do not at all constitute a “homogeneous cell 

population” of cells from a single compartment or in permanent circulation but a rather 

complex mix of cells with distinct properties and different homing characteristics that are 

dynamically changing. Recent work by Bader et al found that Envelope properties of HIV 

correlate with immunologic recovery and disease outcome. In particular, effective 

combination therapy appears to facilitate a predominant control of CXCR4-tropic HIV 17. Based 

on this rather unexpected activity, this study aims at a detailed characterization of HIV inside 

the key T-cell populations during ART to identify critical lymphoid compartments responsible 

for the selective elimination of X4-tropic proviruses and cells.  
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VI.3. Background on HIV 

 

VI.3.1. HIV epidemiology 

“…the arrow of funds, medical expertise, research and experimentation with the Department 

of Health and Human Services, and its allies around the world, have aimed and fired at the 

disease AIDS, and has hit the target only two or three rings away from the bullseye itself. Here 

are the specifics: 

First, the probable cause of AIDS has been found --… 

Second, not only has the agent been identified, but a new process has been developed to mass 

produce this virus…Finally, we also believe that the new process will enable us to develop a 

vaccine to prevent AIDS in the future. We hope to have such a vaccine ready for testing in 

approximately two years.” – Margareth Heckler, U.S. Health and Human Services Secretary, 

Press conference 1984 April 23rd. 25 

 
Today almost 40 years later, there is still no vaccine available to conquer the global spread of 

HIV. Since the start of the epidemic, approximately 75.7 million people became infected with 

HIV and 32.7 million have died from AIDS related illnesses. To date 38 million people globally 

are living with HIV, with 1.7 million new  infections annually and 690´000 AIDS related deaths 
26. However, with the discovery of antiretroviral (ARV) drugs against HIV, the former deadly 

disease is becoming controllable. The ambitious 90-90-90 goal of UNAIDS, which became 

effective after 2015 27, stating that by 2020, 90% of people living with HIV know their status, 

90% of diagnosed people are under antiretroviral therapy (ART), and 90% of treated 

individuals have a suppressed viral load (VL), was not achieved. The current global status is 

81-67-59, with 25.4 million people having had access to ART in 2019, a number which has 

more than tripled since 2010. Furthermore, countries like Switzerland or Eswatini have even 

surpassed the 95-95-95 goals. But despite of these success stories, there is still a long way to 

go in order to achieve the set targets, and a big discrepancy in the success of HIV prevention 

between countries must be noted, especially for countries of Sub-Saharan Africa compared to 

e.g. Europe 28. Therefore, as long as no effective vaccine is available, the current best remedy 

against new infections remains to be the concept of Treatment as prevention, that 

encompasses pre-exposure prophylaxis (PREP), post-exposure prophylaxis (PEP) or ART for 

HIV treatment for protecting the HIV negative population from vertical and horizontal 
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transmission. In order to prevent further spread of HIV and to keep the viral reservoir for each 

infected individual as limited as possible, initiating ART right after diagnosis (“Test and Treat”) 

is highly recommended 29,30. 

 

VI.3.2. HIV-1 essentials and tropism 

To achieve viral suppression, i.e. the last 90 of the UNAIDS 2020 goal, a lot of potent drugs 

have been developed in the last decades. For the development it was thus essential to 

understand a) how the virus infects target cells, b) how it replicates and c) which role the 

respective viral proteins have in the viral life cycle. 

HIV-1 is a 9.2 kb positive oriented single strand RNA ((+)ssRNA) Lentivirus that belongs to the 

family of Retroviridae. Its genome encodes for the structural proteins Gag (Matrix p17 , Capsid 

p24 and Nucleocapsid p7 and P6), Pol (Protease p12, Reverse Transcriptase p66/51 and 

Integrase p32) and Env (Envelope glycoprotein gp120 and gp41), and 2 additional regulatory 

proteins being Tat (transactivator of transcription p14), Rev (regulator of expression of virion 

proteins p19)  as well as 4 accessory proteins Nef (negative factor p27), Vif (viral infectivity 

factor p23), Vpr (virus protein r p15) and Vpu (viral protein U p16) as depicted in Figure 1. 

After viral entrance the (+)ssRNA is reverse transcribed into double stranded DNA , which is 

integrated by Integrase into the host genome. These integrated viral genomes are called 

proviruses. Viral transcription regulation is promoted by Tat and Rev, leading to temporal 

production of viral regulatory proteins, followed by viral accessory proteins, and finally viral 

structural and enzymatic precursor proteins. At the cellular surface, viral proteins are 

assembled, the nascent viral particle buds off and as a last step HIV Protease cleaves all 

structural proteins to have a fully mature and infectious virus 31. 

 

 

Figure 1. HIV-1 proviral genome map. All genes are organized according to the respective open reading frame. 
LTR: Long terminal repeat. MSD: major splice donor. Ψ: packaging signal. Adapted from R. Pollack et al 2017 32 

 
 

FIGURE 1 HIV-1 proviral genome organization 
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To infect a target cell HIV needs to bind to the CD4 receptor 33–35 and a co-receptor being 

either CCR5 (R5)1–3 or CXCR4 (X4) 4 in order to fuse with its target cell. Main target cells are 

primarily CD4+ T-cells 33,34, Macrophages 36,37 and Dendritic cells38,39. CCR5 as well as CXCR4 

are so called chemokine receptors that belong to the family of seven-transmembrane G-

protein coupled receptors (GPCR) and have important functions in cell migration 40. R5-tropic 

viruses are rather macrophage tropic with a non-syncytium inducing (NSI) 41 phenotype, 

whereas X4-tropic viruses mainly infect T-cells and are of syncytium inducing (SI) nature 42,43. 

Some viruses even have the ability to infect cells via both co-receptors being dual tropic 44 or 

come in a mix of different tropic viruses (mixed tropic). Embedded within the unbound viral 

Envelope Glycoprotein 120 (gp120) is the variable V3 loop, which is about 35 amino acids in 

length. Upon CD4 binding V3 is exposed and interacts with the co-receptor making it the major 

tropism determining factor 45. Especially positively charged residues at positions 11, 24 and 

25 are critical for X4 tropism assignment as well as loss of N-linked glycosylation sites 46,47. 

Currently the FDA has approved only one CCR5 antagonist called Maraviroc (Selzentry® Pfizer) 
48. The drug is only approved for patients that present as R5-tropic. Early phenotypical tropism 

determining assays, like the TROFILE assay 49, had the disadvantage of being very time 

consuming and labor intensive. Thus genotypic tropism algorithms like Geno2Pheno, which 

decide by a hierarchical decision tree if the circulating virus is rather R5 or X4 tropic based on 

the V3 sequence 50, have advanced tropism determination. 

 

VI.3.3. HIV-1 latency and the viral reservoir 

After the primary infection event in a newly infected person and the establishment of a 

founding population of viruses and virus-infected cells in various immune compartments, the 

proviral landscape begins to be dynamically shaped. It is formed by a number of critical 

contributors such as cell elimination driven by viral cytopathic effects 51,52 , a clonal expansion 

of HIV-target cells 53–56, homeostatic proliferation 57–59 or antigenic proliferation 60,61, and 

simultaneous selection pressure32,62–64 . Later, once a chronic infection situation is established, 

the main viral reservoir is primarily found in T-cell memory compartments harboring the 

highest percentage of intact proviral genomes with a mean half-life of 44 months 65,66. For T-

cell memory formation naïve T-cells (TN) need to encounter a cognate antigen to differentiate 

into effector cells that migrate to inflamed sites to clear the encountered pathogen. After 

antigen clearance a small proportion of these effector cells further differentiate into long-lived 
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memory cells. These memory cells include, from least to most differentiated, stem-cell-like 

memory (TSCM), central memory (TCM), transitional memory (TTM), effector memory (TEM), and 

finally terminal effector memory (TTE or TEMRA) cells as highlighted in Figure 2. Further, special 

T-cell subset include tissue resident memory cells (TRM) and follicular helper T-cells (TFH) 67. 

Many of these T-cell subsets have been proposed to be main viral reservoirs but the superior 

role of one subset compared to the other is controversial 57,68–73. These contradicting results 

are most likely due to the viral and host specific heterogeneities. Nevertheless one general 

observation is that TEM harbor most HIV integrations due to differentiation and enhanced 

proliferation rates of precursor subsets 69. 

 

 
Figure 2. T-cell memory differentiation. Progressive memory T-cell differentiation, from least (left) to most 
differentiated (right): naïve T-cells (TN), stem-cell-like memory (TSCM), central memory (TCM), transitional memory 
(TTM), effector memory (TEM), and finally terminal effector memory (TTE or TEMRA) cells. Each subset can be assigned 
by a characteristic marker expression profile listed below each subset. Physiological functions lost or gained 
through progressive differentiation of each memory class are highlighted in gradient bars at the bottom of the 
graph. Adapted from YD Mahnke et al 2013 67 

 

Most studies concerning the viral reservoir in these T-cell compartments have mainly focused 

on the peripheral blood, which according to most recent studies accounts for only 0.2% of all 

FIGURE 2 T-cell memory compartments 
 

The who's who of T-cell differentiation: Human memory T-cell subsets

European Journal of Immunology, Volume: 43, Issue: 11, Pages: 2797-2809, First published: 30 October 2013, DOI: (10.1002/eji.201343751) 
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virus 74. A lot of these insights were obtained from monkey infection studies with the simian 

immunodeficiency virus (SIV), which is a closely related genetic predecessor of HIV that had 

been transmitted from primates to human. The primary non-human infection model of choice 

is Rhesus Macaques (RMs) and other Asian non-human primates, which are non-natural SIV 

hosts that reflect the human pathogenesis with progression to AIDS. In stark contrast is the 

disease progression in the natural SIV host of African green monkeys (AGMs), which do not 

develop any AIDS like symptoms despite chronic active viral replication. The ultimate 

differences are not entirely clear but the main aspect concerns the control over chronic 

immune activation and inflammation 75. Thus, new insights of monkey studies revealed that 

especially tissues of lymphoid origin like Lymph nodes (LNs) or the gut associated lymphatic 

tissue (GALT) represent the most important sanctuaries for SIV and were also translatable to 

HIV 7,8,76.  

Especially the gut is one of HIV’s first targets hit during acute infection 8,9. Early viral 

replication disrupts the gut epithelium and causes a dysregulation of epithelial cell 

homeostasis leading to microbial translocation and consequently to chronic inflammation 
77,78. The gut homing marker Integrin 𝛼!𝛽" (A4B7) 79 plays a central role, as it actively binds 

HIV with high affinity and makes cells highly susceptible for HIV infection 80,81. This receptor is 

also over-proportionately present on membranes of virions during early infection 82 and is 

furthermore associated with HIV acquisition and disease progression outcome 83. Blocking of 

A4B7 in SIV infected monkeys lead to decreased susceptibility 84,85 or even viral control if 

combined with ART 86.  

An important role for homing to secondary lymphoid organs has been described for the 

receptors CD62L and CCR7 expressed on peripheral immune cells. Their expression permit 

these cells to bind to receptors of the high endothelial venules, where different Integrin 

families are also expressed and involved in binding of these circulating cells, inducing trans-

endothelial migration and eventually homing to Lymph nodes. 87,88  

A whole range of biomarkers has been linked to the persisting viral reservoir, among which 

CD32a is being discussed as prominent correlate 89, which is, however, still under debate 90–

93. For assessing the biomarker or cellular compartment contribution to “the true” viral 

reservoir in vivo, a plethora of assays that detect HIV DNA or RNA, viral proteins or 

extracellular viral products after viral outgrowth has been described (Figure 3). 94–98 However, 

one key limitation seems to be that ≥ 95% of all integrated proviral genomes appear to be 
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defective 70,99. Thus the ultimate measure to proof if a cure approach was successful is the 

controlled analytical treatment interruption (ATI), which nevertheless needs careful 

considerations to not avertable harm patients. 

 

VI.3.4. New concepts of HIV treatment and cure approaches 

In 2008 the Swiss statement 100 was released, which claimed that if HIV viral load (VL) durably 

remains below the detection limit in peripheral blood there is no risk of transmitting it to 

another HIV negative person by sexual intercourse. Until today this statement never got 

disproven 101,102. Based on these findings, four years later the approval of PREP, with a 

combination of nucleoside reverse-transcriptase inhibitors (NRTIs) called TRUVADA® 103 paved 

the way for a new era of HIV prevention. High risk groups have now a greatly reduced hazard 

to contract HIV if PREP is taken as recommended prior to high risk exposures 104. Even after 

risk exposure individuals have the option to use PEP within 72 h after potential exposition to 

HIV 105. One innovative new concept of PREP or ART is becoming the usage of long-acting 

injectables using a combination of a very potent integrase strand transfer inhibitor (INSTI) and 

a NRTI that have the benefit of a single injection every 2 months opposed to the daily intake 

of ARV pills. It is non-inferior as PREP (HIV Prevention Trial Network (HPTN) 083 106) and has 

Figure 3. HIV-1 reservoir quantification assays. Hemispheric representation of each molecular level of HIV 
reservoir detection. Each assay is highlighted in individual colors with respective detectable target, assay target, 
name of assay and estimated frequency detected per million CD4+ T cells. Adapted from SG Deeks at el 2016 165 

FIGURE 3 HIV-1 molecular reservoir  
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special implications for settings, where people do not have easy access to treatments like in 

rural areas of developing countries. 

Since 2009 another milestone in HIV treatment was set by the discovery of highly potent 

broadly neutralizing antibodies (bNAbs) 62,63,107–109. These bNAbs are found in 1% of HIV 

positive individuals, referred to as “elite neutralizer”, and possess the ability to recognize a 

wide range of viral strains and binding these viruses with very high potency 110. There are 

basically 5 epitopes for bNAbs to bind HIVs Envelope (Env) illustrated in Figure 4: the CD4 

binding site, V1/V2 variable loop (Apex), V3 stem (high mannose patch), gp41-gp120 interface 

and membrane proximal external region of gp41 (MPER). In comparison to conventional ARVs, 

bNAbs can not only bind and neutralize viruses, but due to their antibody structure, they 

possess an Fc (fragment crystallizable) region that can be bound by other Fc receptor (FcR) 

expressing immune cells like phagocytes or natural killer cells (NKCs). Once the Fc part is 

bound by these immune cells, they can elicit active killing on cells expressing HIV Env antigens 
111. What still remains very challenging though is that most infectious proviruses remain latent 

and their host cells will thus not be recognized and cleared by bNAbs. 

 FIGURE 4 bNAb epitope mapping 
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Figure 4. bNAb epitopes of HIV Envelope: Electron microscope illustration of individual bNAb epitopes and 
respective binding sites on the HIV Envelope trimer. Binding domains of exemplified bNabs are highlighted in 
respective colors. Adapted from DR Burton et al 2016 112 

 
HIV latency is governed by multiple mechanisms like the site of proviral DNA integration 53,54, 

epigenetic modifications such as histone acetylation/ methylation and chromatin remodeling 
113–115, cell intrinsic silencing responses 116 , impaired RNA transcription/splicing 117 or nuclear 

export 118. 

A plethora of different latency reverting agents (LRAs) have been studied, like epigenetic 

modifiers, NF𝜅B Agonists or T-cell receptor (TCR) activators to name only a few 119. All efforts 

to reactivate virus and quantitatively clear infected cells in a so called “kick and kill” approach 

have nevertheless failed up to now 120. 

Since the outbreak of the HIV endemic two successful cure approaches have been 

achieved by allogeneic hematopoietic stem-cell transplantation (HSCT) for the “Berlin” 121 and 

the “London” 122 patient, with the Dusseldorf patient likely becoming the third case 123. All 

patients were HIV positive and suffered from hematological malignancies. For the “Berlin” and 

“London” patient, two main features were observed that might be responsible for the cure 

success: a) both had a donor homozygous for CCR5-∆32, a very rare 32 base pair deletion in 

the CCR5 gene, causing the absence of CCR5 on the cell surface due to a protein truncation 

which is found in ~1% of the Caucasian population 124–126 (the Berlin patient had been 

heterozygous for the deletion) and b) both underwent graft versus host disease, indicating 

that the donor cells might have actively eliminated all remaining host cells 127. Newest insights 

of a cohort of transplanted HIV positive individuals showed that especially after 

transplantation enhanced CD4 activation and anti-HIV CD8 responses can be detected, 

suggesting that it is very important to maintain ART after HSCT to avoid reseeding of the viral 

reservoir 128. 

However, this intervention will not be an option for HIV positive individuals that harbor 

X4- or dual-tropic viruses, which do not exclusively rely on CCR5 co-receptor for cell fusion 
129,130, as it was the case for the Essen patient 131. Further, the manipulation is of high risk for 

a person’s health and can thus only be performed for HIV positive individuals suffering from 

malignancies that strictly require a HSCT. 

Thus, future cure approaches need to address, where to find intact virus and how to target 

both R5- and X4-tropic viruses. 
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VII.1. Patient characteristics 

Overall, 25 patients were enrolled for all experiments. Most of the participants were male (88 

%), most of them being MSM (48 %), with a median age of 53 years, and 88 % were of white 

ethnicity. The median age at infection was 41 years with a median infection duration of 165 

months. Baseline CD4 count was 433 cells/µL, corresponding to a median of 23% CD4+ 

Lymphocytes and a median ∆CD4 of 449, with a median HIV VL of 4.5 log 10 copies/mL. Baseline 

CD8 count was 892 cells/µL, corresponding to a median of 53% CD8+ Lymphocytes. Baseline 

characteristics and characteristics for each individual experimental group are summarized in 

Table 1. 
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Table 1. Characteristics of patients at Baseline. Data are shown for all relevant experiments done for this 
project, wih subdivision for each approach. Delta CD4 is the absolute difference between lowest CD4 count and 
current CD4 count. Other encompasses all risk groups which are not separately defined like transgender or 
bisexuality. SD: standard deviation, IQR: interquartile range, MSM: men who have sex with men 

   All 
patients 

 Cell 
expansion 

 pre-ART  MACS  GERDA 

   (n=25)  (n=4)  (n=4)  (n=8)  (n=9) 

Characteristic           

Sex            
 Male  22 (88)  4 (100)  2 (50)  7 (87.5)  9 (100) 
 Female  3 (12)    2 (50)  1 (12.5)   

Age, median years ± SD 53 ± 13.4  53 ± 7.4  68.5 ± 9.9  55 ± 10.6  44 ± 8.9 
Ethnicity           

 White  22 (88)  4 (100)  3 (75)  6 (75)  9 (100) 
 Black  1 (4)      1 (12.5)   
 Hispanic  2 (8)    1 (25)  1 (12.5)   

Risk group           
 MSM  12 (48)  2 (50)  1 (25)  5 (62.5)  4 (44.4) 
 Heterosexual 8 (32)    3 (75)  3 (37.5)  2 (22.2) 
 Unknown  2 (8)        2 (22.2) 
 Other  3 (12)  2 (50)      1 (11.1) 

Age at Infection,  
41 ± 9.8 

 
36.5 ± 4.7 

 
54 ± 12.6 

 
39 ± 8.4 

 
42.0 ± 9.5  median years ± SD     

Duration of Infection, 
165 ± 117.4 

 
224.5 ± 82.0 

 
185.5 ± 39.3 

 
270 ± 107.5 

 
9 ± 71.1  median months ± 

SD 
    

Baseline HIV RNA load 
(IQR) 4.5 (4.2-4.8) 

 
4.2 (3.8-4.5) 

 
4.3(4.2-4.4) 

 
4.7(4.3-5.0) 

 
4.5(4.3-5.0) 

 log10 copies/mL     

Delta CD4 T-cell count 449 (258-
644) 

 451 (401-
673) 

 523 (387-
798) 

 647 (568-
1132) 

 183 (46- 
274)  Cells/µL      

Baseline CD4 T-cell count 
(IQR), 433 (304-

523) 

 515 (397.5-
594.3) 

 425 (297.3-
521.5) 

 395 (292.5-
580.8) 

 412 (304-
511)  cells/µL      

Baseline % CD4+ 
Lymphocytes (IQR) 23 (16-28)  27 (21.3-

31.5) 
 24.7 (21.5-

29.8) 
 20.5 (11.3-

24.8) 
 23.2 (16-27) 

Baseline CD8 T-cell count 
(IQR), 892 (740-

1156) 

 777 (660-
858) 

 743.5 (533.8-
958) 

 933.5 (725-
1183.8) 

 1019 (772-
1203)  cells/µL      

Baseline % CD8+ 
Lymphocytes (IQR) 53 (45.3-64)  53 (42.8-

63.3) 
 53.2 (41.7-

62.3) 
 52 (45.5-64.5)  53 (46.6-64) 
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VII.2. MACS sorts on chronically infected SHCS samples 

To get a first impression which lymphoid homing cells are more enriched for HIV DNA, 

arbitrarily chosen HIV-positive patient samples of peripheral blood from the Swiss HIV Cohort 

Study (SHCS) were separated by magnetic activated cell sorting (MACS). Cells were sorted in 

3 subsequent selection steps: first irrelevant cytotoxic T-cells (CD8) and B-cells (CD19) were 

depleted and CD8-CD19- fractions were subdivided in CD4+ and CD4- cells. Both subdivided 

fractions were either selected for Integrin 𝛽" (gut homing) or CCR7 (lymph node homing). As 

shown in Supp. Figure 1 most fractions expressed the intended markers after enrichment. 

CD4+ cells were eliminated with an efficiency of 96% so that the CD8+CD19+ fractions only 

contained traces of CD4+ cells. This is also reflected in lower proviral loads compared to pre-

sort conditions on the group and individual levels (Figure 5, 6). Integrin 𝛽" (gut homing) was 

chosen as surrogate antibody for Integrin 𝛼!𝛽"  since Integrin 𝛼!𝛽#  is mainly expressed in 

tissues and not in the periphery 132. Only fraction 𝛽"+CD4+CD8-CD19- yielded for all examined 

HIV positive individuals a proviral readout. This reading was for all tested candidates higher 

than the pre-separation condition, on an individual as well as fraction level (Figure 5, median 

7897, vs 1219 p= 0.065, 95% CI [-0.066, 1.219]). Looking at CCR7 (Lymphoid/Lymph node 

homing) selected fractions the conditions with CCR7+CD4+CD8-CD19- (Figure 6, median 

3664.5, p = 0.028, 95% CI [0.232, 2.071]) and CCR7-CD4+CD8-CD19- (Figure 6, median 6686, 

p= 0.173, 95% CI [-7382.253, 26028.753]) phenotypes demonstrate increased proviral levels 

compared to pre-sort conditions (median 341.5). For CCR7 as well as for Integrin 𝛽"  no 

individual major fraction with highest proviral loads could be identified for any of the tested 

individuals. Furthermore, CD4 positive fractions have increased proviral loads compared to 

CD4 negative fractions, where proviruses can hardly be detected. Of note: The CD4-negative 

fraction should also include those cells, in which the HIV infection had led to a down-

modulation of the CD4-receptor, which can be linked to the action of viral regulatory proteins 

Vpu 133 and Nef 134. 
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Figure 5. Proviral load of Integrin 𝛽" MACS selected PBMCs. Proviral loads are given as HIV DNA per 10E6 cells 
on the Y-axis. X-axis depicts identifier for each tested fraction. For comparison pre-sorted and CD4 depleted 
fractions are included. Patient IDs are given in Legend next to box plots 

 

Figure 6. Proviral load of CCR7 MACS selected PBMCs. Proviral loads are given as HIV DNA per 10E6 cells on the 
Y-axis. X-axis depicts identifier for each tested fraction. For comparison pre-sorted and CD4 depleted fractions 
are included. Patient IDs are given in Legend next to box plots. Significant difference between fractions are 
indicated with p-value.  
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VII.3. FACS on fixed chronically infected SHCS samples 

As the possible application range of consecutive selection steps for MACS was exhausted, 

further analysis were done by fluorescence-activated cell sorting/scanning (FACS) to widen 

the marker repertoire and to deepen the complexity and quality of the cell analysis. 

Cell sorts of fixed PBMCs from chronically infected HIV positive individuals failed to retain 

representative proviral loads of distinct cell compartments like Integrin 𝛽"+ memory cells or 

CCR7+ central memory cells (TCM). This is linked to DNA shearing and loss of genetic material 

by fixative that needed to be added for Biosafety reasons (data not shown). Nevertheless, 

further analyses revealed that on average 95% of CD4+ Integrin𝛽"+ memory cells also co-

express CCR7 (n=4, data not shown). Vice versa only 18% co-express Integrin 𝛽" on TCM (n=4, 

data not shown). FACS sorts also unveiled that only 5% of CD4+ T-cells from peripheral blood 

are Integrin 𝛽"+ memory cells which was also reported by others 83. Hence further analysis 

would need higher volumes of blood to have a representative number of gut homing 

(memory) cells. Thus, to test if cell numbers can be propagated to a sufficient extent while 

retaining the original cell properties, bulk HIV neg PBMCs were stimulated for cellular 

expansion. Table 2 A-C highlights the marker alterations over 7 days. Elevated expression 

levels of the activation marker CD25 and diluted detection of the cell division marker 

Carboxyfluorescein succinimidyl ester (CFSE) corroborate successful expansion of bulk PBMCs. 

In comparison to the baseline FACS profile some markers, like CD3 or CD127 kept their relative 

contribution, whereas most other markers changed quite drastically, like CD45RA (important 

for naïve/memory compartment allocation) or Integrin 𝛽" (gut homing). 
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Table 2. Marker expression after cell expansion for HIV negative PBMCs. A: Day 1 post stimulation marker profile. 
B: Day 3 post stimulation marker profile. C: Day 7 post stimulation marker profile (note: CD28 was not stained 
here). For all timepoints baseline marker profile was included for comparison (CD8 stain was not examined here). 
All markers are shown as percentage of Live Lymphocytes. To see individual differences among stimulation 
conditions, rows were highlighted with heatmap colors ranging from low (blue) to high (yellow) expression. 
Group mean and SD (standard deviation) are depicted at the bottom of each column. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, the stimulation potency of PHA versus T-cell receptor stimulating antibodies (CD3, 

CD28 and CD2) could be directly compared. PHA and the antibody cocktail of STEMCELL® 

Technologies had the fastest activation kinetics based on CD25 upregulation and CFSE 

dilution. However, it should be noted that excessive CD3/CD28 activation antibodies occupy 

CD3/CD28 epitopes, which cannot be bound by fluorescent CD3/CD28 staining antibodies as 

seen for Table 2 A, B and Table 3 A, B. The antibody system of Miltenyi Biotec had a distorted 

CFSE stain and only moderate activation kinetics. Therefore, the Miltenyi system was excluded 

for further experiments. 

To rule out that HIV reactivation might have an impact on marker expression, PBMCs of 4 

HIV positive individuals were also expanded for 7 days. Like for HIV negative samples baseline 
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and day 3 samples were almost identical. But for expansions for up to one week, markers like 

CD4, CD8, CD127, Integrin B7 and CCR7 had changed significantly. 

Table 3. Marker expression after cell expansion for HIV positive PBMCs. A: Baseline marker profile. B: Day 3 post 
stimulation marker profile. C: Day 7 post stimulation marker profile. All markers are shown as percentage of Live 
Lymphocytes. To see individual differences among stimulation conditions, rows were highlighted with heatmap 
colors ranging from blue (low) to yellow (high) expression. Group mean and SD (standard deviation) are depicted 
at the bottom of each column. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
The FACS profiles of the expanded cell cultures provided fundamental information about 

receptor kinetics during cellular stimulation and further allowed to clarify which stimulant to 

use to optimize culture conditions for upcoming cell stimulation experiments. 
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VII.4. Establishment of the GERDA methodology 

Extensive expansion (≥ 7 days) showed for some markers quite drastic changes, while short 

stimulation intervals (< 2 days) of cells did not significantly affect the marker landscape too 

much. Based on the issues with viral reservoir detection methods mentioned in IV.3.3. 

introductory Figure 3, a method termed GERDA (Gag and Envelope Reactivation Detection 

Assay) able to precisely detect what is referred to as “the real viral reservoir” was established 

by assessing immunological, viral and lymphoid homing markers of circulating blood cells 

(Supp. Fig. 2). Most currently available assay systems detect either viral transcription products 

or a single HIV-1 protein (mostly p24 Gag), which leads to the sensitive determination of cells 

that might contain intact proviruses while these assays also lack the ability to exclude 

defective proviruses, i.e. those carrying besides others large internal deletions, inversions or 

APOBEC3G/F-mediated hypermutations. The objective of the newly established GERDA 

approach described here, is to shortly (36h) stimulate CD4 pre-selected cells, which 

subsequently reactivates dormant proviruses that can than start to produce viral proteins. To 

allow for an accurate approximation of “the real viral reservoir” in PBMCs detection of 

intracellular (IC) HIV-1 Gag expression was combined with extracellular (EC) HIV-1 Envelope 

presentation by using highly potent and broadly neutralizing antibodies. Herein the Gag 

detection allows to judge if cells are able to produce particles, while Envelope will further 

allow to address if these released virions possess the viral Env-spikes as indicator for 

infectivity. 

Supp. Fig. 2 highlights the principal workflow. It requires a lower number of input cells and 

less hands-on time compared to other FACS techniques 97,135. Furthermore, a semi-automated 

computational analysis approach was used to minimize the bias in data interpretation. For 

validating the staining procedure, it was first tested if in a mix of HIV-positive and -negative 

cells each population can be identified. For this, chronically infected (HUT4-3 136) cells were 

serial diluted in uninfected Lymphocytes (SupT1) at predefined concentrations in log steps. 

Cells were co-stained with CD4, gating the CD4-negative HUT4-3 and CD4-positive SupT1 cells 

(depicted in Supp. Fig. 3 A, B, Supp. Fig. 4 D, E). As shown in Figure 7 A, cells gated as HUT4-3 

localized as distinct, HIV Gag and Env double positive (DP) population in green in the second 

quadrant (Q2) of the Contour plot, while uninfected SupT1 cells located to the double negative 

(DN) quadrant Q4, in cyan. Gag and Envelope expression showed a high correlation (R=0.66, 

p<2.2X10-16, Supp. Fig. 3 C).  



Results 

39 

 

 

 
Figure 7. GERDA staining establishment. A: HIV Gag / Env staining on a mixed pool of infected (HUT4-3: green) 
and uninfected (SupT1: cyan) cells. B: HIV Gag/Env staining of infected CD4+ T-cells (red) in comparison to 
unstained (black) and uninfected (grey) controls. C: CD4 expression heatmap of HUT4-3 virus infected CD4+ T-
cells. D: X-Gal assay of viral supernatant from infectious CD4+ PBMCs 6 dpi examined in Fig.7 B. Blue cells show 
individual infection events. 
 
Next either SupT1 cells or PHA-pre-stimulated, HIV negative PBMCs were used for infection 

with several cell-free HIV-1 strains: NL4-3_X4, LAI_X4, Ala-1_X4, Mal-2_R5 to cover various 

HIV-1 subtypes and tropisms as indicated. To verify that DP cells permit the production of 

infectious viral particles, culture supernatant containing maturated viruses from infected cells, 

was then applied to SX-R5 137 indicator cells with a highly sensitive HIV LTR promoter-

dependent X-Gal readout. As illustrated in Figure 7 B and Supp. Fig. 5 A, the infections of either 

cell type yielded the expected levels of double positive cells for all HIV subtypes and of X4- or 

R5-tropism (Supp figures 5 M-R). The LTR-driven blue staining of cells in the X-Gal assay 

confirms the presence of intact and infectious virus particle progeny (Fig 7 D; Supp Fig. 5 E, J, 

O, Q, R). Of note, in all DP cells CD4 expression became downmodulated (Fig. 7 C; Supp. Fig. 

5B ), in contrast to the uninfected controls (Supp. Fig. 5 I, N), attributable e.g. to the action of 

viral Vpu 133 and Nef 134.  

FIGURE 7 GERDA establishment  
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Figure 8. GERDA sensitivity. Titration of infected HUT4-3 cells into uninfected SupT1 cells. A: Gag vs Env 
expression plots of log dilutions. Intermediate Gag events are boxed. Respective conditions are labelled on top 
of graph. B: X-Gal staining of respective titration steps. Blue cells show individual infection events. C: Table of 
quantities and percentage of HIV Gag+, HIV Gag+Env+ or HIV Gag+Env- events detected. D: Linearity of detection 
for HIV Gag+, HIV Gag+Env+ or combination of HIV Gag+Env+ and HIV Gag+Env-CD4- (potential HUT4-3) events. 

FIGURE 8 Sensitivity of the GERDA system 
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As further demonstration of the robustness of the SXR5 readout system, a comparison 

with the international standard TZM-bl cell line (Tranzyme Inc., Birmingham, Ala. (X. Wu et al., 

unpublished data)) revealed an excellent correlation (Supp Fig. 5 F, K). For evaluating assay 

sensitivity and specificity, a precisely defined number of infected HUT4-3 cells was spiked into 

uninfected SupT1 cells (Fig 8 A, B). Half of the cells were either used for GERDA or for X-Gal 

staining. Co-staining demonstrated a very consistent detection down to 16 copies shown in 

Figure 8 C (Gag+Env+ detected 6/106, R2 0.998; Gag+ detected 19/106, R2 1), confirming high 

sensitivity of the GERDA system ready to be tested on HIV positive samples. 

 

VII.4.1. Immune characterization of recently diagnosed HIV patients 

It has been shown that cells circulating in the peripheral blood possess different properties 

and can transiently originate from distant compartments and immunological organs 
67,74,79,87,88. To examine the viral reservoir in peripheral blood, it was aimed at determining the 

identity of infected cells by determining immunological, viral and lymphoid homing markers 

of circulating cells in venous blood. For clearer presentation of multi-dimensional data sets t-

distributed stochastic neighbor embedding (t-SNE) 138,139 and Density-Based Spatial Clustering 

of Applications with Noise (DBSCAN) 140 were introduced for DP infectious cell cluster 

identification. t-SNE reduces high dimensional data into two-dimensional t-SNE space and 

clusters all cells that have very similar properties, i.e marker composition, close to each other 

in reduced 2D space. For more refined clustering DBSCAN identifies further sub clusters inside 

2D t-SNE space. To compare the validity of the GERDA system, it was compared to proviral 

loads as a crude estimate of the viral reservoir as well as HIV poly-adenylated transcripts (poly-

A) as proxy for completion of transcription/protein translation. 

Utilizing the sensitive GERDA method cryo-preserved PBMC of pre-ART samples from HIV-

infected individuals were analyzed. Control experiments with Isotype controls (Supp. Fig. 6 A, 

B) and uninfected controls (Supp. Fig. 6 M) were used to set Gag/Env thresholds. Due to low 

cell counts, samples were pooled and barcoded from several individuals who presented with 

high proviral loads at an early time point during therapy 17,141 to have a more comprehensive 

analysis. As illustrated in Fig. 9 A, as little as ~70 infected cells per 10E6 CD3+ viable CD4 T-

cells were detectable, with significant correlation of Gag and Env signals (R=0.34, p=0.017, 

Supp Fig. 6 D). Marker profiles of biologically relevant identified clusters are shown in Supp. 

Figure 7 H-K, summarized by a heatmap in Supp Fig 6 L. DBSCAN identified DP clusters of 
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different differentiation status (cluster 386: TCM, cluster 189, 153 & 97: TN, cluster 141: TEM) 

with differential CD4 expression levels, higher degrees of exhaustion (PD1+) and gut homing 

potential (Integrin 𝛽"+). This finding is well in line with classical gating (Supp Fig. 6 C). Due to 

lower cell recovery from cyro-preserved specimens, the starting material was at first scaled 

up and higher volumes of fresh blood from patients diagnosed within 6-18 months were 

examined but did not show any viral activities after stimulation (see Patient P01 in Table 4 as 

example). Thus, sample selection was shifted to recently diagnosed (1-4 weeks), consenting 

individuals, anticipating a higher proportion of circulating cells with enhanced viral activity in 

this patient group. In line with proviral load and poly-A HIV transcripts (4’412 /10E6 PBMCs 

and 85’033/10E6 PBMCs, respectively, Table 4) the highest number of Gag+ (480/10E6 CD3+ 

viable CD4 T-cells) and Gag+Env+ DP cells (140/10E6 CD3+ viable CD4 T-cells) was found for 

individual P03, as shown in Figure 9 B, and DP cells show a close correlation for both markers 

(R=0.44, p=0.14X10-11, Supp. Fig. 6 P). Using dimension reduction and unbiased clustering (Fig 

9 D, E; Supp Fig. 6 Q), major contribution of TCM pools was observed (Fig. 9 F-H, clusters 100, 

160, 166) as the main viral reservoir in this individual. The harvested infected cells were mainly 

CD4+, had high levels of cell exhaustion (PD1+) and no or very little gut homing potential 

(Integrin 𝛽"+).  

While for most individuals, virus was detectable in the periphery, only a small number of 

Gag/Env DP events were detected in the respective samples (median 6/10E6 CD3+ viable CD4 

T-cells), which is also in line with proviral (median 276/10E6 PBMCs) and HIV transcription 

data (median 1'379/10E6 PBMCs) (see also Table 4). Using very early sampling time-points, 

the findings corroborated that viral activity rapidly declines after initiation of ART as 

demonstrated for individual P03 by GERDA  (HIV Gag+Env+ 2/10E6 CD3+ viable CD4 T-cells), 

proviral load (1’297/10E6 PBMCs) and HIV transcript load (418/10E6 PBMCs) over time (Fig 9 

C, Table 4). Same dynamics are seen for most individuals when looking at proviral loads over 

time (Figure 6). The only exceptions are P05 and P07, which are both late presenters and might 

therefore have fluctuating proviral loads. For P02 only one timepoint was available for HIV 

DNA load determination after therapy drop-out, which was also the case for individuals P06 

and P09.  

Proviral load dynamics show a trend of decreasing numbers of integrated HIV DNA (Figure 

10), which is in line with decreased HIV poly-A transcripts and decreasing DP events. These 

data are also consistent with the approximations shown in Figure 3 stating that the deeper 
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these assays measure the less activity is found, indicating that sample selection is very 

relevant to find especially for the GERDA system viral productive cells.
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Figure 9. GERDA staining on PBMCs of HIV-1 infected individuals. Cells were pre-gated on CD3+CD19-CD8- viable 
cells. A,B: Gag vs Env expression of cryo-preserved PBMCs from infected individuals before ART initiation (A) or 
from one recently diagnosed ART naïve individual (P03) (B). DP-stained cells are highlighted in red. C: Gag vs Env 
expression of 53-day follow-up sample of recently diagnosed individual P03. D, E: t-SNE plots of first timepoint 
of individual P03. Each dot represents one cell as single data point (1.41E106 cells in total). Highlighted are all 
Gag+ (green) and Gag+Env+ (red) populations (D) or only DBSCAN clusters of just Gag+Env+ cells (E). F-H 
Individual cell marker expression profiles of representative DBSCAN cluster as indicated in Figure 4 E. I: Marker 
expression heatmap of all identified biologically relevant clusters. X-axis shows examined marker, y-axis depicts 
cluster ID. Scale next to plot highlights heatmap gradient color of low (blue) to high (yellow) marker expression. 

FIGURE 9  GERDA applied on recent HIV-1 diagnosed individuals 
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Figure 10. Proviral dynamics over time. Proviral loads of different timepoint after diagnoses were determined. 
X-axis depicts time in days since diagnosis (log), y-axis corresponds to HIV DNA per 10E6 cells (log). Each individual 
proviral measurement is indicated next to curves. Patient ID is given in legend next to plot.
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Table 4. Summary table of Patient related clinical data. RNA VL, CD4 cell count, % CD4 of Lymphocytes and 
recency were provided by the SHCS databank. All other data were obtained from own experiments. a not 
performed; b no sample available;  c re-initiation of ART;  d first ART initiation 

Patient 
ID Timepoint 

Days 
since 
ART 
start 

RNA VL 
(c/mL) 

CD4 
(cells 
per 
µL) 

% CD4+ of 
Lymphocytes 

HIV 
DNA/ 
10E6 

HIV 
DNA/10E6 

CD4 

HIV 
Poly-

A/10E6 

HIV 
Poly-

A 
/HIV 
DNA 

GERDA 
Gag+Env+ 
events (%) 

Recency/ 
History 

P01 

TP1 531 0 506 32 ND - ND - 0 

> 1 year, 
delayed 

sampling 

TP2 629 NAa NAa NAa 50 - NAa    NAa  0 

TP3 713 0 513 27 18 67 NAa  NAa  NAa 

TP4 811 NAa NAa NAa 5 - ND - NAa 

P02 T1 0 15'665 412 28 452 1'614 169 0.37 7 (3.45E-4) NA 

P03 

TP0 -11 867‘496 NAa NAa NAb - NAb NAb NAb 

1st year 
of 

infection 

TP1 0 143‘033 511 16 4'414 27'588 85'033 19.26 204 (0.014 ) 

TP2 17 2‘553 NAa NAa 3'743 - NAa - NAa 

TP3 52 142 807 32 1'297 4'053 418 0.32 4 (2.34E-4) 

TP4 168 84 761 40 531 1'328 ND - NAa 

TP5 296 NAa NAa NAa 347 - ND - NAa 

P04 

TP0 -1 28‘427 1‘310 40 NAb - NAb NAb NAb 

Acute 

TP1 12 90 1‘928 50 276 552 ND - 3 (1.8E-4) 

TP2 39 0 1‘224 42 229 545 ND - 9 (5.24E-4) 

TP3 139 0 1‘901 43 92 214 NAa NAa NAa 

TP4 241 NAa NAa NAa 43 - NAa - NAa 

P05 

TP0 0 43‘064 65 4 2'559 63'975 22'631 8.84 NAb 

Late 
presenter 

TP1 8 NAa NAa NAa 65 - ND - 6 (0.041) 

TP2 14 150 NAa NAa NAb - NAb NAb NAb 

TP3 55 0 123 6 1'983 33'050 ND - 19 (0.057) 

TP4 170 0 103 8 1'275 15'938 1'129 0.89 NAa 

TP5 261 NAa NAa NAa 1270 - - NAa NAa 

P06 

TP0 -9 113‘370 599 23 NAb - NAb NAb NAb 
1st year 

of 
infection 

TP1 0 50‘666 472 21 99 471 ND - 3 (6.43E-4) 

TP2 21 NAa NAa NAa 41 - NAa NAa 0 

P07 

TP0 -21 7'670 433 26 NAb - NAb NAb NAb 

Late 
presenter 

TP1 -15 4'808 322 25 20 80 ND - 5 (1.78E-3) 

TP2 1 NAa NAa NAa 2'562 - NAa NAa 4 (2.02E-2) 

TP3 14 0 NAa NAa 33 - ND NAa NAa 

TP4 127 0 630 28 13 46 ND - NAa 

P08 

TP0 0c 
(6'604)d 

555‘625 20 4 NAb - NAb NAb NAb Diagnosed 
2002, 
2020 

555‘625 
VL 

TP1 
12c 

(6'616) d 9‘450 53 6 1'074 17'900 1'628 1.52 19 (0.21) 

TP2 39c 
(6'643) d 

NAa NAa NAa 820 - 4'368 5.33 10 (8.7E-4) 

P09 
TP0 14 305 649 23 NAb - NAb NAb NAb 

> 1 year 
TP1 42 NAa NAa NAa 37 - 670 18.11 NAa 
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VII.4.2. GERDA applied to viral outgrowth assay 

To demonstrate the capability of the GERDA system to detect traces of viral infectivity during 

viral outgrowth with high sensitivity, the new method was tested in combination with the X-

Gal assay 137 in a viral outgrowth format. Cells from the blood of HIV-infected individuals were 

CD4 preselected and sorted into their respective memory compartment to separate cells of 

different origin. Cell fractions were then stimulated with a cocktail of antibodies directed 

against CD3, CD28 and CD2 to reactivate putative latent viral genomes. After 14 days of 

cultural expansion, the GERDA system solidly detected viral replication events (Fig. 11 A), 

which were confirmed by LTR-X-Gal-reactive events in parallel cultures (Fig. 11 B), indicating 

induced viral propagation over time (Supp Fig. 7 C).  

 

 

Figure 11. GERDA performance during viral outgrowth. Representative data of individual P03. A: Gag vs Env 
expression events in sorted fractions (from left to right: Naïve (TN), central memory (TCM), transitional memory 
(TTM) and effector memory (TEM)) 14 days post stimulation. B: X-Gal staining of TCM fraction 14 days post 
stimulation. C: t-SNE plots of TCM culture on day 14. Each dot represents one cell as single data point (2.07E106 
cells in total). Highlighted are all HIV Gag+ (green), HIV Env+ (blue) and HIV Gag+Env+ (red) populations (C). D, E: 
Marker expression profile of a selection of identified clusters. 

 
For clinical sample P03, the viral reservoir was almost exclusively assigned to TCM with 12.04 

IUPM (95% CI [5.48, 26.43]) in the tested format, which was in line with data from earlier 

FIGURE 11 GERDA vs QVOA 
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timepoints sampled from the same individual as mentioned above (Fig.9 F, G, I). Again, this 

data was validated by the determination of the proviral load in cell lysates and by 

quantification of HIV-1 poly-A transcripts (Table 5): TCM had the highest poly-A transcript load 

as well as the highest RNA/DNA ratio. As shown in the t-SNE analysis highlighted in Figure 11 

D+E, expanded cells further differentiate into TTM. This strongly supports the notion that most 

cells are differentiating ex vivo over the course of repetitive stimulation. Patients P01 (delayed 

sampling) and P04 (diagnosed in acute infection phase) were also sorted and expanded for 

quantitative viral outgrowth assay (QVOA). For P01 only proviral loads were determined on 

day 10 which already revealed very low viral integration events inside memory T-cell 

compartments. This was also reflected in no Gag/Env detection for GERDA and no blue events 

in the X-Gal readouts (data not shown). After 9 days of expansion P04 showed little poly-A 

activity in the TCM compartment, supported by increased proviral loads of day 9 and GERDA 

activity on day 14 (although only single positive events were detected for Gag and Env, see 

Supp. Table 1). Eventually no blue cells were detectable for X-Gal even after three weeks and 

three rounds of T-cell receptor stimulation (data not shown), which is consistent with the 

GERDA results. 

Table 5. HIV-1 reservoir in T-cell subsets. Representative data of individual P03. All readouts were done after 14 
days of expansion except proviral load (day 7). Results are normalized to 10E6 cells. GERDA: Gag and Envelope 
Reactivation Detection Assay. IUPM: infectious units per million. ND: not detectable. QVOA: Quantitative Viral 
Outgrowth Assay. Poly-A: HIV poly-A transcripts 

 
 Provirus (QVOA d 7) Poly A (QVOA d14)  GERDA QVOA 

ID HIV DNA/10E6 Poly-A/10E6 HIV RNA/HIV DNA Gag+ per 10E6 Gag+Env+ per 10E6 IUPM 

P03_T4_TN 250 85‘297 341 7 0.4 ND 

P03_T4_TCM 155‘113 85‘513‘919 551 6690 490 12.04 

P03_T4_TTM 6‘433 10‘158 2 70 35 ND 

P03_T4_TEM ND ND ND ND ND ND 

 

For all cell sorts, the individual molecular layers measured by proviral load, poly-A, GERDA and 

QVOA show consistent results with most activity in TCM. 
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VII.5. V3 dynamics during early therapy  

To see how viral dynamics change during early ART periods the tropism determining V3 stretch 

was sequenced by NGS and analyzed by Geno2Pheno454 to detect circulating viral strains in 

cell free plasma as well as cell associated proviral sequences. To rule out that remaining DNA 

traces might distract the analysis, RNA samples were DNaseI treated. Both the dominating 

virus as well as the dominating provirus were for all individuals studied identical and were 

never overgrown by another sequence during the study visits of each individual (exemplified 

for P03 in Table 6). Most strains found in HIV RNA were also present in HIV DNA reflecting that 

most viruses were replication competent and not the result of a clonal expansion of a 

defective provirus.  

 3 patients presented as X4-tropic and 4 patients as R5-tropic at diagnosis applying a FPR 

(False positive rate: probability of classifying an R5-virus falsely as X4) cut-off of 10 % for 

Geno2Pheno454 and a cut-off of 2% relative abundance, assigning populations with X4 

abundance below 2% as R5-tropic as suggested by Swenson et al. 50,142 5/7 did not change 

their tropism between the first and last sampled timepoint. For both late presenters a tropism 

shift became apparent. P05 switched from R5 to X4-tropic. Over the follow-up time P05 had 

in contrast to P03 increased V3 dynamics (Supp. Table 2 A, B). For P07 a switch from X4 to R5 

occurred, concurrent with loss of high abundant X4 variants (data not shown). However, V3 

comparison showed that individuals P05 and P07 had identical viruses as majorities in their 

viral pool suggesting a sample mix up, which was evident after sequence alignment of the 

clearly variable viral genomic regions of Protease-Reverse Transcriptase (PR-RT, Supp. Fig. 8 

A) and Integrase (INT, Supp. Fig. 8 B). Thus, long term follow-up V3 results were only 

considered from P05, who had more consistent follow-up timepoints. 
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Table 6. V3 loop NGS. Representative NGS data of first 10 most detected V3 variants of Patient P03. Individual 
aligned V3 variants of time point 1 descending by relative abundance with amino acid changes highlighted in red. 
To highlight the fate of each listed V3 variant from timepoint 1, all consecutive timepoints for proviral (DNA) and 
viral (RNA) V3 variants are listed in comparison to each V3 variant of timepoint 1 with indication of V3 rank and 
its relative abundance. FPR: False positive rate (Geno2Phenocoreceptor), rel.ab: relative abundance. Count: absolute 
number of same variants detected. 

Timepoint 1 (T1) DNA T2 DNA T3 DNA T5 DNA T1 RNA T2 RNA 

Rank V3.LOOP COUNT FPR Rel.ab. (Rank; 
Rel.ab.) 

(Rank; 
Rel.ab.) 

(Rank; 
Rel.ab.) 

(Rank; 
Rel.ab.) 

(Rank; 
Rel.ab.) 

1 CTRPNNNTRKSIHMGFGKTFYATGEIIGDIRQAHC 32711 49.27 96.3 % 1; 94.5 % 1; 96.5 % 1; 95.7 % 1; 95.1 % 1; 97.3 % 

2 CTRPNNNTRKSIHIGFRKTFYATGEIIGDIRQAHC 103 64.39 0.30 % - - - - - 

3 RQRPNNNTRKSIHMGFGKTFYATGEIIGDIRQAHC 91 38.08 0.27 %  5; 0.22 % 2; 0.18 % 3; 0.28 % 12; 0.17 % 2; 0.29 % 

4 KRQPNNNTRKSIHMGFGKTFYATGEIIGDIRQAHC 66 45.2 0.19 % 7; 0.16 % 6; 0.13 % 5; 0.15% 8; 0.19 % 4; 0.14 % 

5 CTRPNNNTRKRIHMGFGKTFYATGEIIGDIRQAHC 60 1.74 0.18 % 8; 0.14% 3; 0.16% 6; 0.13 % 17; 0.09 % 6; 0.12% 

6 CTRPNNNTRKSIHMGFGKTFYATGEIIGDIRPVSY 49 95.35 0.14 % 12; 0.07 % 4; 0.15 % 2; 0.31 % 13; 0.13 % 5; 0.13 % 

7 GTRPNNNTRKSIHMGFGKTFYATGEIIGDIRQAHC 43 64.24 0.13 % 6; 0.20 % 9; 0.06 % 11; 0.08 % 14; 0.10 % 3; 0.17 % 

8 CTRANNNTRKSIHMGFGKTFYATGEIIGDIRQAHC 42 67.15 0.12% 11; 0.09 % 5; 0.14 % 7; 0.11 % 20; 0.06% 20; 0.10 % 

9 CTRHNNNTRKSIHMGFGKTFYATGEIIGDIRQAHC 22 68.75  0.06% 9; 0.11 % 7; 0.13 % 16; 0.06% 18; 0.08 % 11; 0.04 % 

10 CIRDSNNTRKSIHMGFGKTFYATGEIIGDIRQAHC 20 70.93  0.06% 13; 0.06 % 16; 0.04 % 19; 0.06 % 22; 0.04 % 17; 0.04 % 
 
 
Table 7. V3 dynamics over time. Tropism shift of earliest timepoint compared to last sampled timepoint. NGS 
data were evaluated by applying Geno2Phenocoreceptor FPR of 3.5%, 5%, 10%, 15% or 20%. CRF: circulating 
recombinant form. NA: not available, T: timepoint, %X4: Frequency of X4-tropic HIV variants. 
 

 Earliest timepoint Last timepoint 

ID Recency Subtype %X4 at FPR 10% (FPR3.5%, 5%,15%, 20%) %X4 at FPR 10% (FPR3.5%, 5%,15%, 20%) 

P01 NA CRF01B T1: 100% (1.04%, 99.31%, 100%, 100%) T2: 99.98% (1.0%, 99.49%, 100%, 100%) 

P03 1st year B T1: 0.27% (0.18%, 0.23%, 0.33%, 0.48%) T5: 0.2% (0.13%, 0.15%, 0.22%, 0.41%) 

P04 Acute B T1: 0.19% (0.18%, 0.19%, 0.24%, 0.24%) T2: 1 variant: 0% (0%, 0%, 0%, 0%) 92.9 

P05 late presenter B T1: 0.62% (0.07%, 0.13%, 1.05%, 97.7%) T5: 6.58% (6.1%, 6.26%, 29.88%, 92.68%) 

P06 1st year CRF01-AB T1: 99.9% (90.9%, 99.6%, 99.9%, 99.9%) T2: 100% (95.8%, 100%, 100%, 100%) 

P07 late presenter NA T2: 6.1% (4.2%, 4.2%, 13.8% 83.7%) T4: 0.7% (0.2%, 0.3%, 4.6%, 88.9%) 

P08 Unsuppressed B T1: 0.07% (0.03%, 0.03%, 0.19%, 0.37%) T2: 0.2% (0.1%, 0.1%, 0.23%, 0.44%) 

 
This section highlighted that it is important to measure on different layers of complexity to 

make conclusive statements on viral reservoirs in circulating blood cells. These data also imply 

that samples are very heterogeneous when it comes to viral activity in cells and that there is 

much more beyond VL and CD4 clinically relevant to understand the viral and cellular 

reservoirs of HIV positive individuals. Combining the characteristics of cellular reservoirs with 

the features of circulating viruses or proviruses will further illuminate the relation of viral and 

cellular properties for viral persistence. 
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A lot of anatomical sanctuaries have been discussed in the past for HIV. Studies in RMs (Rhesus 

macaques) showed that sexual transmission of SIV results in very few local infection foci inside 

the genital tract during the first 1-3 days of viral challenge, rapidly spreading to draining lymph 

nodes the next days and eventually to distal LNs and other tissues in about 1-2 weeks 143–145. 

Thus LNs are one of the first targets of viral encounter and the GALT, encompassing 

approximately 70% of all immune cells 146, was shown to be attacked as early as from Fiebig 

stage I (first detection of viral RNA) with no or only partial recovery of CD4 cells under 

suppressive ART 9,83. Depletion is mainly associated with highly active cell proliferation 9 

making these cells even more susceptible to SIV/HIV infection 8,147. Most viral reservoirs 

remain in 98% of the lymphatic tissues according to studies in RM, with GALT as highest 

prevalent organ (62.3%) followed by LNs (35.9%) and residual organs 76. 

 

VIII.1. HIV enrichment in Lymphoid and gut homing cells and their peripheral contribution 

In order to precisely define the viral reservoir in an HIV positive individual for future cure 

approaches, new reservoir assays need to fulfill certain criteria, like using low quantities of 

easily accessible specimen and having a conclusive and reliable readout. The specimen of 

choice is blood, since all clinical parameters to evaluate a patient’s physical condition are 

deduced from venipunctures. Considering that PBMCs present a “homing signature” derived 

by their surface expression of homing markers, this study tried to characterize infected cells 

of the periphery, their relative contribution to the viral reservoir and the genetic aspect of the 

containing proviruses. The reservoir inside PBMCs was studied based on immunological and 

secondary lymphoid homing aspects to extrapolate the extent of the viral reservoir beyond 

the periphery. Pilot experiment using MACS gave already a first approximation that Lymphoid 

or gut homing CD4+ T-cells are enriched for HIV proviruses compared to pre-sort condition 

with an increased HIV DNA load on the individual as well as on the group level (Fig 5, 6). 

However, a clear representation of all cell fraction was not achieved in the tested patients. 

For some individuals proviral loads were quite high like for 𝛽"+CD4-CD8-CD19- cells, whereas 

for other individuals these fractions did not have any HIV DNA detection at all, suggesting 

inter-patient heterogeneity. Especially for 𝛽"+CD4-CD8-CD19- cells with a proviral readout cell 

recoveries were quite low (data not shown), which might cause a bias in data interpretation 

when quantifying HIV DNA per 10E6 cells. Further subsequent FACS control experiments of all 

selected fractions revealed that individual fractions were not highly pure, particularly the 
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aforementioned 𝛽"+CD4-CD8-CD19- cells (Supp. Fig. 1 A). One potential reason for this is that 

all lymphocytes that have Integrin 𝛽" expression, like CD4+, CD8+ or CD19+ cells are depleted 

and thus no cells are left with sufficient levels of Integrin 𝛽"  expression. In addition, all 

patients used for MACS were long time chronically infected (median 270 months). Although 

most patients have decreasing proviral loads over time, Bachmann and colleagues found for 

26.6% of participants over a 1.5 to 10 year period a relative increase in proviral loads 141. Thus 

periods of low level viremia in combination with clonal expansion, which is already apparent 

after 4 weeks after infection 99,148, are a substantial confounder that might detect a lot of 

largely defective clonal proviruses that will only reflect an clonal enrichment in certain cell 

compartments. 

Initial sorts with fixed cells further showed that cells of interest, i.e. Integrin 𝛽"+ memory 

cells are only present at a mean of 5% of all CD4+ T-cells, which was also shown by others 83. 

As an aside, the repository of the SHCS cyto-bank stores bulk PBMC aliquots in the range of 

2X10E6-10E7 cells. Thus, CD4 pre-selection and sorts would not allow to have enough cells for 

adequate and representative analysis. Further expansion for longer than three days, to yield 

higher cell quantities, altered the cellular receptor repertoire and would not reflect the in vivo 

situation anymore. This was demonstrated by expansion experiments (Table 2, 3), the viral 

outgrowth data (Fig 11 D,E) and described by others using cell differentiation for HIV-1 

reactivation modeling 149. 

 

VIII.2. Novel GERDA system detects productively infected cells 

Here, a novel and innovative flow-based method was established to evaluate the infectivity of 

HIV-1 infected circulating blood cells to comprehend the in vivo viral reservoir (Supp Fig. 2). 

With the simultaneous detection of HIV-1 Gag and Envelope proteins, exact and conclusive 

predictions can be made, if infected cells can give rise to viral particles using Gag as surrogate 

marker and if these particles are potentially infectious derived by Env detection. Furthermore, 

GERDA combines the benefit of a high sensitivity, enabling detection of as few as 16 infected 

cells per million with less hands on time compared to other comparable assays 97,135. In 

addition, the power of single cell characterization represents another unique feature. GERDA 

performed equally well when using fresh or cryo-preserved cells and is suitable for small cell 

sample sizes. The assay has been validated further by comparing it to the separate detection 
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and quantification of intracellular HIV DNA/RNA in bulk PBMCs and the gold standard QVOA 

for benchmarking, to yield the full picture of all key reservoir levels in the viral life cycle.  

In comparison to recently described techniques, the assay considers almost the entire viral 

genome length, by assessing Gag and Env protein production, thus avoiding a 5’ or 3’ 

constrained bias (see Fig. 1). This appears critical as recent studies found that Env expression 

is much more affected by genetic defects than the expression of functional Gag 150,151. Thus, 

an assay format relying only on Gag as a viral reservoir marker seems unsuitable for assessing 

the true viral reservoir, since some reactivity might also overestimate Gag cells as seen for 

early time point of late presenting patients (Table 4, P05). Moreover recently described 

genetic reservoir determining methods only assess the viral “intactness” based on the absence 

of indels, inversions, hypermutations leading to premature Stop codons, packaging signal or 

major splice donor site defects 55,70. However a recent study found that although a lot of 

Envelope sequence would be classified as genetically intact, are actually functionally impaired 

due to defective Env protein expression 152. This is also supported by other studies showing 

that defective and non-defective cells are able to produce viral transcripts as well as proteins 
32,153–155 which would mistakenly be anticipated as active viral reservoirs. 

Of note, not all cells in Quadrant 2 of Figure 8A (1600 HUT/10E6 cells condition) were 

detected as DP events, indicated in Figure 8D, which may be attributed to the fact that the 

number of Gag molecules exceeds by far (about 2000 156) per nascent particles compared to 

Env trimers (about 7-10 per virion 157). However, the semi-quantitative depiction of expressed 

HIV Gag is sufficient to reliably identify translation-competent cells. Overall, a strong 

correlation between Gag and Envelope DP expressing cells was observed indicating a high 

principal congruence between Gag- and Env synthesis (Supp Fig. 3 C and Supp. Fig. 6 D, P). In 

addition, when single Gag-positive FACS-events were analyzed in mixed cell populations 

containing HIV-infected HUT4-3 cells and uninfected SupT1 cells, CD4 expression served as a 

reliable guide for identifying uninfected cells in the mixed population (see Supp. Fig 3 A, B; 

Supp Fig. 4 D: HUT4-3 cells = CD4 negative; Supp Fig. 4 E: uninfected SupT1 = CD4 positive). 

One potential experimental limitation may come from the fact that, prior to analysis, HUT4-3 

- and SupT1 cells had been co-incubated for ≥4 h. It can therefore not be excluded that during 

this period individual SupT1 cells might have already fused with chronically infected HUT4-3 

cells or free virions in the supernatant, which can be observed already after ~1 h of co-

incubation 137, giving rise to a low Gag+ signal and/or increased size, highlighted by bigger 
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scattering (Supp Fig 4 F-H). Furthermore, all CD4 negative, i.e. potentially HUT4-3 cells, of Q3 

in Figure 8 A (1600 HUT/10E6 cells condition) show a tendency of higher Gag and Envelope 

expression compared to CD4 positive SupT1 cells (Supp Fig 4 A-C). Thus, Env detection for 

these cells might be below the detection threshold, due to low Env expression or Env 

shedding. To increase the sensitivity of Env detection, sophisticated signal amplification 

techniques like Immuno SABER could improve detectability of low Env expressing cells 158. 

Ramos B-cells (added as carrier cells) did not contribute any significant Gag/Env background 

signal (Supp. Fig. 4 I, J). 

To grasp the multidimensional data in the most effective and unbiased way, the 

dimensional reduction tool t-SNE 138,139 and the clustering algorithm DBSCAN 140 were utilized. 

This allowed the analysis of all data in an identical manner using the same analytical pipeline. 

All final clusters were double-checked with classical gating, which in all cases supported the 

findings. Cluster Beeplots also showed that each marker has a clear pattern of being either 

positive or negative for each cluster (Fig. 9 F-H; Fig. 11 D, E; Supp. Fig. 6 H-K), further 

highlighting good cluster mapping by t-SNE and DBCAN. The pipeline will beyond this work 

allow the expansion of new reservoir markers of interest, using more sophisticated techniques 

like CyTOF (cytometry by time of flight) or Cytek® Flowcytometry that allow to look at 40+ 

marker simultaneously and will thus be fundamental to understand multi-dimensional 

datasets. 

The high background Env signal shown for cells of individual P03 (Fig. 9 B) was due to a 

technical staining issue. Accordingly, the respective data were adjusted for this issue. (as 

shown in Supp. Fig. 6 O). As result, no false DP signals remained for the corresponding HIV neg 

control stain (Supp Fig. 6 M) or for an independently same day tested clinical sample (P02) 

with low viral activity (Supp. Fig. 6 N; Table 4). This provided proof that the DP events of P03 

in Figure 9 B were indeed bona fide Gag+Env+ cells. It should nevertheless be noted that due 

to the correction only very few TN could be considered for Gag+Env+ assignment. However, 

these cells had only a marginal positive signal for IC Gag (data not shown). 

The analysis revealed that most DP cells have more lymphoid homing potential based on 

the expression of CCR7 compared to Integrin 𝛽" (gut) (or cutaneous leukocyte antigen (CLA, 

skin). Most obvious was this observation for P03, who had most DP events for CCR7+ (central) 

memory cells at the first sampled timepoint and who had most provirus, poly-A transcripts, 

poly-A per HIV DNA, most DP cells and clear outgrowth events in the central memory cell 
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fraction after 6 months follow-up (Figure 11 A; Table 5). Although for P04 no viral outgrowth 

was detectable, possibly due to very early ART initiation in acute infection phase which limits 

reservoir dissemination, proviral load and poly-A quantification showed elevated signals in the 

TCM fraction (Supp. Table 1). It should nonetheless be considered, that TTM and TEM fractions 

had only very few cells for QVOA in comparison to TN or TCM fractions and are thus less 

adequately represented. Of note, we had sampled primarily patients who had very recently 

started ART. It is known that especially Integrin 𝛼!𝛽"	expressing cells are predominantly 

infected and depleted during the early infection phase, with an only insufficient recovery 

under ART 9,83. This observation is exemplified for the acute Patient P04, who was diagnosed 

earliest in Fiebig stage III (first detection of HIV IgM) and had only 1% Integrin 𝛽"+ memory 

cells of peripheral CD4+ T-cells (data not shown). A very recent trial that evaluated the use of 

Vedoluzimab, a monoclonal antibody directed against Integrin 𝛼!𝛽", as potential treatment 

to control viral infection as recently reported for RMs 86, did not proof to show high efficacies 

in the human setting159, questioning the role of Integrin 𝛼!𝛽" late in the chronic stage of the 

disease. 

One essential aspect of this study was that, although most patients had detectable free 

virus present in the plasma, in 4/7 individuals with detectable viral load (90-50’666 copies/mL) 

no viral activity was found in the circulating cells based on transcriptional (HIV poly-A) and 

translational (GERDA) levels. This supports the assumption that most circulating virus 

stemmed from resident cells in (distant) tissues, which will not be detected in the pool of 

circulating peripheral cells, supported by a study in RM 76. 

However, for most patients no or only minor viral activities were measurable with poly-A 

quantification and GERDA staining (Table 4; Supp. Fig 10). Although most of our patient 

samples were collected in the first month of diagnosis (see Table 4), other parameters are also 

likely to be more relevant including viral setpoint, CD4 count, recency of infection or active 

immune responses by e.g. primary infections. Individual P03, who had the highest viral 

activity, had reasonably high viral load (867’496 copies/mL at diagnosis), intermediate CD4 

counts (511 cells/µL) and was in the first year of infection, emphasizing that high viral activity 

and a still intact immune system are elementary. However, although ART can rapidly shut 

down detection of HIV poly-A transcripts, these can nevertheless be detected at later time 

points like for individual P05 (Table 4), who had a surgery just before timepoint 5. This 

introduces a potential stimulatory influence on inflammatory responses and has as a 
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consequence influence on the viral reactivation. Since patient characteristics need further 

evaluation for selection criteria, cell samples right at diagnosis (2nd validation with PCR and 

Western blot, see Supp Fig. 9) could be used for proviral as well as HIV poly-A quantification 

to consider further cellular characterization by GERDA. As illustrated in Figure 6 proviral load 

monitoring will serve as crude estimation of the reservoir status, complemented by HIV poly-

A quantification as proxy for protein translation. Although all individuals evaluated with 

GERDA were white males, patients had a diversified clinical background with late presenters, 

one acute infection, and two infections in the first year. 

A key focus of this study was to consider exclusively those CD4 T-cells circulating in the 

peripheral blood, which are known to incorporate most proviruses of infected cells. Very 

recent studies seem to propose that for some anatomical sites, macrophages could play a 

more essential role for the viral reservoir compared to CD4+ T-cells. 37 The format of this assay 

can easily be adapted by including also aspects of such tissue-resident macrophages or any 

other type of cells should they be identified as to being involved in crucial viral reservoirs. 

While many past studies identified virus in essentially every ‘corner’ of the body that was 

carefully studied with no obvious major hot spots, the highest degree of viral replicative 

activity appears to localize to lymphatic tissue and lymph nodes 160–162, supporting the findings 

of this study. Nevertheless most anatomically separated viruses cannot be attributed to be 

genetically very distant to each other indicating that continuous cell trafficking and lymphoid 

homing is indeed essential for spreading of the virus throughout the body 160,161. Thus, 

techniques like GERDA that examine the reservoir in peripheral blood can give us a first hint 

where most viral active sites are. 

Lastly the reactivation potential of latent proviruses are limited a) by the use of mitogens, 

which are not exceptionally HIV specific for viral reactivation, and b) by the stochastic nature 

of the intact proviral reservoir 163. Recent studies using the viral outgrowth format (QVOA) 

had revealed that one single round of stimulation will stimulate viral replication in only 60% 

of cultures compared to the effect after 4 consecutive stimulations 73,164, which is still heavily 

underestimating the assumed entire intact viral reservoir as illustrated in Fig. 3 70,73,99,163,165. 

However using PHA or selective antibodies directed against CD2, CD3 and CD28 proof to be 

currently the most potent reactivation agents reported in literature 166. 
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VIII.3. V3 dynamics during early therapy 

Most patients get infected with a single so called Transmitted/Founder virus (TF), although 

cases of up to 5 different TFs are reported, causing a genetic transmission bottle neck. TFs 

favor CCR5 usage, despite the presence of X4 variants in the index patient and are more closely 

related to the index patients ancestral viral sequences 6,167–170. Recent work showed that 

especially the time near therapy initiation builds the base for the established replication 

competent HIV-1 reservoir 171,172. With the early sampling in this work, the primarily archived 

viral founder populations from Plasma and cells could be characterized. All dominating viruses 

of Plasma were also found in the proviral cell pool, which persisted for periods of a median of 

9 months. But also smaller minorities did not change significantly in the first weeks 

(exemplified in Table 6) for all patients except P05, who showed already after timepoint 2 

rearrangements in the abundance of viral variants that proceeded to timepoint 5, despite viral 

suppression (Supp. Table 2 A, B; Table 4). Recent data of Bader et al showed that over the 

years a single pre-treatment proviral minority gets almost exclusively selected for outgrowth 

after up to 4 years of therapy most likely due to clonal expansion 17. However Wang and 

colleagues found that proviral clones arise and disappear again over time 60. For all individuals 

enrolled during early treatment periods there was no selection in favor of a minority with 

therapy initiation during the observed time interval. Instead the actively replicating majority 

will also be found later as latent majority under therapy. However only 2/7 patients were 

examined for longer periods, since patients with very low proviral load failed for V3 

amplification, which is supported by the observation that timepoints with lower proviral loads 

consequently resulted also in lower NGS reads (Fig. 10, Table 7 individual P04). Ought to the 

relative short sampling interval it remains therefore open how the proviral landscape of all 

enrolled individuals will change over years since >50 % of replication competent proviruses 

are comprised of proviral clones 173,174. Moreover especially defective clones predominantly 

expand over time due to lack of cytotoxic T-Lymphocyte (CTL) selection pressure, overgrowing 

variants that dominated at the beginning of therapy 32. Therefore, more patients need to be 

recruited and followed up for longer time periods to make a conclusive statement. 

We found in seven patients just after diagnosis four R5-tropic and three X4-tropic 

dominating viral pools. One X4 tropic individual can be linked to late clinical presentation 

(P07), a known feature of advanced disease progression without treatment 10,11. X4-tropism 

was also apparent for one individual (P06), which was in the first year of infection. However, 
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this patient had recombinant Subtype CRF01-AB, which might not be assigned by Geno2Pheno 

with high reliability since the algorithm is optimized on Subtype B. 

The aspect that the differences in viral tropism leads to district compartmentalization, 

which is assessable by homing properties of the CD4 T cells could not be addressed in the 

frame of this study. One early observation in the field of HIV was that R5-tropic viruses rather 

infect Macrophages whereas X4-tropic viruses infect T-cells 41,42,175. A study by S. Zhou et al 

could show that X4 and R5 do have very limited recombination products indicating that these 

viruses might not be found inside the same cells subsets 176. It is also well known that X4 can 

infect TN, contrary to R5-viruses, which is linked to higher CXCR4 expression on these cell 

subsets 177,178. Studies in monkeys showed that X4-tropic SIV rapidly depletes naïve T-cells 

during acute phase 179. Further studies in humans showed that although TN have the lowest 

viral contribution when looking at HIV integrations, TN show equal contribution of replication 

competent/ genetically intact viruses when corrected for difference in HIV DNA 180,181. CCR5 

on the other side predominantly infects activated memory T-cells 8,147. It will be of further 

interest in which T-cell memory compartment the initial established viruses will be found since 

a recent study obtained contradicting results stating that ancestral sequences are found in 

more differentiated subsets for some individuals, but for others the opposite was the case 182. 

Here the combination of GERDA and QVOA can contribute to break down the viral 

compartmentalization. 

Although CXCR4 utilizing viruses can infect naïve as well as memory T-cells 178,183, the GALT, 

as the biggest immune organ and major HIV target, comprises abundant expression of CCR5 

on CD4+ lymphocytes, while CXCR4 is sparse, favoring R5 tropic dominance 8. 

Beside reservoir aspects, there are fundamental differences among CXCR4 and CCR5, i.e. 

CXCR4 strains have a higher replication capacity and are also linked to higher inflammation 

and immune activation rates 13,184. If a competent immune response still can be mounted, i.e. 

during primary infection, especially the more active and less glycosylated X4 tropic Env 46,47 

expressing cells can be detected by humoral immune responses and will be more easily 

cleared as their “silent” CCR5 counterparts 185–187.  

Work of JM Harouse et al could show that coinfection of RM with CCR5- and CXR4-tropic 

SIV complemented with HIV Envs (SHIVs) led to transmission and replication of both tropic 

viruses without dissemination of either strain. Like in human infection R5 tropic predominance 
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ensued. Following CD8 depletion, CXCR4 viruses re-emerged emphasizing the potential role 

of CTL mediated control over CXCR4 viruses 188. 

CXCR4 also show a higher degree of diversification inside the Env gene compared to CCR5 

counterparts, meaning X4 is either under constant pressure to diversify to evade humoral 

and/or cellular immune responses or to adapt the differential cellular reservoirs 189,190.  

 

To conclude, the simplifying GERDA system described here has a performance equivalent 

to the current gold standard of QVOA and could be validated by other approved quantifying 

DNA- and RNA-reservoir assays. Future cure and reservoir approaches may thus benefit from 

considering when to sample (time point in relation to ART initiation), what to sample (in order 

to include relevant specimen like blood or tissues) and how to measure the reservoir, i.e. 

integrating in parallel several complementing methods for reservoir determination instead of 

choosing only one. Future studies will need to address the role and dynamics of resident tissue 

reservoirs of HIV and how to eliminate these.  
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To understand the viral dynamics before and after therapy initiation for future cure 

approaches, this study tried to shed light on the HIV reservoir in transiently circulating blood 

cells to uncover the role of tissue sanctuaries beyond the periphery. 

This work has validated the novel GERDA cell profiling system for HIV-1 by sensitive genetic 

and functional methods; GERDA provides the following advantages over existing methods: 

 

i) it allows for an accurate approximation of the “real viral reservoir” in PBMCs by 

simultaneously integrating intracellular Gag and extracellular Envelope protein as 

proxies for released infectious virions from host cells; 

ii) it allows for the characterization of the reservoir, including cellular homing, down 

to the single-cell level; and 

iii) it requires smaller sample volumes than most comparable assays, making it the 

method of choice 

 

Furthermore, this study revealed that:  

 

i) it is fundamental to integrate different reservoir assays measuring on all key 

molecular levels to make conclusive statement on the “real viral reservoir” 

ii) there is evidence for an active viral reservoir contribution beyond the periphery 

iii) the dominating virus at treatment initiation keeps majority of established founder 

population throughout the first months of therapy 

iv) lymphoid homing plays major role for viral infectious cells during early therapy, 

whereas Gut homing has only minor contribution 

 

To further evaluate HIV reservoir dynamics, additional individuals need to be continuously 

enrolled to follow-up on cellular and viral reservoir aspects to study shifts in clonal expansion 

and viral populations inside target cells. Furthermore, newly recruited patients need to be 

enrolled at an earlier timepoint after diagnosis to test for proviral loads and HIV poly-A loads 

preferably only a few days after a 1st HIV positive test (see Supp. Fig. 9). This will allow to pre-

screen patients for viral activity, assessing the feasibility for additional GERDA evaluation to 

look for cellular reservoirs in these patients. It will further enable to determine which 

molecular and clinical parameters are substantial for observing high viral activity inside cells. 
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For a more comprehensive analysis, scaling up the amount of blood, e.g. using buffy coats, 

would further help to have more relevant cells in final fractions for VOA and for the detection 

of individual viral sequences. Moreover, for already implemented and following viral 

outgrowth approaches, viruses from reactivated sorted cell fractions will be analyzed by single 

genome sequencing (SGS) 168 to characterize individual reactivated viruses and their 

compartmentalization, to also link these data to the V3 sequences obtained from earlier time 

points. Along those lines, additional sorts of candidates with higher viral active cells will help 

to understand the difference of X4 and R5 populations and their cellular origin. If applicable, 

a recently described method called full length individual proviral (FLIP) sequencing 70 would 

further help to characterize which cells are genetically intact and can unravel mutation rates 

inside different HIV genes like Env to see differences in viral evolution between X4 vs R5 

viruses over time.  

With accumulating data on peripheral cells and the evidence of reservoir contribution 

beyond peripheral cells, an intuitive next step will be to look inside lymphoid tissues of LN or 

GALT to characterize which cells are infected and can give rise to infectious virus. Several 

studies pinpoint, that infected cells in tissues still can give rise to viral RNA+ cells despite 

“suppressive” ART, suggesting that drug penetration might not be optimal for some drug 

classes 191,192. For this purpose, extension of the marker repertoire is essential to also look at 

tissue resident memory cells, which have been reported to have elevated HIV activity 72,193.  

Finally to complement the work on differential dynamics of X4 and R5 over time, 

experiments in RM monkey models would further allow to address a) if there are any tropism 

dependent cell or lymphoid organ restrictions and b) what is the role of differential immune 

pressure on X4 vs R5 tropic viruses over the course of infection. 

 

These foreseen future studies will eventually help: 

i) to analyze the “cellular infection landscape” using new diagnostic tools like GERDA, 

which may influence the design of treatment strategies for an early clinical 

intervention. 

ii) to extrapolate the potential for viral re-emergence and cellular spread and thus have 

clinical implications 
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iii) to understand the variation between individual patients and the association with e.g. 

primary infection or situations of high vs. low immune competence that might also 

have consequences for clinical therapy strategies 

iv) to provide evidence for specific tissues and organ sites critically involved in HIV 

infection and persistence 

v) to follow proviral history and intactness over time, to understand the molecular 

decay and also the capacity to re-establish reservoirs with intact viral genomes, e.g. 

after treatment cessation. 

 

In conclusion, all aspects discussed here will contribute to identifying essential body 

compartments and actively infected cell populations that help to explain residing viral activity 

and which can pose critical obstacles for the eradication of HIV and an eventual cure.
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X.1. Materials 

 

X.1.1. Chemicals, Enzymes and Consumables 

 
Name     Supplier 

     
Gel electrophoresis    
Agarose    Promega 
TAE Buffer 10x   Roth 
SYBR™ Safe DNA Gel Stain  Invitrogen 
Gel loading dye, purple   New England Biolabs 
100 bp DNA ladder (500 μg/mL)  New England Biolabs 
1 kb DNA ladder (500 μg/mL)  New England Biolabs 

     
Sanger Sequencing    
BrightDye Terminator  Nimagen 
BrilliantDye® v1.1/3.1 Sequencing Buffer (5x)  Thermo Fisher 

     
Next Generation Sequencing   
Agencourt AMPure XP   Beckman Coulter 
Quant-iT PicoGreen dsDNA Assay Kit   Invitrogen 
Nextera XT DNA Library Preparation Kit  Illumina 
     
Flow Cytometry    
Intracellular Staining Permeabilization Wash Buffer (10X) Biolegend 
Rainbow Calibration Particles, 6 peaks (3.0-3.4 µm) Biolegend 
UltraComp eBeads™ Compensation Beads Thermo Fisher 

     
Drugs     
Maraviroc    Selleckchem 
AMD 3100    Selleckchem 
Efavirenz    Selleckchem 
Z-VAD-FMK    Selleckchem 

     
qPCR/qRT-PCR    
Luna® Universal Probe qPCR Master Mix New England Biolabs 
Brilliant III Ultra-Fast qRT-PCR Master Mix Agilent 
Quantifluor® ONE dsDNA Sysem   Promega 

     
PCR     
Herculase II Fusion DNA Polymerase  Agilent 

  



Materials & Methods 

67 

Name     Supplier 
     
Cell culture Medium    
ImmunoCult™-XF T cell expansion medium STEMCELL Technologies 
RPMI-1640 Medium    Sigma 
Dulbeccoʹs Modified Eagleʹs Medium  Sigma 

     
Medium supplement    
Immunocult™ Human CD3/CD28/CD2 T cell activator STEMCELL Technologies 
Human IL-2 IS, premium grade  Miltenyi Biotec 
PHA-L    Sigma 
DNase I recombinant grade I  Roche 
T-cell Activation/Expansion kit, human  Miltenyi Biotec 

 
 

X.1.2. Commercial kits 

 
Name    Supplier 

     
RNA isolation    
Maxwell® RSC miRNA Plasma and Serum Kit Promega 
Maxwell® RSC simplyRNA Cells Kit  Promega 

     
DNA isolation    
Maxwell® RSC Cultured Cells DNA Kit  Promega 

     
DNA purification    
NucleoSpin® Gel and PCR Clean-up  Macherey Nagel 

     
Biotinylation    
EZ-Link™ Micro Sulfo-NHS-LC-Biotinylation Kit Thermo Fisher 
Zeba Spin Desalting Columns (7K MWCO), 2 mL, 25 columns Thermo Fisher 

     
Flow Cytometry    
CFSE Cell Division Tracker Kit   Biolegend 
Zombie NIR™ Fixable Viability Kit   Biolegend 
   
Transfection   
Transfection jetPRIME®  Polyplus Transfection 
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X.1.3. Antibodies 

 
FACS   

Anitbody (Clone)-Fluorochrome Isotype Supplier 
CD45RA(HI100)-FITC Mouse, IgG2b K Biolegend 
Anti-Biotin-Vio®Bright B515, REAfinity™ Recombinant Miltenyi Biotec 
CD4 (RPA-T4) FITC Mouse IgG1, κ Biolegend 
CD45 (HI30)-PerCp/Cy5.5 Mouse IgG1, κ Biolegend 
CLA (HECA-452)-PerCP-Cyanine5.5 Rat, IgM, K Biolegend 
HIV core antigen(KC57)-PE Mouse IgG1 K Beckman Coulter 
Mouse IgG1 k-PE (Iso ctrl HIV Gag) Mouse IgG1 K Biolegend 
CD28.2 -PE/Dazzle594 Mouse IgG1, κ Biolegend 
Integrinß7(FIB504)-PE-Cy7 Rat, IgG2a K Thermo Fisher 
CCR7(G043H7)-APC Mouse IgG2a K Biolegend 
CD45(HI30)-A700 Mouse IgG1, κ Biolegend 
CD8(RPA-T8)-Alexa700 Mouse IgG1 K Biolegend 
CD8(RPA-T8)-APC-Cy7 Mouse IgG1 K Beckton Dickinson 
CD19(HIB19)-APC/Cyanine7 Mouse IgG1 K Biolegend 
CD14-APC/Cyanine7 Mouse IgG1 K Biolegend 
CD45 (HI30)-BV421 Mouse IgG1, κ Biolegend 
PD-1(EHA12.2H7)-BV421 Mouse IgG1 K Biolegend 
CD103(Ber-ACT8)-Bv421 Mouse IgG1 K Biolegend 
CD3(UCHt1)-BV510 Mouse IgG1 K Biolegend 
CD25(BC96)-BV605 Mouse IgG1 K Biolegend 
CD45 (HI30)-BV605 Mouse IgG1 K Biolegend 
CD4(RPA-T4)-BV650 Mouse IgG1 K Biolegend 
CD45RA(HI100)-BV711 Mouse IgG2b K Biolegend 
CD45 (HI30)-BV785 Mouse IgG1, κ Biolegend 
CD45(HI30)-BUV395 Mouse IgG1, κ Beckton Dickinson 

   
HIV broadly neutralizing Antibodies Isotype Supplier 

   
3BNC117 (CD4bs) human IgG1 Prof. Florian Klein 
10-1074 (V3-loop) human IgG1 Prof. Florian Klein 
PG16 (V1V2-loop) human IgG1 Prof. Florian Klein 
35O22 (gp120-gp41 interface) human IgG1 Prof. Florian Klein 
10E8 (MPER gp41) human IgG1 Prof. Florian Klein 
MGO (human IgG1 Isotype control) human IgG1 Prof. Florian Klein 
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MACS  
 

Anitbody (Clone)-Fluorochrome Isotype Supplier 
CCR7, REAfinity™-Biotin Recombinant Miltenyi Biotec 
CD4, REAfinity™-Biotin Recombinant Miltenyi Biotec 
CD8, REAfinity™-Biotin Recombinant Miltenyi Biotec 
CD19, REAfinity™-Biotin Recombinant Miltenyi Biotec 
Integrin ß7, REAfinity™-Biotin Recombinant Miltenyi Biotec 
FcR Blocking reagent IgG1 Miltenyi Biotec 
Anti-Biotin MicroBeads kit  Miltenyi Biotec 
CD4+ T-cell isolation kit, human  Miltenyi Biotec 
MACSxpress® Whole Blood CD4 Isolation kit  Miltenyi Biotec 
REAlease® CD4 Micobeads kit, human  Miltenyi Biotec 

 

X.1.5. Equipment 

 
Name   Supplier 
    
MACS    
QuadroMACS Separator  Miltenyi Biotec 
MACSxpress Separator  Miltenyi Biotec 

    
FACS    
LSR Fortessa Flow Cytometer Beckton Dickinson 
FACSAria III Cell sorter  Beckton Dickinson 

    
PCR-Cycler    
Biometra Trio 48 PCR Cycler Analytik Jena 
7500 Fast Real-Time PCR System Applied Biosystems 

    
Sequencer    
3130 Genetic Analyzer Sequencer Applied Biosystems 
MiSeq Benchtop Sequencer  Illumina 

    
Nucleic acid extraction/quantification  
Maxwell® RSC  Promega 
Quantus™ Fluorometer  Promega 

    
Microscopy    
LEICA DMi1   Leica 
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X.1.6. Plasmids 

 
Name Appliaction 

  
pNL-NF HIV-1 reference plasmid (derivative of pNL4-3)  
pMVQA Standard for HIV-1 poly-A quantification (Supp. Fig. 11) 
pBRU2 HIV-1 Subtype B, X4-tropic   
pMal2 HIV-1 Subtype D, R5-tropic   
pADIc Cl-13 HIV-1 Subtype B, X4-tropic (Ala-1) 

 

X.1.7. Buffers 

 
FACS staining/MACS separation Buffer    
PBS + 2 mM EDTA + 1% (v/v) human Serum 

      
Paraformaldehyde Fixation Buffer     
PBS + 4% (m/v) Paraformaldehyde    
      
X-Gal Buffer      
5 mM K4[Fe(CN)6] * 3H2O + 5 mM mM K3[Fe(CN)6] + 2 mM MgCl2 * 6H2O   
   
Density gradient medium (Histopaque® Sigma)   
Density: 1.077 g/mol   
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X.1.8. Primer 
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X.2. Methods 

 

X.2.1. Nucleic acids 

 

X.2.1.1. Nucleic Acid Extraction 

RNA and gDNA extraction were performed with Maxwell RSC (Promega, Madison, Wisconsin, 

USA) using the “miRNA Plasma and Serum” (for viral RNA), “Cultured cells” (for gDNA) or 

“Simply RNA cells” (for intracellular RNA) Kit according to the manufacturers protocol. 

X.2.1.2. Proviral load determination 

Proviral loads were measured as described earlier 94 using a singleplex real time PCR approach 

with a VIC labeled CCR5 probe and a FAM labeled HIV LTR probe (see X.1.8. for details). 15 µL 

of Master Mix were mixed with 5 µL of extracted patient gDNA. For qPCR standards pre-

determined amounts of HUT4-3 cells (chronically infected cell line with two HIV DNA 

integrations per genome) were used. For one reaction the Master Mix was composed of 0.8 

μL of 10 μM forward primer (CCR5/LTR), 0.8 μL of 10 μM reverse primer (CCR5/LTR), 0.5μL of 

10 μM CCR5/LTR probe and 10 μL of 2x Luna® Universal qPCR Master Mix (New England 

Biolabs) in a final volume of 20 μL. Cycling conditions were as follows: one minute at 95°C, 45 

cycles of alternating 15 seconds at 95°C and one minute at 60°C.  

X.2.1.3. Total/Completed HIV RNA transcript quantification 

Intracellular poly-A HIV transcripts were measured as described earlier 95. In brief intracellular 

nucleic acids from frozen PBMC were isolated (Promega Maxwell RSC simply RNA cells) either 

used directly or frozen at -80°C. HIV poly-A transcripts were quantified by One-step RT qPCR 

using standards of inhouse plasmid pMVQA (Supp. Fig. 11) and reads were normalized to cell 

counts using CCR5 as described elsewhere 94 

X.2.1.4. Cloning of pMVQA plasmid 

To quantify poly-A HIV transcripts the HIV reference plasmid pNL-NF was cloned from position 

9045-9625 with addition of 20 mer poly-A using primers F-9045 and 10T20 (see X.1.8.). The 

amplicon was cloned into a TOPO-TA vector (Invitrogen) and the sequence was confirmed by 
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Sanger sequencing. Plasmid concentration was measured by Quantus (Promega) and serial 

dilutions of pMVQA were used to generate a standard curve to quantify HIV-1 poly-A 

transcripts. 

X.2.1.5. DNA integrity and PCR product visualization 

To visualize the integrity and size of the obtained PCR products each PCR reaction was loaded 

on a 1.5 % TAE buffered agarose gel. 1.5 g of agarose was dissolved in 100 mL TAE buffer by 

initial heating and cooling to ambient temperature, whereupon 10 µL SYBR® Safe (Thermo 

Fisher) DNA gel stain was added. 5µL of PCR reaction was mixed with 3 µL Gel loading dye 

Purple (6x, no DMSO), 10 µL MilliQ H2O and loaded onto the 1.5 % gel. The Gel was run for 30 

min at 100 Volts. 

X.2.1.6. DNA quantification  

For DNA quantification for qPCR standards the Quantifluor® ONE dsDNA Sysem (Promega) 

was used according to the protocol. 

X.2.2. Sanger Sequencing 

Sequencing reaction mix was set up as follows: 1μL Bright Dye Terminator, 4μL Brilliant dye 

Buffer (5X), 3μL of 1μM forward or reverse primer and 200-500 ng of cleaned plasmid DNA, 

topped with MilliQ H2O to a final volume of 20μL. Sequencing conditions were carried out in 

40 cycles of denaturing at 96°C for 20 seconds, annealing at 50°C for 20 seconds and 

elongation for four minutes at 60°C. The reaction was cleaned through a Sephadex G-50 

superfine column. The pure PCR product was sequenced with an ABI 3130 Genetic Analyzer 

with the five seconds injection protocol.  

X.2.3. V3 Next Generation Sequencing  

 

X.2.3.1. V3 amplification for Next generation sequencing 

For amplification a nested PCR approach was chosen. The Herculase II Fusion DNA Polymerase 

Kit (Agilent Technologies) was used in a 25 µL reaction volume. 24 µL of Master Mix were 

mixed with 1 µL of extracted patient gDNA or purified first PCR. Each PCR was carried out in 

triplicates to normalize for PCR amplification bias. The Master Mix was composed of 17 µL 

MilliQ H2O, 0.625 µL of 10 μM F-6848 (1st PCR) or F-6553 (2nd PCR),  0.625μL of 10 μM R- 
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7371 (1st PCR) or R-7801 (2nd PCR), 0.25 µL Herculase II dNTP, 5 µL of 5x Herculase II Reaction 

Buffer and 0.5 µL of Herculase II fusion DNA Polymerase. 

First PCR cycling conditions were as follows: initial three minutes at 95°C, 30 cycles of 

denaturation for 15 seconds at 95°C, annealing for 20 seconds at 60°C and extension for 45 

seconds at 72°C. Final extension was done for three minutes at 72°C. Cycling conditions for 

the second PCR were the same as for the first PCR except an annealing temperature of 56°C 

for 20 sec. 

X.2.3.2. 1st PCR V3 amplicon 

Each replicate of the first PCR of the V3 amplicon was pooled (6 µL each) and treated with 2 

µL of Illustra™ ExoProStar™ to get rid of excessive primers. Reaction was digested for 15 min 

at 37°C followed by a denaturation step at 80°C for 15 min. 

X.2.3.3. 2nd PCR V3 amplicon 

Each replicate of the second PCR of the V3 amplicon was pooled (~60 µL). Purification of the 

final PCR product was done according to the protocol of NucleoSpin ® Gel and PCR Clean-Up 

kit (Macherey Nagel). DNA was eluted in 2X 15 µL elution buffer. 

X.2.3.4. Purification of PCR product 

After PCR the DNA product was cleaned with Agencourt AMPour XP beads (Beckmann Coulter) 

according to protocol.  

X.2.3.5. DNA quantification  

For DNA quantification of NGS samples the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen) 

was used according to protocol.  

X.2.3.6. Library preparation  

DNA concentration was adjusted to 0.2 ng/μL and the Nextera XT DNA Library Preparation 

Kit (Illumina) was used to prepare the library according manufacturer’s protocol.  

X.2.3.7. NGS Sequencing  

Sequencing was performed with an Illumina MiSeq Benchtop sequencer with 2x250bp reads. 
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X.2.4. Peripheral blood cell isolation 

 

X.2.4.1. Buffy coat cell isolation of HIV negative blood donors 

Initially 5X 50 mL SepMate™ tubes (Stem Cell Technologies) were prepared by adding 15 mL 

of Histopaque® (Sigma) to the bottom reservoir of the tube. 50 mL of Buffy coat were diluted 

with 100 mL of PBS 2 mM EDTA 1% (v/v) Human Serum (washing buffer), mixed and 

distributed to the prepared SepMate™ tubes (30 µL per tube). SepMate™ Tubes were 

centrifuged for 20 min at 800xg with breaks off. Plasma was discarded and Leucoring was 

poured into fresh 50 mL tubes and resuspended with washing buffer in a total volume of 50 

mL. Cell suspension was centrifuged 2 times for 10 min at 400xg with breaks on, pooling cell 

pellets first in 2X50 mL and last in one 50 mL tube. Cells were resuspended in 50 ml washing 

buffer. Cell viability and cell count were evaluated by Trypan Blue (Thermo Fisher) stain. 

Collected cells in a final centrifugation step at 120xg 15 min at 4°C with breaks off and 

discarded SN. Cells were resuspended in pre-cooled freezing medium (FBS with 10% (v/v) 

DMSO) to have a final cell concentration of 10^7 cells/mL. 1 mL of cell suspension was loaded 

in Nunc Cryo tubes and put in a cryo container and put immediately at -80°C. On the next day 

cells were transferred to liquid Nitrogen and stored until use. 

X.2.4.2. CPT/EDTA tube cell isolation of HIV positive samples 

A) CPT tubes with fresh blood were inverted ten times prior to 20 min centrifugation at 

1650xg. B) For EDTA tubes blood was mixed 1:2 with PBS 2mM EDTA 1% (v/v) Human Serum 

(washing buffer) and layered on top of 15 mL Leucoprep into a SepMate™ tube (30 µL per 

tube). Tubes were centrifuged for 20 minutes at 800xg with breaks off. All subsequent steps 

were for both types of blood tubes (A/B) the same. Aliquots of the upper phase were taken 

for early timepoints with a detectable viral load for viral V3 NGS. Residual Plasma was 

discarded and cells were resuspended with 50 mL washing buffer. Cells were collected for 15 

min at 400xg with breaks on. Transferred SN into new tube and resuspended cells in 50 mL 

washing buffer and centrifuged both tubes for 15 min at 400xg with breaks on. Pooled all cell 

pellets and repeated washing step again. Resuspended cells in 10 mL washing buffer, counted 

cells, put 1-3 aliquots of 5X10^6 cells on side for proviral load, V3 NGS or HIV-1 poly-A 

determination and collected cells for 15 min at 120xg with breaks off. Removed SN and either 

used cells directly for downstream applications or resuspended cells in freezing medium (FBS 
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with 10% (v/v) DMSO) to have 10^7 cells/mL and froze 1 mL aliquots in a cryo-container at -

80°C. On the next day cells were transferred to liquid nitrogen and stored until use. 

X.2.5. Cell culture 

 

X.2.5.1. Conditioned medium 

HIV negative bulk PBMCs were isolated as stated in X.2.4.1. and were activated for 2 days in 

RPMI supplemented with 10% (v/v) FBS, 5 IU/mL Penicillin, 5 µg/mL Streptomycin, 2 µg/mL 

PHA-L and 100 IU/mL IL-2. Cells were washed thoroughly on day 2 and were transferred into 

Immuno Cult™-XF T Cell Expansion Medium (Stem Cell Technologies) with supplemented 5 

IU/mL Penicillin, 5 µg/mL Streptomycin as well as 100 IU/mL IL-2 and were kept for 3 days in 

culture at 37°C 5% CO2. Cells were collected for 10 min at 400xg and Medium was sterile 

filtered (0.2 µM pore size) and frozen at -80°C in 1.5 mL or 5 mL aliquots. 

X.2.5.2. Loading of Anti-Biotin MACSiBead™ Particles (T cell Activation/Expansion 
system MiltenyiBiotec) 

MACSiBeads™ were prepared according to manufacturer’s protocol (Miltenyi Biotec). In brief, 

appropriate amounts of CD2-Biotin, CD3-Biotin, CD28-biotin and anti-Biotin MACSiBead 

particles were mixed together and volume was adjusted to 1 mL. Mixture was kept for 2 h at 

2-8°C while rotating slowly. Antibody loaded MACSiBeads™ were stored at 4°C until use. 

X.2.5.3. PBMC Cell thawing 

Cells were quickly transferred to 37°C water bath and thawed until 90% of content was liquid. 

10 ml of RPMI supplemented with 10% (v/v) FBS, 5 IU/mL Penicillin, 5 µg/mL Streptomycin 

and 25 IU/mL DNaseI was added slowly (dropwise manner) per 1 mL cryo-preserved cells. 

Collected cells for 10 min 350xg and used for downstream applications. 
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X.2.6. Infection experiments 

 

X.2.6.1. Virus stock generation 

One day before transfection plated 293T cells in DMEM supplemented with 10% (v/v) FBS, 5 

IU/mL Penicillin, 5 µg/mL Streptomycin. At day of transfection medium was exchanged and 10 

µg of plasmid were transfected according to protocol of jetPRIME® (Polyplus transfection). 

Cells were incubated for 6 h at 37°C, 5% CO2. Subsequently cells were washed 3 times in PBS 

1% (v/v) FBS and fresh medium was added to cells for incubation overnight at 37°C, 5% CO2. 

The next day cells were once again washed as described above. After 5 h incubation at 37°C 

cells were washed once more in PBS and fresh medium was added for another overnight 

incubation at 37°C, 5% CO2. The next day virus containing SN was harvested, centrifuged, 

sterile filtered (0.45µm pore size), aliquoted and stored at -80°C for downstream applications. 

X.2.6.2. Spinoculation Experiments 

1-2 mL of virus containing SN was concentrated by centrifugation at full speed (21130xg) for 

≥ 1 h at 4°C. During centrifugation removed as much SN from SXR5 137 cells. After 1h virus 

concentration discarded upper 90% of volume. Added to concentrated virus desired Medium 

volume and added concentrated virus to SXR5 cells. Centrifuged virus at 800xg for 1.5 h onto 

SXR5 cells. Topped wells with medium needed for cell propagation and incubate cells at 37°C, 

5% CO2. 

X.2.6.3. X-Gal assay 

 
X-gal assay was performed as described earlier137. SXR5 or TZM-bl cells were used to check 

infectivity of cells or viral supernatants by HIV LTR dependent 𝛽-Galactosidase activity. 2-

3X10^6 SXR5 OR TZM-bl cells were plated in 50% DMEM/50% RPMI supplemented with 10% 

(v/v) FBS, 5 IU/mL Penicillin and 5 µg/mL Streptomycin the day before co-culture. Cells were 

either co-cultured for 2-3 days with infectious cells or viral supernatants were spinoculated as 

described in X.2.6.6. and incubated for 2-3 days before cells were fixed and freshly prepared 

X-Gal buffer with X-Gal substrate was added. Cells were incubated with X-Gal for 3h at 37°C 

and inspected under the microscope. 
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X.2.6.4. Quantitative viral outgrowth Assay (QVOA) 

 

Sorted cell fractions were plated in 96-well format. Per well 10^5 patient cells were plated 

with addition of 10^4 SupT1 hu R5 (SupT1 expressing the CCR5 co receptor) cells for viral 

propagation in 50% ImmunoCult™-XF T Cell Expansion Medium, 50% conditioned medium, 

100 IU IL-2 and anti-human CD3/CD28/CD2 mAb stimulation cocktail (Stem Cell Technologies). 

After 3 days new medium, 50IU IL-2 was added and every 2-3 days medium was exchanged. 

On day 7 and 14 cells were restimulated. From the 7th day onwards viral outgrowth was 

measured by X-Gal stain to see viral propagation over time. 

 

X.2.7. Immunology 

 

X.2.7.1. MACSorting of cells of interest 

PBMCs were kept for at least 3-4h in RPMI supplemented with 10% (v/v) FBS, 5 IU/mL 

Penicillin, 5 µg/mL Streptomycin, 100 IU IL-2, 300 nM EFV, 100 nM RAL if CCR7 selection was 

done. For selection the Quadro MACS ™ Separator (Miltenyi Biotec) was used. Cells were 

selected first against CD8 and CD19, followed by CD4 selection (using REAlease® CD4 

Microbead Kit, human Miltenyi Biotec) and finally selected for Integrin 𝛽7 or CCR7 according 

to the protocol of Anti-Biotin Microbeads kit (Miltenyi Biotec). 

For CD4 untouched selection of PBMCs the CD4+ T-Cell Isolation Kit, human (Miltenyi Biotec) 

was used according to the manufacturers protocol. 

X.2.7.2. Basic FACS staining 

 

PBMC were kept at 37°C during all PBS washing steps. FcR was blocked for 5-10 min at RT, 

followed by 15 min Live/Dead and CCR7 staining. Subsequently all other surface markers were 

incubated for additional 20 min at RT. Cells were washed in all subsequent steps in staining 

buffer (PBS, 2mM EDTA, 1 % human serum). For FACS analysis a basic antibody panel was 

used: CD3 (UCHT1, BV510, Biolegend), CD4 (RPA-T4, BV650, Biolegend), CD8 (RPA-T8, A700 

Biolegend or APC-Cy7 Beckton Dickinson), CD14 (63D3, APC-Cyanine7, Biolegend), CD19 

(HIB19, APC-Cyanine7, Biolegend)., CD25(BC96, BV605, Biolegend), CD28 (CD28.2, PE-Dazzle, 

Biolegend), CD45RA (HI30, BV711, Biolegend), CCR7 (G043H7, APC, Biolegend), CLA (HECA-
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452, PerCP-Cyanine5.5, Biolegend), Integrin ß7 (FIB504, PE-Cy7, Thermo Fisher), PD1 (EHA12-

2H7, BV421, Biolegend). For pre-ART samples antibodies for barcoding against CD45 (PerCP-

Cy5.5, A700, BV421, BV605, BV785, Biolegend or BUV395, Beckton Dickinson) were included. 

For cell sorting, an alternative antibody against CD4 (FITC, Biolegend) was used. For each 

antibody titrations were done to determine the best antibody concentration. For 

compensation UltraComp eBeads™ Compensation Beads (Thermo Fisher) were stained in the 

same way as cellular samples. 

 

X.2.7.3. FACSorting 

 

Up to 40 mL of whole blood was drawn from HIV positive individuals ≥ 6 months post-ART and 

CD4 cells were isolated by whole blood untouched MACS selection (Miltenyi). Preselected 

cells were cultured overnight in ImmunoCult™-XF T Cell Expansion Medium (Stem Cell 

Technologies), 1 µM AMD, 1 µM MVC, 0.5 µM EFV and 50 IU/mL IL-2 (Miltenyi) at 37°C 5% 

CO2. The next day cells were harvested, washed and stained as described in X.2.7.2. Cells were 

kept on ice before sorting on a FACS ARIA III cell sorter (Beckton Dickinson). 

 

X.2.7.4. Biotinylation of HIV Envelope bNAbs 

 
For each Envelope epitope one bNAb was obtained from the lab of Florian Klein (Institute of 

Virology Cologne): 3BNC117 (CD4 binding site), 10-1074 (V3 stem), PG-16 (V1V2 variable 

loop), 35O22 (gp120/gp41-interface) and 10E8 (MPER). Biotinylation was done according to 

the protocol of EZ-Link® Micro Sulfo-NHS-LC-Biotinylation Kit (Thermo Fisher). bNAbs 

3BNC117, 10-1074 and PG-16 were combined in one bNAb mix as well as 35O22 and 10E8. 

Biotinylated bNAb mixes were kept at 4°C until use. 

 

X.2.7.5. GERDA (Gag and Envelope Reactivation Detection Assay) 

 

A CD4 untouched pre-separation step was performed to enrich for cells of interest as 

described in X.2.7.1. Selected cells were then stimulated in 50% ImmunoCult™-XF T Cell 

Expansion Medium (Stem Cell Technologies), 50% conditioned medium, 2.5 µg/mL PHA 
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(Sigma), 5 µM AMD, 5 µM MVC, 1 µM EFV, 5 µM Z-VAD-FMK, 100 IU IL-2 (Miltenyi) for 36-40h 

to reactivate dormant proviruses. HUT4-3 cells, our positive control, were stimulated with PHA 

24h before staining. For optimized conditions ≥ 2.5X10^6 Ramos cells (CD19+CD3-) were 

added as carrier cells. Subsequently cells were surface stained for immunological 

characterization as described in X.2.7.2. as well as for Envelope expression. To detect Env we 

used 5 µg/mL biotinylated bNAb mixes A (35O22, 10E8) and B (3BNC117, 10-1074, PG16) 

whereof Mix A was used during initial LiveDead/CCR7 stain and Mix B with the residual surface 

markers. After 2 washes bNAbs were subsequently targeted by an Anti-Biotin-VioBright B515 

(Miltenyi Biotec) secondary antibody. Cells were washed once again in washing buffer and 

were fixed for 30 min at RT in PBS 2% PFA. Cells were permeabilized twice with ICS 

Permeabilization Wash buffer (Biolegend) prior to intracellular staining with anti-HIV Gag (KC-

57, PE, Beckman Coulter) for 30 min at RT. ICS labeled samples were washed twice in perm-

wash buffer by keeping samples for each wash 10-15 min at RT before cell collection. Cells 

were kept on ice before acquisition on a LSRFortessa Flowcytometer (BD Bioscience). To 

monitor the Flowcytometer detectors over time Rainbow Calibration Particles, 6 Peaks 

(Biolegend) were run for each new acquisition. 

 

X.2.8. Computational Analysis  

 

X.2.8.1. Geno2Pheno  

Geno2Pheno was used for tropism determination based on the V3 sequence. For Next 

Generation Sequencing the tropism was determined by Geno2Pheno454 with a FPR cut-off 

value of 3.5%, 5%, 10%, 15% and 20%. For Next Generation Sequencing, an R5-tropism was 

assigned if the relative amount of X4-variants in the patient pool was below 2%. If the relative 

abundance of X4-variants changed by less than 1% between different time points it was 

designated as “stable”.  

X.2.8.2. FACS data 

Flow cytometry data were analyzed using FlowJo v10.6.2 software (TreeStar). Cell populations 

of interest (viable CD3+CD4+/-CD8-CD14-CD19-) were exported in CSV format for t-SNE 

downstream applications.  
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X.2.8.3. T-SNE (t-distributed stochastic neighbor embedding) 

 
Data were imported to R 3.5.2 “Eggshell Igloo”. FACS data was first normalized using arcsin 

(inverse hyperbolic sine function) transformation (custom code Julian Spagnuolo). For data 

dimension reduction thresholds for each channel were set and normalized data was 

dimensionally reduced by opt-SNE 139 using following features: perplexity = 30, theta = 0.5, 

maximal iterations = 2000, eta =200, opt-SNE End 5000, Verbosity = 25.  

 

X.2.8.4. DBSCAN (Density-Based Spatial Clustering of Applications with Noise) 

 
For refined clustering of the dimensional reduced data a density based semi-supervised 

clustering algorithm DBSCAN 194 (optimized custom code by Julian Spagnuolo) was used. 

Parameters Minimal points and Epsilon for DBSCAN usage were determined by running 

knndistplot and looking for “first” valley of the sorted k dist graph 140. Fine tuning was achieved 

by scanning through 3-6 minimal points and the smallest range of eligible epsilon values, 

plotting noise points in obtained graphs (optimized DBSCAN code Julian Spagnuolo). 

 

X.2.8.5. Statistics and data visualization 

Data were computed by R. Correlation plots were generated with raw FACS data using ggpubr 

package 195. T-SNE plots were computed with ggplot2 package 196 and individual marker 

expression were plotted with ggbeeswarm package 197. Heatmaps were created by pheatmap 
198. Continuous data were log transformed and compared by paired t-test. 
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Supplemental Table 1. HIV-1 reservoir in T-cell subsets. Representative data of individual P04. Proviral and Poly-
A quantification were done 9 days post stimulation. GERDA was performed on day 14 post stimulation. Results 
are normalized to 10E6 cells. GERDA: Gag and Envelope Reactivation Detection Assay. IUPM: infectious units per 
million. ND: not detectable. QVOA: Quantitative Viral Outgrowth Assay. Poly-A: HIV poly-A transcripts 

 Provirus Day 9 Poly A (VQA) Day 9  GERDA QVOA 

ID HIV DNA/10E6 HIV PolyA/10E6 HIV RNA/HIV DNA HIV Gag+ 
/10E6 

HIV Gag+ 
Env+/10E6- 

IUPM 

P04_T4_TN ND ND ND 9 ND ND 

P04_T4_TCM 69 1'103 16 260 1 ND- 

P04_T4_TTM 16 ND ND 110 ND ND 

P04_T4_TEM ND ND ND ND ND ND 

 

Supplemental Table 2 A+B. V3 loop NGS. Representative NGS data of first 10 most detected V3 variants of Patient 
P05. Individual aligned V3 variants of time point 1 descending by relative abundance with amino changes 
highlighted in red. A: To highlight the fate of each listed V3 variant from timepoint 1, all consecutive timepoints 
for proviral (DNA) and viral (RNA) V3 variants are listed in comparison to each V3 variant of timepoint 1 with 
indication of V3 rank and its relative abundance. Table B: all V3 sequences are compared to the 10 most abundant 
sequences of timepoint 5. [*CW]: either C or W possible for translation. FPR: False positive rate 
(Geno2Phenocoreceptor), rel.ab: relative abundance. Count: absolute number of same variants detected. 

 
Timepoint 1 (T1) DNA T2 DNA T5 DNA T1 RNA 

Rank V3.LOOP COUNT FPR Rel.ab. (Rank; Rel.ab.) (Rank; Rel.ab.) (Rank; Rel.ab.) 

1 CTRPGNNTRRSIHIGPGKAFYTSEITGDIRQAHC 28991 18.46 96.42 1; 76.6% 1; 52.4% 1; 96.8% 

2 CTRPGNNTRRSIHIGPGKAFYTSEITGDIRPVSY 199 78.34 0.66 7; 0.22% 13; 0.15% 2; 0.8% 

3 GTRPGNNTRRSIHIGPGKAFYTSEITGDIRQAHC 98 26.45 0.33 9; 0.16% 61; 0.02% 3; 0.62% 

4 CTRPGNNTRRSIHIGPGKAFYISEITGDIRQAHC 41 7.27 0.14 - - - 

5 CTRPDNNTRRSIHIGPGKAFYTSEITGDIRQAHC 31 28.63 0.10 38; 0.03% - 5; 0.14% 

6 KRQPGNNTRRSIHIGPGKAFYTSEITGDIRQAHC 29 17.15 0.10 37; 0.03% - 4; 0.2% 

7 RQRPGNNTRRSIHIGPGKAFYTSEITGDIRQAHC 25 13.37 0.08 - - 7; 0.08% 

8 CTRAGNNTRRSIHIGPGKAFYTSEITGDIRQAHC 21 28.92 0.07 44; 0.03% 71; 0.02% 18; 0.04% 

9 CTRPGNNTRRSIHIGAGKAFYTSEITGDIRQAHC 19 8.72 0.06 - 68; 0.02% 10; 0.05% 

10 [*CW]TRPGNNTRRSIHIGPGKAFYTSEITGDIRQAHC 17 23.55 0.06 - 34; 0.03% - 

 
 

Timepoint 5 (T5) DNA T1 DNA T2 DNA T1 RNA 

Rank V3.LOOP COUNT FPR Rel.ab. (Rank; Rel.ab.) (Rank; Rel.ab.) (Rank; Rel.ab.) 

1 CTRPGNNTRRSIHIGPGKAFYTSEITGDIRQAHC 7612 18.46 52.35 1; 96.4% 1; 76.6% 1; 96.8% 

2 CTRPGNNTRRSIHIGPGKAFYTAEITGDIRQAHC 3327 11.63 22.88 43; 0.03% - 12; 0.04% 

3 CTRPGNNTRKSIHIGPGKAFYTSEITGDIRQAHC 725 16.86 4.99 - 4; 5.4% - 

4 CTRPGNNTRRSIHIGPGRAFYTSEITGDIRQAHC 695 15.84 4.78 40; 0.02% 8; 0.18% - 

5 CTRPGNNTRKSIHIGPGKALYTTEITGDIRQAHC 483 33.72 3.32 - - - 

6 CTRPGNNTRRSINIGPGRAFYTSEITGDIRQAHC 393 27.62 2.70 - 2; 5.7% - 

7 CIRPGIKTRRIIHIGPGKAFYTS-GTGDIRKAHC 357 0.58 2.46 - - - 

8 CIRPGIKTRRIIHIGPGKAFYTSGITGDIRKAHC 242 0.73 1.66 - 3; 5.5% - 

9 CIRPGIKTRRIIHIGPGKAFYTS--TGDIRKAHC 148 0.29 1.02 - - - 

10 CTRPGNNTRRSIHIGPGKAFYTTEITGDIRQAHC 46 16.72 0.32 25; 0.03% - - 

A 
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  SUPPLEMENTAL FIGURE 1 MACS fraction purity 

Supplemental Figure 1 related to Figure 5+6. MACS fraction purity evaluation. A: All fractions separated for Integrin 
β". B: All fractions separated for CCR7. Histoplots show expression of each relevant marker for fraction identification. 
Tables underneath plots highlight critical marker expression for fraction assignment. To see individual differences 
among fractions, rows were highlighted with heatmap colors ranging from low (blue) to high (yellow) expression 
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SUPPLEMENTAL FIGURE 3 GERDA specificity 

Supplemental Figure 3 related to Figure 7. GERDA staining establishment. A, B: FACS profiles of a mixed pool of 
infected (HUT4-3) and uninfected (SupT1) cells. SupT1 and HUT4-3 cells identified by CD4 vs Live/Dead (A) and CD4 
vs HIV Gag (B). C: Gag (x-axis) vs Env (y-axis) correlation plot of Figure 7 Quadrant Q2 
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  SUPPLEMENTAL FIGURE 4 Sensitivity of the GERDA system 
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 SUPPLEMENTAL FIGURE 4 Sensitivity of the GERDA system 
 

Supplemental Figure 4 related to Figure 8. GERDA sensitivity. 1600 input condition. A, B: Gag+Env+ (Q2) events pre-
gated by CD4+ (SupT1, red) and CD4- (HUT4-3, blue) expressing cells looking at Gag vs Env expression (A) or CD4 vs 
Gag (B). C: HIV Gag vs HIV Env expression of Gag+ cells (Q2+Q3) with CD4 heatmap. D, E: Backgating (final gated 
population overlaid at each level in red) of HUT4-3 (D) or SupT1 cells (E). F-I: Scatter profile of individual cell lines: 
HUT4-3 (red) vs SupT1 (blue) (F), “HIV Gag intermediate gate”(black) vs SupT1 (blue) (G), Q3 CD4+ (SupT1, grey) gate 
vs Q3 CD4- (HUT4-3, orange) gate vs SupT1 (blue) (H) or Ramos cells (rose) vs SupT1 (blue) (I). J: Backgating (final 
gated population overlaid at each level in red) of Ramos/LD cells to HIV Gag/Env expression. 
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S  

SUPPLEMENTAL FIGURE 5 GERDA establishment 

Supplemental Figure 5 related to Figure 7. GERDA staining establishment. A, B: HIV Gag/Env staining of HUT4-3 virus 
infected SupT1 cells. Infected cells (red) in comparison to unstained (black) and uninfected (grey) controls (A) or CD4 
expression heatmap of infected SupT1 cells (B). C, H: Backgating (final gated population overlaid at each level in red) 
of SupT1 (C) or CD4+ T-cells (H). D, I: HIV neg controls of SupT1 (D) or CD4 (I) infections with CD4 heatmap. E-G, J-L: 
6 days post infection X-Gal staining of SXR5 (E)/(J), TZM-bl (F)/(K) or uninfected control (G)/(L). Blue cells show 
individual infection events. M-O: Mal-2 infections of SupT1 cells looking at Gag vs Env (M), CD4 heatmap (N) or X-
Gal staining (O). P-R: Ala-1/LAI infections of CD4+ PBMCs. Gag vs Env expression of LAI (orange,) or Ala-1 (blue) 
infection (P), X-Gal staining of Ala-1 (Q) or LAI infection (R). Blue cells show individual infection events. 
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SUPPLEMENTAL FIGURE 5 GERDA establishment 
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SUPPLEMENTAL FIGURE 6 GERDA applied on recent HIV-1 diagnosed individuals 
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SUPPLEMENTAL FIGURE 6 GERDA applied on recent HIV-1 diagnosed individuals 
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Supplemental Figure 6 related to Figure 9. GERDA staining on PBMCs of HIV-1 infected individuals. A, B: Isotype 
control stains of CD4+ PBMCs infected with Ala-1: MGO (red: bNAb Isotype, human IgG1), Gag Isotype control (blue) 
and usual Gag and bNAb stain (grey). Cryo-preserved pre-ART samples C-L. C: Gag+Env+ contribution of each 
memory compartment. D: Gag/Env correlation of Q2 Figure 9 A. E-G: t-SNE plots (each dot represents one cell as 
single data point, 6.85E105 cells in total) highlighting all identified DBSCAN clusters (Color palette does not allow to 
highlight each individual cluster in an individual color) (E), highlighting all Gag+ (blue) and Gag+Env+ (cyan) 
populations (F) or highlighting DBSCAN clusters of just Gag+Env+ cells (G). H-K: Marker expression of each individual 
cluster as indicated in Supp Figure 7 G. Related to recently diagnosed Patient P03 M-Q. M, N FACS control stains: 
uninfected (M), and same day stained individual P02 (N) for comparison to P03. O: Backgating (final gated population 
overlaid at each level in red) of DP events of patient P03. P: Gag/Env correlation of Q2 Figure 9 B. Q: t-SNE plot (each 
dot represents one cell as single data point, 1.41E106 cells in total) highlighting all clusters identified by DBSCAN 
(Color palette does not allow to highlight each individual cluster in an individual color) 
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SUPPLEMENTAL FIGURE 7 GERDA vs QVOA 

Supplemental Figure 7 related to Figure 11. GERDA performance during viral outgrowth. A, B: Control stains of day 
14 post stimulation: unstained (left) and uninfected CD4+ T-cells (right). B: Purity of sorted fractions. Purities are 
given as % ± SD.  C: Progression of viral reactivation visible as blue cells from same well over time by X-Gal staining. 
Blue cells show individual infection events. SD: standard deviation 
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  SUPPLEMENTAL FIGURE 8 A PR-RT relatedness of P05 and P07 

Supplemental Figure 8A. Relatedness of individual P05 and P07. Alignment of PR-RT sequence of P05 (top) and 
P07 (middle). Consensus sequence is shown on the bottom. Matches are colored in red, while mismatches are 
colored in Blue/black. Data was kindly supplied by MD Diagnostic University Hospital Basel/ Prof. Hans H Hirsch. 



Supplemental Figures 

109 

  SUPPLEMENTAL FIGURE 8 B INT relatedness of P05 and P07 
 

Supplemental Figure 8B. Relatedness of individual P05 and P07. Alignment of INT sequence of P05 (top) and P07 
(middle). Consensus sequence is shown on the bottom. Matches are colored in red, while mismatches are colored 
in Blue/black. Data was kindly supplied by MD Diagnostic University Hospital Basel/ Prof. Hans H Hirsch. 
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  SUPPLEMENTAL FIGURE 10 GERDA profile of recent HIV-1 diagnosed individuals 
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SUPPLEMENTAL FIGURE 10 GERDA profile of recent HIV-1 diagnosed individuals 

Supplemental Figure 10 related to Figure 9. GERDA staining on PBMCs of HIV-1 infected individuals: Gag vs Env 
expression of two consecutive timepoints for each examined individual. A: P01, B: P03, C: P04, D: P05, E: P06, F: P07, 
G: P08 
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 SUPPLEMENTAL FIGURE 11 pMVQA plasmid map 

Supplemental Figure 11. Plasmid map of pMVQA. HIV sequence of reference plasmid pNL-NF was cloned from 
position 9045-9625 (cyan bar) with addition of a poly-A tail and cloned into TOPA-TA vector. Forward Primer 
(green), reverse primer (yellow) and Probe (red) binding sites are indicated by colored triangles. Origin of 
replication (magenta), Ampicillin (green) and Kanamycin (Blue) resistance cassettes are shown as respective 
colored bars. 
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HIV-1 elimination from reservoirs -
 viral dynamics during suppressive ART
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Abstract message

t� *O�QSF�UIFSBQZ�TJUVBUJPOT�$9$3��USPQJD�)*7���WBSJBOUT�JODSFBTF�PWFS�UJNF�BOE�XJUI�TUBHF�PG�EJTFBTF�XIFSFBT�VOEFS
� UIFSBQZ�$93��USPQJD�WBSJBOUT�CFDPNF�NBSLFEMZ�SFEVDFE�PS�WBOJTI�
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� PG�UIF�$9$3��JOGFDUFE�DFMMT�MPPLJOH�BU�UIF�IPNJOH�QPUFOUJBM�PG�DFMMT�GSPN�UIF�CMPPE�QFSJQIFSZ
t� 1SFMJNJOBSZ�EBUB�GSPN�DFMM�TPSUJOHT�SFWFBM�UIBU�-ZNQI�OPEF�IPNJOH�BT�XFMM�BT�HVU�IPNJOH�QSPQFSUJFT�PG�DFMMT�DPJODJEF�XJUI�
� IJHIFS�QSPWJSBM�MPBET
t� 0G�OPUF��NPTU�HVU�IPNJOH�NFNPSZ�5�DFMMT�QPTTFTT�BMTP�MZNQI�OPEF�IPNJOH�QSPQFSUJFT
t� U4/&�WJTVBMJ[BUJPO�JT�B�TVJUBCMF�UPPM�GPS�JEFOUJGZJOH�FTTFOUJBM�NBSLFS�DP�FYQSFTTJPO�PO�JOGFDUFE�DFMMT���

Background

In the absence of any therapy X4 (CXCR4)-tropic HIV-1 is found to             
increase over time of infection, associated with an accelerated disease 
progression. More recent analyses during ART show that in most            
successfully treated patients the opposite is true: X4 viruses are                 
diminished while R5 (CCR5) viruses are stable*. Antiretroviral therapy 
itself and the recovering immune system seem to readily detect and clear 
cells infected with X4 viruses . Our intention is to look at long lived memroy 
T-cell compartments in the periphery of patients during untreated and 
treated time points to determine which cells are involved in the viral 
dynamics and which lymphoid tissue is responsible fo reservoir formation, 
stability and viral clearance with special focus on X4- and R5- tropic virus 
compartmentalization.
   Material & Methods

Our pilot study used MACS technology for the analysis of peripheral blood 
of arbitrarily chosen HIV-positive patient samples from the Swiss HIV 
cohort study. Non-relevant CD8+ (CTLs) and CD19+ (B-cells) were 
depleted and CD8-CD19- cells were selected for CD4 and Integrin B7 
(gut homing) or CCR7 (lymph node homing). Proviral loads (pVLs) were 
determined by validated qPCR. For multi-dimensional data
visualization the tSNE plugin of FlowJo was used.
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For the better interpretation of the complex multi-parameter data the 
tSNE algorithm was tested on patient simulated condition (1% HIV-1 
infected cells) using HIV Gag::PE intracellular staining. As seen in Figure 
2B all high PE expressing cells cluster in one population. Further analysis 
showed that those cells are indeed the infected cells. Further simulation 
of lower dilutions remain to be tested.

Patient condition (~200 HIV DNA copies/10^6 cells) multi-parameter 
stain on ~500’000 cells of interest (CD3+CD4+/-CD8-CD19-). HIV Gag+ 
cells are highlighted in plot as black. Data implies for this condition that 
HIV Gag+ cells co-express CD4, CCR7, CD28 and some Integrin B7.

MACS preliminary results:
In order to evaluate which lymphoid homing marker might be of highest 
relevance, proviral loads of MACS sorted fractions revealed that 
CD4+CCR7+/-CD8-CD19- and CD4+B7+CD8-CD19- cells were clearly 
enriched for proviral DNA copies.

Results
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Background

Background

Viral dynamics during suppressive ART -
Towards HIV-1 elimination from

reservoirs

• In pre-therapy situations CXCR4-tropic HIV-1 variants increase over time and with stage of disease, whereas under
therapy CXR4-tropic variants become markedly reduced or vanish [1]
• The study aim was to identify, which lymphoid compartment(s) are responsible for the observed selective elimination of
the CXCR4 infected cells looking at the homing potential of cells from the blood periphery
• Multi parametric FACS show active viral compartments beyond the periphery
• tSNE visualization is a suitable tool for identifying essential marker co-expression on infected cells

• tSNE results highlight reservoir markers of interest for subsequent live cell sorts and the selective reactivation of latent
proviruses
• Matched integration site and proviral (MIP) sequencing of sorted cell fractions will give further insights in cellular
compartmentalization and genomic landscapes of distinct viral species.
• Finally, integrating all data from these cells, circulating in the periphery, will then be followed by a detailed analysis of the
respective tissue(s) of interest (GALT/LN biopsies) using CyTOF for deep immune profiling

Abstract message

Outlook

Otte, Fabian 1; Klimkait, Thomas 1 and the Swiss HIV Cohort Study
1 Molecular Virology, University of Basel, Department of Biomedicine, Basel, Switzerland

Materials & Methods

Results

Contact: Fabian.Otte@unibas.ch
[1] Bader, J. et al. Therapeutic immune recovery prevents emergence of CXCR4-tropic HIV-1. Clin. Infect. Dis. ciw737 (2016).
[2] FACkit (FACS Analysis Tool kit), version 0.1.0 developed by Julian Spagnuolo
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Materials & Methods

In the absence of any therapy X4 (CXCR4)-tropic HIV-1 is found to
increase over time of infection, associated with an accelerated disease
progression. More recent analyses during ART show that in most
successfully treated patients the opposite is true: X4 viruses are
diminished while R5 (CCR5) viruses are stable [1]. Antiretroviral
therapy itself and the recovering immune system seem to readily detect
and clear cells infected with X4 viruses. Our intention is to look at long
lived memory T-cell compartments in the periphery of patients during
untreated and treated time points to determine which cells are involved
in the viral dynamics and which lymphoid tissue is responsible for
reservoir formation, stability and viral clearance with special focus on
X4- and R5- tropic virus compartmentalization.

To study the properties of peripheral HIV-infected cells, we analyze T-
cell memory, the lymphoid homing potential and HIV protein expression
in stimulated patient cells by multi-parameter FACS, utilizing R based t-
distributed stochastic neighborhood embedding (tsne) and DBScan [2]
to identify specific target cell clusters.

To evaluate our staining procedure we first
tested if we can identify in a mixed pool of
chronically infected (HUT4-3) and
uninfected Lymphocytes (SupT1) HIV
positive as well as HIV negative cell
populations. As shown in Figure 1 viral
active HUT4-3 cells localize as a clearly
distinct double positive population in the
second quadrant of the Contour plot
whereas non-infected SupT1 cells are
located in the double negative third
quadrant.
Moving one step further to a more "patient-
like" situation we used PBMCs infected
with different HIV-1 strains (e.g. LAI and
Ala-1, both Subtype B and X4-tropic). As
illustrated in Figure 2 A and C both
infections yield adequate levels of double positive cells. The
Supernatants of each infection was further checked for the presence of
functionally intact viruses (Fig. 2 B).

Figure 1: HIV Gag / Envelope staining on a
mixed pool of infected (HUT4-3) and
uninfected (SupT1) cells. Legend above
highlights color coded ID of each population

Figure 2: HIV Gag / Envelope
staining of HIV-1 infected
CD4+ T-cells. (A) Contour
plot of Ala-1 infection
condition. (B) Representative
X-Gal stain of infected
reporter cells. Each blue cell
represents one infection
event. (C) Contour plot of LAI
infection condition. Legend
below highlights color coded
ID of each staining condition.

Figure 3: tsne plots of patient derived data. (A) HIV Env heatmap highlighting HIV Envhi cells as shown in scale next
to pot. (B) tsne plot of Gag+ (blue), Env+ (in red) and Gag+Env+ (in black) cells.
A

BA

Finally primary material from pre cART timepoint of patients with high
proviral loads was examined using T-cell memory, HIV protein and
lymphoid homing markers. As seen in Fig. 3 A HIV Envhi cells aggregate
in the lower left part of the tsne map. If Gag signals, as seen in Fig 3 B,
are considered as well, cell populations are identified that co-express
Env and Gag.

To have an unbiased view on the populations we clustered the data
using DBScan. Each color in Fig 4 B represents one cell cluster
identified by the algorithm. Fig. 4A next to the tsne cluster map depicts
one selected cluster with Gag/Env double positive expression.

Figure 4: tsne Cluster map. (A) Marker expression of
selected cluster. (B) Clusters identified by clustering
algorithm (Color palette does not allow to highlight each
individual cluster in an individual color)
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