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1 Introduction 

1.1 The human immune system in viral infections 

Viruses are simple biological entities that have been present on our planet long before 

the first humans appeared leaving us no choice but to learn how to co-exist with them 

(Acheson 2011). There is plenty of evidence demonstrating that humans came in 

contact with viruses throughout the whole history of mankind and that this interaction 

significantly influenced our evolution. It is estimated, that nearly 5 % of the human 

genome is composed of sequences derived from retroviruses (Nelson et al. 2004). At 

the same time, the emergence of humans influenced the evolution of viruses since 

many viruses adapted to replicate in the new host. Viruses are obligate intracellular 

parasites exploiting the cellular resources of other organisms for replication. Besides 

the consumption of a cell’s energy and building blocks viruses also cause 

reprogramming of cellular processes and, therefore, have a detrimental effect on the 

fitness of a host (Acheson 2011). As a consequence, all living organisms are forced to 

develop defense mechanisms against viral invaders. Humans, like other vertebrates, 

possess a complex immune system that can be divided into two distinct branches 

(Figure ) (Murphy, Weaver, and Janeway 2017). The first, evolutionary older branch 

is called the innate immune system. Innate immunity represents the first line of 

defense. It acts rapidly and against a broad spectrum of invading pathogens. The 

second branch is called the adaptive immune system. This includes responses that 

develop only days after the introduction of pathogens in our body and target exclusively 

that pathogen (Nicholson 2016). 
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Figure I: Human immune system. The illustration shows the basic components of an 

innate and adaptive immune response (Dranoff 2004).  

1.1.1 Innate immune response 

During our everyday activities, we are constantly exposed to viruses that are present 

in the air that we breathe, in water that we drink, in food that we eat, and on objects 

that we touch. The first to come in contact with viruses are organs that constitute the 

border between our inner body and the environment. These organs have an immense 

protective value and, when functioning properly, prevent the majority of infections. In 

absence of lesions most viruses, although very small, cannot pass the defensive wall 

composed of tightly connected epithelial cells (Turvey and Broide 2010). Additional 

protection of the epithelium is guaranteed by secretions, such as mucous or tears that 

trap viruses and expel them. They also contain different chemicals or enzymes causing 

degradation or neutralization of virions (Gallo and Nizet 2008). If a virus, however, 

manages to penetrate these defenses and finds its way deeper into our body, the 

innate immune system becomes engaged. Innate immune mechanisms act before a 

pathogen can replicate and cause an infection, or within hours following the infection. 

Furthermore, they play an important role in triggering the adaptive immune response 

(Murphy, Weaver, and Janeway 2017). Innate immune mechanisms can be split into 

three main categories (Turvey and Broide 2010): intrinsic cellular mechanisms, 

immune cell-mediated innate mechanisms, and humoral innate mechanisms. 
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1.1.1.1 Intrinsic immune mechanisms 

As soon as a virus breaches initial innate barriers and comes into contact with target 

cells, intrinsic cellular defense mechanisms become activated. These act directly, 

without the involvement of any other cells. Two types of intrinsic mechanisms can be 

distinguished; those that inhibit viral replication directly, and those that do this through 

activation of signaling cascades (Acheson 2011).  

Cellular proteins that recognize viruses and hinder their replication without the 

assistance of other proteins are an important component of the human immune 

system. They respond immediately, even before the mechanism dependent on 

signaling cascades get triggered (Acheson 2011). Demonstrating their importance, it 

has been shown that direct intrinsic defense mechanisms often determine the 

permissiveness of a cell type or even susceptibility of an organism to a virus (Bieniasz 

2004). Two extensively reviewed intrinsic factors that are effective against a large 

spectrum of viruses are ribonuclease-L and PKR. Both hinder the replication of RNA 

viruses. Ribonuclease-L cleaves single-stranded RNA in uridine-rich regions, while 

PKR deactivates cellular translation machinery and therefore translation of viral mRNA 

(Yan and Chen 2012).  

Intrinsic anti-viral mechanisms that require activation of signaling pathways involve 

numerous proteins that interact with each other upon the detection of viral components 

and finally exert an effect limiting virus replication. These mechanisms are carried out 

in three stages: virus recognition, signal amplification, and control of infection (Acheson 

2011). Human immune system can recognize invading viruses at different levels of 

their replication cycle, beginning with the attachment of a virion. A wide spectrum of 

sensor molecules is utilized for this purpose, the most important of which are nucleic-

acid-sensing Toll-like receptors (TLR) (Akira, Uematsu, and Takeuchi 2006). Besides 

TLRs, other proteins, such as RIG-I, MDA5, DAI, NLRP3, and AIM2, can recognize 

viral nucleic acids once present inside a cell (Yan and Chen 2012). Recognition of viral 

components by innate cellular receptors initiates signaling cascades and ultimately 

leads to the production of antiviral response proteins such as cytokines. Secreted 

cytokines, affect the original cells and those located nearby warning them of present 

pathogens. The typical response to this warning is the activation of intrinsic cellular 

defense mechanisms and transition to the anti-viral state (Levy and Garcia-Sastre 

2001). Eventually, the cytokine message also reaches immune cells in the circulation, 

recruiting them to sites of infection and stimulating them to fight against a spreading 
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virus (Ramshaw et al. 1997). Immune cell activation results in the production of large 

amounts of cytokines, antimicrobial compounds, and tissue remodeling molecules. 

Collectively, this is called the inflammatory response (Murphy, Weaver, and Janeway 

2017). 

There are four main groups of cytokines according to their function:  

1) Interferons are the most potent anti-viral cytokines. They can inhibit the initial 

and final stages of virus replication, however, the most researched are their 

effects on viral mRNA stability, synthesis, and translation. Interferons induce the 

synthesis of many proteins that hinder viral replication. The best known among 

them are Mx proteins that inhibit the activity of viral RNA polymerase, 

ribonuclease-L that degrades viral and cellular mRNA, and PKR that inactivates 

translation machinery through phosphorylation of its components (Samuel 

2001). There are three different classes of interferons; type I (IFNα and IFNβ), 

type II (IFNγ), and type III (IFNλ1/2/3). Interferons of type I and III have mostly 

anti-viral functions, while type II interferons predominantly regulate and 

coordinate the immune response. Many viruses make proteins that are 

specifically designed to counteract interferons, showing their great importance 

as anti-viral agents (De Andrea et al. 2002). 

2) Chemokines or chemo-attractant cytokines recruit immune cells to a site of 

infection. These cells then help to limit infection and stimulate the adaptive 

immune response. Examples of chemokines are IL-8, RANTES, CXCL10. In the 

case of HIV, chemokines that are natural ligands of HIV co-receptors (Mip1α, 

Mip1β, and RANTES for CCR5; SDF-1 for CXCR4) can directly act antivirally, 

since they block the attachment of a virus onto a target cell (Suresh and Wanchu 

2006). 

3) Pro-inflammatory cytokines like IL-1, IL-6, IL-12, and TNFα are synthesized 

immediately after the establishment of viral infection. Their main task is to 

activate immune cells that migrated to the site of infection. This leads to 

symptoms characteristic for viral infections; muscle pain, fever, nausea, fatigue, 

and lack of appetite (Dinarello 2000). 

4) Anti-inflammatory cytokines are mostly produced by immune cells and 

suppress the effects of pro-inflammatory cytokines. They cease the immune 

response after an infection has been cleared and therefore prevent potential 
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damage to the body. Typical cytokines with anti-inflammatory functions are IL-

4, IL-10, and TGFβ (Opal and DePalo 2000). 

1.1.1.2 Innate cell-mediated immunity 

Complex organisms like humans have evolved multi-level defense strategies to fight 

against invading pathogens. If a pathogen such as virus breaches physical and 

chemical barriers that protect our body from the outer environment, the second line of 

defense gets activated. This second line includes intrinsic defense mechanisms that 

get triggered inside of infected cells. Sometimes, even those fail to limit the spread of 

a virus and the third line of defense comes to play. The third line is comprised of highly 

specialized cells that fight an invading pathogen using many different approaches. 

These cells are called innate immune cells. Unlike cells of adaptive immunity, innate 

cells act rapidly, within hours following the infection. They recognize pathogens in an 

unspecific manner, meaning that each cell can respond to many completely different 

infectious agents (Gasteiger et al. 2017). Innate immune cells originate from bone 

marrow, where they develop together with other cells found in human blood. They are 

generated from hematopoietic stem cells, during the multi-level process of 

differentiation called hematopoiesis (Rieger and Schroeder 2012). Afterward, they get 

released into the blood and lymphatic system where they circulate or enter different 

tissues (Gasteiger et al. 2017). Immune cells that belong to innate responses are 

natural killer cells, macrophages, dendritic cells, and granulocytes (basophils, 

neutrophils, eosinophils, and mast cells) (Jagannathan-Bogdan and Zon 2013). 

As the name suggests, natural killer cells (NK cells) are immune cells specialized in 

the selective killing of infected or tumor cells and contribute significantly to the control 

of a viral disease (Abel et al. 2018). Their activity is potentiated by IFNα, which gets 

secreted from virus-infected cells, immediately upon recognition of the pathogen 

(Kwaa, Talana, and Blankson 2019). NK cells recognize infected cells by interaction 

with molecules present on the surface of these cells. There are two kinds of receptors 

utilized by NK cells; activating and inhibitory ones. Activating receptors bind to the 

molecules on target cells that get expressed during a stressful situation such as 

metabolic stress or viral infection. This results in the activation of a signaling cascade 

within the NK cells, leading to a cytotoxic response. However, NK cells can only get 

activated when there is no inhibitory ligand present on the surface of the target cell 

(Sivori et al. 2019). In normal conditions, all cells express major histocompatibility 

complex (MHC-I), which is the main ligand inhibiting NK cell activation and protecting 
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healthy cells from their cytotoxic effects. At the same time, MHC-I is extremely 

important for the development of the adaptive immune response. Many viruses have 

developed mechanisms downregulating the expression of MHC-I, to prevent the 

initiation of adaptive immune responses. This is where NK cells come to play. Once 

there is no inhibitory signal present on the virus-infected cells, NK cells secrete 

cytotoxic proteins that kill the cell (Vidal, Khakoo, and Biron 2011). Their typical way to 

kill an infected cell is by secretion of perforin and granzyme B. The first of the two 

proteins makes holes in the cell membrane of the target cell, enabling entry of the 

second protein, which triggers apoptosis. Another approach used by NK cells to cause 

apoptosis is mediated by cell-death ligands such as FasL and TRAIL (Brandstadter 

and Yang 2011). 

Macrophages are another highly specialized cell type playing a major role in human 

innate immunity. They develop from monocytes circulating the blood and differentiate 

into a mature form, referred to as macrophage, only once they infiltrate a certain tissue 

(Wynn, Chawla, and Pollard 2013). In contrast to NK cells, macrophages kill infected 

cells and microbes by engulfing and digesting them. The lysis is achieved chemically, 

through the production of reactive oxygen species inside the vesicles containing the 

engulfed material (Mogensen 1979). The lysing capacity of macrophages is strongly 

augmented by IFNγ. Activated macrophages release a series of cytokines 

synchronizing innate and adaptive immunity and tumor necrosis factors (TNF), that 

induce apoptosis (Arango Duque and Descoteaux 2014). Apart from digesting 

microbes and infected cells, they also present parts of pathogens to the cells of the 

adaptive immune system initiating the adaptive immune response. The presentation is 

mediated by MHC-I and MHC-II molecules (Martinez-Pomares and Gordon 2007). 

While macrophages fight against viral infections by uptake and digestion of virions, 

they often provide a substrate for viral replication (Nikitina et al. 2018). In HIV infection 

they contribute to the initial replication of the virus but are more resistant to infection 

than CD4+ T cells. This is largely due to the high expression of intrinsic restriction 

factor SAMHD1 (Koppensteiner, Brack-Werner, and Schindler 2012). Macrophages 

also play an important role in tissue repair and immunosuppression that take place 

after the infection has been cleared (Wynn and Vannella 2016). 

Dendritic cells (DCs) are best known for their role as professional antigen-presenting 

cells. Similar to macrophages, they develop from the circulating monocytes. Once in 

tissue, they scan the environment for the presence of pathogens. DCs recognize 
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pathogens with a number of innate immune receptors, such as TLRs, and present them 

on their surface (Pollara et al. 2005). Besides macrophages and B cells, they are the 

only cell type able to present parts of pathogens to helper T cells, through the 

expression of MHC-II (Belz, Mount, and Masson 2009). Their role during a viral 

infection is, however, controversial. On the one hand, they are irreplaceable in the 

presentation of viruses to cells of adaptive immunity, initiating a potent anti-viral 

response and long-term protection from the infection. On the other hand, DCs are 

thought to be among the first cells infected by a variety of viruses that enter through 

mucosal tissue (Pollara et al. 2005). After they recognize a pathogen in a tissue they 

are located, DCs migrate to the local lymph node to fulfill their antigen-presenting 

function. This is often exploited by viruses such as HIV that use these cells as a vehicle 

disseminating the virus throughout the body. Interestingly, only immature DCs can be 

productively infected by HIV, although there is evidence that both mature and immature 

cells contribute to the spreading of the virus. This is due to the expression of lectins on 

the surface of DCs that bind sugar components of HIV Env protein, thus collecting the 

virus (Klagge and Schneider-Schaulies 1999). 

Granulocytes are a category of innate immune cells characterized by the presence of 

secretory granules in their cytoplasm and segmented nucleus. There are four different 

types of granulocytes present in humans: neutrophils, eosinophils, basophils, and mast 

cells (Murphy, Weaver, and Janeway 2017). Neutrophils are the most abundant white 

blood cell type, comprising around 80% of all immune cells in the human body. They 

are the first cells that migrate to the site of infection, where they secrete granules filled 

with anti-microbial pro-inflammatory compounds and perform phagocytosis (Drescher 

and Bai 2013). Once at the site of infection neutrophils die and do not return to the 

blood. A specialty of neutrophils is that they can form a network of extracellular fibers 

to trap pathogens. These are called neutrophil extracellular traps (NETs) and are 

composed mainly of chromatin and proteins. It has been demonstrated that NETs can 

capture and facilitate the elimination of viruses, including HIV (Saitoh et al. 2012). 

Neutrophils are the most effective against bacterial, fungal, and parasitic infections, 

making them important in containing opportunistic infections that often follow a viral 

disease. Importantly, it has been shown that some viruses can replicate in neutrophils, 

meaning that neutrophils contribute to their transmission (Drescher and Bai 2013). 

Other granulocytes play similar roles in viral infections. Eosinophils are believed to be 

mainly involved in respiratory viral diseases (Flores-Torres et al. 2019). Basophils and 



14 
 

mast cells have been shown to take part in the dissemination of HIV (Marone et al. 

2016).  

1.1.1.3 Innate humoral immunity 

Viruses are constantly present in almost every habitable environment. Many of them 

are pathogenic and can cause serious diseases if they manage to enter our bodies. In 

most situations, breaching viruses get disabled during the early stages of the innate 

immune response. Sometimes, however, the immune system fails in early prevention 

of infection and the virus enters our circulatory system. At this point, we are talking 

about the systemic infection affecting the entire human body (Adams and Hubscher 

2006). There are several protein classes present in human blood that exert a strong 

anti-viral defense mechanism including complement, pentraxins (Shishido et al. 2012), 

and antimicrobial peptides (Reddy, Yedery, and Aranha 2004). The best-understood 

are proteins of the complement.  

The term complement originates from the initial role that was attributed to these 

proteins; to complement antibacterial activities of antibodies. There are several 

additional effector functions of the complement that are known today (Merle, Noe, et 

al. 2015). To become active the assembly of these proteins must first be initiated. 

Three different ways lead to that: the classical pathway, alternative pathway, and lectin 

pathway (Figure II). The classical way of complement activation is mediated by 

antibodies bound to the surface of a pathogen and is therefore largely dependent on 

the adaptive immune response. Similarly, the lectin pathway can be initiated by various 

serum proteins, including ficolins and collectins that bind to sugar molecules present 

on the virion’s surface. The third way to activate complement, called the alternative 

pathway, is via spontaneous breakdown and deposition of one of the complement 

proteins to the surface of a pathogen (Merle, Noe, et al. 2015). All three ways lead to 

proteolytic cleavage of crucial C3 protein into two fragments, C3a and C3b. The latter 

attaches to the surface of a virus possibly causing its neutralization and augmenting 

engulfment of the viral particle by phagocytes. Moreover, C3b deposition can lead to 

activation of the rest of the complement cascade, ultimately resulting in the formation 

of the membrane attack complex (MAC). This complex forms a hole into the surface of 

a virion or infected cell which leads to their destruction (Merle, Church, et al. 2015). 

Several side products of complement assembly also promote inflammation (Merle, 

Noe, et al. 2015). Because complement is very effective in defense against viruses, 

the latter have developed numerous strategies to interfere with its function. For 
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example, HIV Env proteins, gp41 and gp120, activate complement through the 

classical and lectin pathways. At the same time, these two proteins inhibit MAC 

formation by recruiting complement control proteins (Factor H and CD59) to the surface 

of the virus-infected host cell (Shishido et al. 2012). Moreover, the deposition of C3b 

on the surface of HIV promotes virus uptake mediated by complement receptors 

present on target cells (Soelder et al. 1989). 

 

Figure II: Complement system. Shown is a simplified process of complement 

activation and assembly (Creative-diagnostics 2020).  

1.1.2 Adaptive immune response 

The human immune system fights pathogens on many different levels. Besides innate 

immunity, there is another branch of immune responses that are particularly effective 

in the case of viral infections. However, they develop only after days or weeks following 

the establishment of infection, as an adaptation of our body to the infection and are 

therefore called adaptive or acquired immune responses. Conversely, the means of 

innate immunity are constantly present in the human organism and act rapidly. 

Adaptive responses are highly specific, meaning that they can recognize and target 

only the pathogen that initially triggered them (Chaplin 2010). Moreover, their duration 

is incomparably longer than that of innate responses, thanks to the ability of memory 

formation. Memory lymphocytes are present for years after the infection has been 

cleared or even lifelong. They provide faster and more potent responses in case of re-

exposure to the same pathogen (Ratajczak et al. 2018). Adaptive immunity acts on two 

different levels: Cell-mediated adaptive responses and humoral adaptive 

responses (Acheson 2011). 
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1.1.2.1 Adaptive cell-mediated immunity 

Viruses trigger intrinsic immune responses within the infected cells. Among other 

protective effects, this triggers the secretion of cytokines and causes subsequent 

recruitment of immune cells to the site of infection. The first cells to arrive are part of 

the innate immunity. Their activation results in the secretion of further cytokines 

eventually attracting cells of the adaptive immune system. Once at the site of infection, 

these cells can kill virus-infected cells and support innate immune mechanisms. Similar 

to innate, adaptive immune cells develop in bone marrow during the hematopoiesis. 

The multipotential hematopoietic stem cells that are the origin of all human blood cells, 

initially differentiate into common myeloid and lymphoid progenitors. The latter give 

rise to lymphocytes including B and T cells (another type of lymphocytes is NK cells) 

(Rieger and Schroeder 2012). Development of B cells takes place in the bone marrow 

except for final maturation steps that are completed in the spleen. After becoming fully 

functional, they get released into the bloodstream and secondary lymphoid organs 

(LeBien and Tedder 2008). The early steps of T cell differentiation take place in bone 

marrow as well. Precursor T cells then migrate into the thymus where they develop into 

mature cells able to populate secondary lymphoid organs (Jagannathan-Bogdan and 

Zon 2013). Bone marrow and thymus are, therefore, called generative or primary 

lymphoid organs, while the spleen, lymph nodes, tonsils, and gut comprise secondary 

lymphoid organs. The spleen primarily responds to pathogens present in the central 

blood circulatory system, whereas the lymph nodes respond to infectious agents that 

enter the body through the skin and mucous membranes of body cavities (Cueni and 

Detmar 2008). To reach the lymph nodes, pathogens must first enter the lymphatic 

vessels transporting clear liquid called lymph (Figure III). The lymph is the leftover of 

interstitial liquid that did not get reabsorbed into the blood vessels and contains waste 

products, proteins, and cellular debris, but also picks up pathogens from the periphery. 

Before being returned to the blood circulation, lymph passes through the lymph nodes, 

where B and T lymphocytes respond to foreign antigens (Ristevski et al. 2006). 

Lymphocytes constantly circulate throughout our bodies, carried around by blood and 

lymph. This greatly increases the chance of encountering their cognate antigen. Naïve 

or antigen-inexperienced B and T cells enter lymph nodes via blood capillaries. After 

slowly migrating through the node, they exit via the efferent lymphatic vessel that 

empties into lymph nodes located downstream. From there, lymphocytes pass into 

ever-larger vessels, eventually reaching the main lymphatic vessel called the thoracic 
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duct that returns them into the bloodstream. Once in the blood, they can re-enter a 

lymph node or another lymphoid organ and the cycle gets repeated. The circulation is 

continued until they encounter and react to the cognate antigen in one of the peripheral 

lymphoid organs (Murphy, Weaver, and Janeway 2017). This triggers their 

proliferation, creating a large pool of cells recognizing the same antigen. In parallel to 

clonal expansion, adaptive immune cells differentiate into terminal effector cells and 

memory cells. These can then migrate to the site of infection or continue to circulate 

(Ristevski et al. 2006). 

 

Figure III: Lymphatic system. The distribution of lymphatic veins and organs 

throughout the human body (Belleza 2017).  

T cells get activated in a distinct manner. They cannot recognize virions or their 

components that are free-flowing in the body liquids but require the presentation of 

viral peptides on the surface of other cells. To recognize peptide-MHC complexes on 

the surface of antigen-presenting cells (APC), T cells express the so-called T cell 

receptors (TCR). These become expressed during the maturation process in the 
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thymus and are a product of extensive gene recombination (Smith-Garvin, Koretzky, 

and Jordan 2009). During the so-called V(D)J recombination, different variants of three 

(variable, diverse, and joining) or two (variable, and joining) types of domains get 

selected and incorporated into the final version of the gene (Qi et al. 2014). The wide 

spectrum of TCRs with different specificities is vital for the function of adaptive 

immunity because it allows specific recognition of many diverse pathogen-derived 

antigens. At the same time, these receptors must not recognize peptides that are a 

part of an organism’s proteins. This is ensured during the negative selection in the 

thymus, which is one of the many maturation steps. T cells expressing functional non-

self-reactive TCRs are considered mature and are released into circulation (Klein et al. 

2014). Each mature T cell expresses only one type of TCR with a unique amino-acid 

sequence and specificity. These cells also called naïve T cells, then scan our body for 

the presence of foreign antigens (Smith-Garvin, Koretzky, and Jordan 2009). In the 

case of infection, only the T cells that can recognize peptides derived from a 

pathogen’s proteins clonally expand and develop into effector cells. These cells then 

migrate to infection sites and help to limit the replication of the pathogen (Smith-Garvin, 

Koretzky, and Jordan 2009). Following the resolution of infection, most pathogen-

specific effector T cells die, leaving behind a small population of memory T cells. In the 

case of re-exposure to the same pathogen, memory T cells provide immediate 

response and potent immune response. In comparison to naïve T cells, they acquire 

effector function much faster, require less co-stimulation, lower antigen dose, and 

proliferate more vigorously (Kumar, Connors, and Farber 2018).  

There are two main types of T cells; CD8+ T cells whose main task is to kill infected 

cells and are therefore often referred to as cytotoxic T cells (CTLs) and CD4+ T cells 

whose main task is to support and coordinate functions of other immune cells and are 

therefore referred to as helper cells.  

CD8+ T cells recognize peptides composed of 8-12 a.a. that are bound to MHC-I 

complexes expressed by all nucleated cells in the human body. To load a peptide onto 

MHC-I, the protein of origin must be present in the cytosol. There it gets degraded by 

the proteasome and cellular aminopeptidases, which cut it into short peptides (Neefjes 

et al. 2011). Generated peptides can then be transported into the ER lumen, by the 

TAP transporter complex. This is where loading of the peptides on MHC-I molecules 

occurs, a process assisted by ER-resident chaperones and aminopeptidases. Once 
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completed, MHC-I with bound peptide is transported via the Golgi apparatus to the 

surface of a cell (Warnatsch 2013) (Figure IV). 

 

Figure IV: Antigen presentation on MHC-I. A simplified process of protein processing 

and loading onto the MHC-I complex is demonstrated. If a virus-derived peptide is 

presented on MHC-I, this evokes CTL response (Warnatsch 2013). 

Viruses are obligatory intracellular parasites. Consequently, their structural 

components are present inside the infected cells and get presented by MHC-I. This 

enables CD8+ T cells to recognize viral peptides on the surface of infected cells and 

kill them. The interaction between TCR and MHC-I also involves CD8 molecules 

present on the T cells, that act as a co-receptor for MHC-I and are involved in 

downstream signaling. However, this interaction alone does not trigger activation of 

the CD8+ T cell and can lead to a state of unresponsiveness or anergy, if no co-

stimulatory signal is provided by the APC. Important co-stimulatory molecules that get 

upregulated on infected cells are CD28 and ICOS-L. These bind to matching receptors 

on T cells, CD80 and ICOS respectively and enable cell activation (Chen and Flies 

2013). Activated CD8+ T cells proliferate and differentiate into cytotoxic effector cells 

whose main task is to kill infected cells (Smith-Garvin, Koretzky, and Jordan 2009). 

The killing of target cells is achieved through similar mechanisms as already described 

for the NK cells (Zhang and Bevan 2011).  
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In contrast to cytotoxic T cells, helper T cells recognize peptides presented on the 

MHC-II complex. Expression of MHC-II is limited to several types of immune cells, 

including DCs, macrophages, and B cells that are collectively termed professional 

APCs. The peptides presented on MHC-II (~13-25 a.a.) are longer than those on MHC-

I and in most cases originate from proteins that got endocytosed from the cell’s 

surroundings (Neefjes et al. 2011). However, peptides derived from intracellular 

proteins can also be presented on MHC-II during a process called cross-presentation. 

The latter is possible due to the autophagocytosis, a process where intracellular 

proteins get packed into membrane structures resembling endosomes (Embgenbroich 

and Burgdorf 2018). Endosomes and autophagosomes then merge with lysosomes 

that are full of catalytic enzymes. This results in the cleaving of polypeptide chains into 

shorter pieces that get loaded onto MHC-II. The loading takes place in specialized 

organelles called MHC-II compartments, formed by the merging of antigen-filled 

endosomes with vesicles containing the MHC-II-invariant chain complex. The invariant 

chain blocks the binding groove of MHC-II until degraded by proteases and replaced 

for antigenic peptide by HLA-DM. Peptide-loaded MHC-II is finally transported to the 

cell’s surface where it is recognized by a CD4+ T cell with matching TCR (Couture et 

al. 2019) (Figure V).  

 

Figure V: Antigen presentation on MHC-II. Illustrated is the simplified process of 

antigen processing and loading onto the MHC-II complex that takes place in 

professional APCs. Peptides presented in this way are recognized by CD4+ T cells 

(Couture et al. 2019). 
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Helper T cells get activated in a similar way as their cytotoxic counterparts. Instead of 

CD8 they use CD4 molecule as a co-receptor for MHC-II but require the same co-

stimulatory signals from the APC. Once activated they differentiate into one of several 

effector subsets (Figure VI) (Smith-Garvin, Koretzky, and Jordan 2009). Each of the 

subsets has a distinct helper function and can only emerge under specific 

circumstances, determined by a tissue localization, type of invading pathogen, stage 

of the immune response, type of APC, and presence of other immune cells. Different 

conditions promote the secretion of cytokines that define polarization of activated 

CD4+ T cells towards different helper functions (Swain, McKinstry, and Strutt 2012). 

 

 

Figure VI: Functional subsets of helper T cells. Upon recognition of cognate 

antigen, CD4+ T cells differentiate into one of the effector subsets in a cytokine-

dependent manner. Different transcription profiles of those subsets lead to the 

production of cytokines that provide help to different immune cells, suppress the 

immune response, or even act cytotoxically (Swain, McKinstry, and Strutt 2012).  

The most common response to viral infection is the Th1 helper subset producing large 

amounts of IFNγ. This type II interferon is one of the major defense mechanisms 

against viruses, since it promotes the expression of intrinsic defense factors, supports 
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the function of macrophages and NK cells, increases antigen presentation on APCs, 

and promotes antibody production (De Andrea et al. 2002). Th1 cells also secrete IL-

2 that together with IFNγ promotes the generation of CTLs (Zhang, Zhang, and Zhao 

2009). Especially important for the production of antibodies targeting viruses is the T 

follicular helper (Tfh) subset. These cells support the differentiation of B cells into 

antibody-secreting cells, through the secretion of cytokines (IL-4, IL-21) and CD40-

CD40L interaction (Crotty 2011). Importantly, CD4+ T cells can also differentiate into 

cytotoxic cells that contribute to the killing of infected cells (Manzke et al. 2013; 

Soghoian and Streeck 2010), or regulatory T cells that suppress the immune response 

after clearance of infection (Swain, McKinstry, and Strutt 2012; Hasenkrug, Chougnet, 

and Dittmer 2018).  

In contrast to T cells, B cells recognize intact proteins but also other macromolecules 

that are part of a pathogen. They do this by expression of B cell receptors, shortly BCR, 

on their surface. The binding of BCR is restricted to a small area on the surface of an 

antigen called the epitope. Each B cell possesses a unique BCR with high specificity 

and affinity for its epitope. Similar to receptors of T cells, BCRs are a product of VDJ 

recombination taking place during the B cell maturation in the bone marrow. This 

recombination process creates a large pool of B cells each with its own unique BCR 

(LeBien and Tedder 2008). Only the cells bearing functional BCRs that are not 

recognizing the body’s own macromolecules survive the maturation process in the 

bone marrow and get released into the blood. These transitional B cells then infiltrate 

the spleen, where the final steps of maturation are completed. Fully mature naive B 

cells can either stay in the spleen as marginal zone (MZ) B cells or get released into 

circulation as follicular (FO) B cells. The latter populate the secondary lymphoid 

organs, where they organize into follicles together with follicular DCs (LeBien and 

Tedder 2008). Besides the spleen, MZ B cells can be found in marginal zones of other 

secondary lymphoid organs. This strategically important positioning enables them to 

quickly react to the pathogens that made their way to the blood. Compared to FO B 

cells, they do not require T cell help to get activated, have a lower activation threshold, 

and higher propensity towards plasma cell differentiation, making them the main 

source of early antibody response. They also secrete antibodies in absence of 

infection. These natural antibodies target conserved epitopes of pathogens and serve 

as an innate immune defense mechanism (Martin and Kearney 2002). Activation of FO 

B cells is largely dependent on T cells, especially in the case of protein antigens. Unlike 



23 
 

polysaccharides or nucleic acids, most of the proteins are not composed of repetitive 

molecular domains and cannot crosslink many BCRs, thus providing a weaker 

activation signal (LeBien and Tedder 2008). When a BCR of a FO B cell binds to a 

protein, the resulting complex gets internalized and antigenic peptides are displayed 

on MHC-II. T follicular helper cells are then recruited to the B cell follicle, where they 

recognize MHC-II-peptide complexes and initiate the germinal center reaction (Pissani 

and Streeck 2014). In germinal centers, T cells provide signals driving the proliferation 

and differentiation of B cells. They also induce expression of AID enzyme that mutates 

immunoglobulin genes resulting in structural changes of the B cell receptors. Somatic 

hypermutations (SHM) cause substitutions of amino acids in BCR paratope (a region 

that binds to an epitope on an antigen), changing its affinity for the antigen. Mutations 

in the region coding for constant domains of immunoglobulins cause switching 

between different classes of the constant region (Pissani and Streeck 2014). Naïve B 

cells express BCRs with the IgM class of constant region and in the case of FO B cells 

also IgD. During the germinal center reaction mutations induced by AID cause 

recombination of immunoglobulin gene resulting in the expression of BCRs with IgG, 

IgE, or IgA isotypes (Stavnezer, Guikema, and Schrader 2008). Cells with altered 

BCRs enter the process of selection, during which they compete for T cell help. Clones 

with high-affinity BCRs receive more help, increasing their chance of survival and 

further differentiation into memory or antibody-secreting cells. Often a B cell re-enters 

the selection process multiple times, each time increasing the affinity of its receptor 

(Pissani and Streeck 2014). Once the affinity maturation of BCR is completed, B cells 

leave the germinal centers as plasmablasts. These are large short-lived cells, able to 

proliferate and secrete their BCRs in form of antibodies. Eventually, also they lose their 

proliferative capacity and develop further into plasma cells that secrete large quantities 

of antibodies. After the infection has been cleared, plasma cells either perish or 

develop into long-lived plasma cells that migrate into bone marrow and secrete 

antibodies for many decades (Nguyen et al. 2019). Alternatively, the germinal center 

reaction produces memory B cells. Similar to memory T cells, they have decreased 

activation threshold and rapidly initiate a potent antibody response in case of re-

infection with the same pathogen (Gatto and Brink 2010). 

1.1.2.2 Adaptive humoral Immunity 

The major antiviral defense mechanism deployed by B cells is antibodies, also called 

immunoglobulins. These are secreted BCRs that bind to viral components with high 
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affinity and specificity. The basic Y-shape of antibodies consists of four polypeptide 

chains (two longer heavy chains and two shorter light chains), connected by disulfide 

bonds. The paratope or antigen-binding site lies at the tips of the upper arms of the Y, 

also called variable regions. Variance in the amino acid sequence of these regions is 

achieved during the VDJ recombination in the bone marrow and later in germinal 

centers, during affinity maturation. The rest of the frame is referred to as a constant 

region and determines the function and distribution of an antibody (Murphy, Weaver, 

and Janeway 2017; Schroeder and Cavacini 2010). Antibodies can exert different 

protective functions. To do that they must first bind an antigen resulting in a stable 

immune complex. The binding alone can neutralize the infectivity of a virus. This 

happens when the bound antibody sterically hinders viral proteins to the level where 

they cannot perform their function vital for the replication. Neutralization is the most 

important defense mechanism against viruses and neutralizing antibodies often 

resolve the infection (Forthal 2014; Schroeder and Cavacini 2010). Limitations of 

neutralization are met in infections with viruses that evolve rapidly, like HIV. In this 

case, the high specificity of antibodies prevents recognition of all viral mutants that 

emerge during the infection, allowing some to escape and continue replicating (Liu et 

al. 2020). For successful neutralization of those viruses, broadly neutralizing antibodies 

are needed. Such antibodies target highly conserved domains of viral proteins, whose 

alteration would decrease the fitness of a virus (Sok and Burton 2018). Other antibody 

functions rely on their constant regions. The most important functions are the initiation 

of complement binding, which has already been described, and cell-dependent 

mechanisms such as antibody-mediated cellular cytotoxicity (ADCC) and antibody-

mediated cellular phagocytosis (ADCC). To evoke the functions of immune cells, 

constant regions of antibodies must bind to Fc receptors on the surface of those cells 

(Forthal 2014). In the case of ADCC, the antibody must first bind to a viral antigen 

deposited on the surface of a cell. Viral antigens emerge on the surface of cells in case 

of enveloped viruses that incorporate their spike proteins into cellular membranes. 

Alternatively, virions or their parts can bind to various innate cell receptors, attaching 

them to the cell membrane. Once the antibody is bound to a viral antigen on the cell 

surface, NK cells can recognize its constant portion using Fc receptors. This triggers 

the activation of NK cells and subsequent lysis of the infected cell (Wang et al. 2015). 

If an antibody bound to a virion or viral antigen on the surface of a cell is recognized 

by Fc receptors of phagocytes, this leads to engulfment of the opsonized cell or virion 
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and its destruction. Such a mechanism is called ADCP and is mostly performed by 

macrophages, neutrophils, and monocytes (Tay, Wiehe, and Pollara 2019).  

There are five isotypes of immunoglobulins; IgM, IgG, IgA, IgE, and IgD that differ in 

their constant regions (Figure VII) (Perdue 2020; Schroeder and Cavacini 2010). 

 

Figure VII: Antibody isotypes. Schematic representation of the structural properties 

of the five antibody isotypes found in humans (Perdue 2020).  

The first antibodies to be produced in a response to infection are IgM because this 

constant chain type is used in BCRs before isotype switching. These early IgM 

antibodies are produced before the affinity maturation in germinal centers and, 

therefore, tend to be of low affinity (Gronwall, Vas, and Silverman 2012). To 

compensate for the weak binding affinity IgM is mainly found in a form of pentamers 

whose 10 antigen-binding sites can simultaneously bind to multivalent antigens. IgM is 

predominantly found in the blood and, to a lesser extent, the lymph. The pentameric 

structure makes it especially effective in activating the complement. Although some 

cells express Fc receptors that can bind IgM, like Fcα/μR, this isotype is not known to 

mediate cell-dependent mechanisms (Gronwall, Vas, and Silverman 2012; Forthal 

2014). Besides IgM, IgD is also used as BCR on naïve FO B cells but gets rarely 

secreted and does not significantly contribute to the overall antibody-mediated defense 

mechanisms (LeBien and Tedder 2008). The most common isotype in human blood 

and extracellular fluid is IgG. These antibodies are monomeric, have high affinity, and 

are the most important isotype for neutralization of virions in body tissues. Furthermore, 

they efficiently opsonize viruses for engulfment by phagocytes and activate the 

complement. There are four subtypes of IgG that are found in humans, namely IgG1, 

IgG2, IgG3, and IgG4. These moderately differ in the structure of the constant region 

and perform distinct functions. Their level in serum decreases with the increasing 
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subtype number (Vidarsson, Dekkers, and Rispens 2014). Fc receptors recognizing 

IgG are widespread and have whether inhibitory or activating role. Although many Fc 

receptors binding to IgG are known to date, there are five that are the most common 

and important (Figure VIII) (Hayes et al. 2016).  

 

Figure VIII: Human Fcγ receptors. Depicted is the 3D structure of the most common 

Fcγ receptors. Below are summarized their structural properties, cells that express 

them, and functions they mediate (Hayes et al. 2016). 

IgA is the principal isotype in secretions and is, therefore, important for mucosal 

immunity of the body cavities. It is secreted across epithelium as a dimer and acts 

chiefly as a neutralizing antibody. IgA is a weak inducer of cell-mediated antibody 

defense mechanisms, that are initiated by its binding to FcαRI or Fcα/μR (Woof and 

Kerr 2006). Finally, IgE antibodies are found in blood or extracellular fluids at very low 

levels. Once complexed with antigen, they bind to FcεRI on mast cells located beneath 

the skin and mucosa, and along blood vessels in connective tissue. This triggers the 

release of powerful chemical mediators that induce reactions, such as coughing, 

sneezing, and vomiting, that can expel viruses (Schroeder and Cavacini 2010).  
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1.2 HIV infection 

The story of HIV research began almost five decades ago, in the early 1980s, when 

the first clinical cases of acute immunodeficiency syndrome, shortly AIDS, were 

observed. The syndrome caused progressive destruction of the patient’s immune 

system resulting in increased susceptibility to infections and finally death. Initial reports 

describing the disease came from the USA and were rapidly followed by cases 

emerging all over the world (Sepkowitz 2001). With the cause of the epidemic unknown 

at the time, the medical community was unable to counteract the spreading disease. 

The first light on the mysterious disease was shed when populations at high-risk of 

AIDS acquisition were identified. The syndrome was foremost associated with men 

who have sex with men, drug users, and recipients of blood transfusions, which is 

similar to the hepatitis B infection. This led scientists to the hypothesis, that AIDS could 

be an outcome of a viral infection (Barre-Sinoussi, Ross, and Delfraissy 2013). The 

first viral particles from lymph nodes of a patient with AIDS were isolated at the Pasteur 

Institute in France in 1983. Soon after, other laboratories succeeded in isolation of 

similar viruses confirming the hypothesis of the viral agent causing AIDS. The novel 

virus was named human immunodeficiency virus, shortly HIV (Gallo and Montagnier 

2003).  

Ever since scientists have been struggling to develop efficient means to fight the virus. 

The first important step forward was the development of a serological test for the rapid 

detection of HIV infection (Roberts 1994). This enabled scientists to conduct studies 

on individuals suffering from the infection, which eventually led to the identification of 

CD4+ T helper lymphocytes as the primary target of HIV. As a consequence of viral 

replication, these patients had decreased CD4+ T cell counts, which was believed to 

be the main reason for immunodeficiency (Hoffmann and Rockstroh 2015). The next 

important milestone in HIV research was the determination of its genome sequence 

and subsequent development of the PCR method for monitoring of the extent of viral 

replication. This allowed not only a sensitive detection of HIV but also a quantitative 

measurement of HIV genomes present in the peripheral blood of infected people. The 

number of copies of HIV genomes in blood or HIV viral load is besides CD4+ T cell 

count, the most reliable predictor of disease progression (Hoffmann and Rockstroh 

2015). The progress made in the understanding of HIV replication set the ground for 

the synthesis of the first drug, approximately 4 years after the virus discovery (Barre-

Sinoussi, Ross, and Delfraissy 2013). The zidovudine or AZT showed very limited 
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efficacy as a monotherapy, so did the other nucleoside analogs developed in the 

following years (Sepkowitz 2001). The first results raising hope for HIV treatment came 

out in 1995 when a combination of two nucleoside analog drugs was proven more 

efficient than using one at the time. This was the beginning of the so-called combined 

antiretroviral therapy, shortly ART, where multiple drugs targeting distinct steps in the 

HIV replication cycle are administered simultaneously. The outburst of novel drugs 

allowed for the development of potent anti-HIV cocktails and cases of AIDS became 

severely reduced in the second half of the 1990s (Hoffmann and Rockstroh 2015). 

Since then HIV research became increasingly popular among the scientist and the HIV 

is until today one of the most studied and best understood infectious agents. Extensive 

research led to the optimization of antiretroviral treatment to the level, that HIV-positive 

individuals can live a normal life and have a normal life expectancy. Moreover, the 

transmission of disease from infected ART-treated to healthy individuals is severely 

diminished (Cohen, Chen, et al. 2011). Although keeping levels of HIV replication at 

undetectable levels, none of the therapies known until today has been able to eradicate 

the infection. Furthermore, the integrity of the immune system and consequently health 

of infected individuals are never completely restored, even after long-term ART. To 

keep the disease under control patients have to strictly adhere to a life-long medication 

schedule, a commitment that is extremely difficult to achieve (Oguntibeju 2012). 

Antiretroviral drugs also cause numerous side effects such as nausea, diarrhea, 

fatigue, bone loss, body fat redistribution, heart problems due to high blood lipids, and 

diabetes (Montessori et al. 2004). Another important drawback is the high economic 

burden of antiretroviral treatment, making it largely un-accessible in third world 

countries. For example, in the African continent HIV infection is until today one of the 

leading causes of death (Galarraga et al. 2011). All these reasons point out the 

undiminished need for the development of prevention and eradication strategies.  

After almost 40 years of intense research, which not only taught us about the biology 

of HIV but also about the functioning of our immune system, the cure seems as elusive 

as it was in the very beginning. The closest we got to the eradication of HIV infection 

is in the case of the so-called “Berlin patient”. This ART-receiving individual underwent 

transplantation of stem cells originating from a donor with a protective mutation in HIV 

co-receptor CCR5. Since the intervention, he has been able to retain HIV-free status 

without taking any medication and is therefore considered as the first person cured of 

HIV (Hütter et al. 2009). To date, there are only two such cases known worldwide 
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(Warren 2019). Unfortunately, such an approach is largely unsuitable for large-scale 

applications in HIV eradication, due to the extremely complicated and aggressive 

nature of the procedure and lack of donors with the protective mutation. Another hope 

for HIV eradication emerged with the identification of individuals that can 

spontaneously contain the infection and remain asymptomatic for decades. These 

individuals are termed HIV controllers and represent only a tiny fraction of the HIV-

infected population. Studies comparing the immune system of HIV controllers with that 

of individuals progressing to disease, revealed their unique immunological features 

mediating the protection, including protective HLA types and CD8+ T cell responses 

(Rinaldo et al. 1995). This revealed the directions in which our immune system could 

be manipulated to spontaneously fight the disease. As the main cause of HIV 

persistence in ART-treated individuals, a pool of latently infected cells has been 

identified (Cohn, Chomont, and Deeks 2020). These cells evade immune surveillance 

due to the lack of HIV replication and can re-establish the infection after treatment 

interruption. Attempts have been made to activate the latent virus in these cells and 

cause the depletion of the latent reservoir, but unfortunately with limited success 

(Lehrman et al. 2005).  

Besides cure, tremendous efforts have also been put into the development of 

prevention strategies such as vaccines. Most of the vaccine trials showed minimal to 

no protection from HIV infection (the most promising vaccine so far achieved 31% 

protection) (Rerks-Ngarm et al. 2009). Another approach to HIV prevention is the 

administration of antiretroviral drugs before or soon after the exposure. Using 

antiretrovirals as pre-exposure prophylaxis (PrEP) showed to be highly efficient with 

protection levels of over 90% when taken regularly (Anderson et al. 2012). While PrEP 

offers a promising approach to HIV prevention, its relatively high cost, poor accessibility 

in low-income countries, and associated health risks make it only suitable for 

individuals at high risk of infection.  

Undeniably, HIV research has made huge progress in the effort to contain HIV 

epidemics. What used to be a lethal infection killing more than 32 million people since 

its outbreak (WHO 2018), is nowadays a manageable disease. More and more people 

have access to treatment (Figure IX) and the number of new infections is slowly 

decreasing. Nevertheless, we should not forget that 38 million people are still living 

with the disease. Alone in Africa, more than 25 million people are living with HIV, which 

is still one of the top death causes in the region (Figure X) (WHO 2018). Therefore, 



30 
 

despite the extensive progress in the field of HIV eradication and prevention achieved 

during past decades, further research in the field is required and the breakthrough is 

yet to be made. 

 

Figure IX: Access to HIV treatment. Shown is a graphical representation of HIV 

cases worldwide during the first eighteen years of the twenty-first century. The 

proportion of people that are receiving treatment is shown in green (Avert 2020). 
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Figure X: HIV prevalence. A world map showing different regions and estimated 

numbers of HIV-infected people living in those regions (DW 2018).   

1.2.1 The course of HIV infection 

After a person is exposed to HIV, the virus tries to find its way deeper into our body. In 

case it succeeds to overcome the barriers of the innate immune system, it begins to 

replicate and spread throughout the lymphatic tissue. During the first weeks of HIV-1 

infection individuals often develop a transient, mononucleosis, or influenza-like 

syndrome, often accompanied by fever, headache, lymphadenopathy, and a moderate 

rash. The acute syndrome rarely lasts longer than four weeks (Robb and 

Ananworanich 2016). Symptoms that develop during this stage are unspecific and vary 

from individual to individual, making it difficult for physicians to distinguish HIV from 

other infections. In fact, HIV diagnosis is hardly ever made in absence of a concrete 

suspicion of an individual’s exposure to the virus (Hoffmann and Rockstroh 2015). 

During the acute period, HIV replicates to exceedingly high levels and disseminates 

throughout all tissue compartments. This exponential replication is reflected in a steep 

climb of viral load (Cohen, Shaw, et al. 2011). In parallel to the spread of the virus, 

severe depletion of CD4+ T cells takes place (Figure XI). More than half of all memory 
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CD4+ T cells in all tissue compartments are lost during this period, suggesting major 

and irreparable damage to the immune system (Grossman et al. 2006), (Mattapallil et 

al. 2006). Moreover, this is the time when seeding of the latent HIV reservoir takes 

place. In the latent state, HIV does not produce progeny but its genome remains 

integrated into the genome of an infected cell. In presence of proper stimulus latent 

virus can get activated and re-establish the infection. This occurs in otherwise treated 

patients if the ART is interrupted (Whitney et al. 2014; Kulpa and Chomont 2015). Viral 

replication reaches its high point two to three weeks after the establishment of infection, 

at levels well above one million copies per milliliter of human blood (Figure XI). The 

subsequent decline in the number of viral particles shaping the peak of the viral load 

is generally attributed to the emergence of adaptive immune responses. While unable 

to resolve the infection, adaptive immune response substantially limits HIV replication, 

reducing viral load to levels under 1% of the initial value (McBrien, Kumar, and Silvestri 

2018). Virus replication is then kept at low levels for a longer time (Figure XI). The 

period following the decline of viral load is characterized by a stable level of HIV in 

peripheral blood, called the viral set point (Fraser et al. 2007). The level of viral 

replication during the setpoint has a decisive influence on the speed of disease 

progression and is therefore a key determinant of disease prognosis. Patients with less 

than 1,000 copies of the HIV genome per milliliter blood rarely become ill with AIDS 

after 10 years of ongoing HIV infection. On the other hand, more than 70% of patients 

with a set point viral load higher than 100,000 virus copies per milliliter blood develop 

AIDS after the same time (O'Brien et al. 1996). The reason behind this is the faster 

decline of CD4+ T cell levels in individuals with higher set-point viral load. 

Nevertheless, CD4+ T cell count partially recovers during the period of viral set point 

although it does not reach levels comparable to prior infection (McBrien, Kumar, and 

Silvestri 2018). The disease then proceeds into the chronic phase that lasts several 

years, during which most patients are clinically asymptomatic. This period is 

characterized by a gradual increase of HIV replication and a slow decline of CD4+ T 

cells with an average loss of 50 cells/µl/year (Williams et al. 2006), (Holmes et al. 

2006). The rate of CD4+ T cell decline is another parameter used for predicting the 

outcome of the disease. For individuals at high risk of disease progression, a decline 

of more than 200/µl/year is observed, while individuals at low risk have a decrease of 

less than 20/µl/year (Stein et al. 1997). After the period of clinical latency, symptoms, 

or diseases such as oral thrush, oral hair leukoplakia, and herpes zoster may occur, 
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which should always be considered as a differential diagnosis of HIV infection. 

Although these diseases do not indicate the clinical onset of AIDS, they are causative 

of HIV infection and indicate a disturbance in the functioning of the immune system 

(Miedzinski 1992). The normal values for CD4+ T cell count in peripheral blood of 

healthy individuals range between 435-1600/µl or 31-60% of all lymphocytes. When 

the counts fall below 200 cells/µl or 15% of lymphocytes the AIDS-defining diseases 

occur. This usually happens 8 to 10 years after the initial infection (Hoffmann and 

Rockstroh 2015). At this stage the virus begins to replicate rapidly, reaching similar 

levels as during acute infection (Figure XI) (McBrien, Kumar, and Silvestri 2018). 

Patients exhibit symptoms such as chronic fever, night sweats, and diarrhea. Due to 

the malfunction of the immune system, they often acquire several opportunistic 

infections such as cytomegalovirus infection, pneumonia, oral thrush, herpes simplex, 

neoplasms (Kaposi’s sarcoma), lymphomas, and develop neurological disorders such 

as dementia (Miedzinski 1992). Two to four years can pass between the first AIDS-

related complications and death. Without treatment of the disease, more than 90% of 

all HIV cases lead to death, mostly due to opportunistic infections (Hoffmann and 

Rockstroh 2015). Today, however, the availability of ART can prevent the disease from 

progressing to the AIDS stage. When the HIV replication is sufficiently suppressed, 

CD4+ T cell numbers recover to the level comparable to one before the infection. This 

restores the basic functions of the immune system (Simon, Ho, and Abdool Karim 

2006; Streeck et al. 2006).   
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Figure XI: HIV infection course. Illustrated are the kinetics of viral load (red line) and 

CD4+ T cell count (blue line) along the course of HIV infection. Major events influencing 

the disease outcome and different stages of the disease are also indicated (Wikipedia 

2020). 

1.2.2 Origin of HIV 

A close relative of HIV called simian immunodeficiency virus (shortly SIV) has been 

discovered soon after the outbreak of HIV epidemics in the 1950s. Rather than 

humans, this virus infects primates while sharing a high degree of similarity with HIV. 

Genome sequences of both viruses have been determined and the comparison 

showed that HIV most likely originated from SIV (Sharp and Hahn 2011). The 

transmission of SIV to humans supposedly took place in the early 1900s in Central 

Africa (Cohen 2014).  

Based on the phylogenetic studies HIV can be divided into two major groups, HIV type 

1 (HIV-1) and HIV type 2 (HIV-2) (Figure XII). HIV-1 is related to SIV strains found in 

chimpanzees and gorillas living in western Africa, while HIV-2 viruses are related to 

SIV strains found in west African old-world monkey sooty mangabey. Due to the high 

genetic variability, HIV-1 viruses are further divided into groups; namely M, O, and N 

(Figure XII). The best known and most researched are HIV-1 group M viruses. They 

predominate among the human infections (over 90% of cases) and are responsible for 

the AIDS epidemics (Sharp and Hahn 2011). The groups are then further divided into 

subtypes or clades based on their genome sequence. Genetic differences between the 

clades are reflected in variable virulence and resistance to medications (Castro-Nallar 

https://upload.wikimedia.org/wikipedia/commons/0/0e/Hiv-timecourse_copy.svg
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et al. 2012). In comparison to HIV-1, HIV-2 viruses are less virulent and transmissible 

and are mostly limited to west Africa. Nevertheless, they are also known to cause AIDS 

(Sharp and Hahn 2011). 

 

Figure XII: Phylogenetic tree of HIV-related viruses. Based on the comparison of 

genomic sequences of isolated HIV and SIV strains, a phylogenetic tree showing 

relationship between the viruses was constructed. CPZ stands for the chimpanzee 

infecting SIV strains, SIVSMM for SIV strains infecting sooty mangabey monkeys, and 

SIV-AGM for SIV strains infecting African green monkeys. Different groups and 

subgroups of viruses are indicated (Wikipedia 2020). 

Transmission of SIV to humans is suspected to have occurred on different occasions 

for different HIV groups (but not subgroups or clades). The most devastating was the 

emergence of clade M HIV-1 at the beginning of the previous century, originating from 

SIV-CPZ-infected chimpanzees in West-Central Africa. This SIV strain is believed to 

have emerged as a product of recombination between strains prevalent among the old 

world monkeys (Castro-Nallar et al. 2012). Interestingly, despite the high viral load, old 

world monkeys do not develop a syndrome similar to the one caused by HIV infection 

in humans, suggesting evolutionary adaptation of these monkeys to the SIV infection. 

On the other hand, chimpanzees seem to have acquired SIV later in time and did not 

yet adapt to the virus, making them suffer from a similar disease as humans (Sharp 

and Hahn 2011). 

https://upload.wikimedia.org/wikipedia/commons/f/fb/HIV-SIV-phylogenetic-tree_straight.svg
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1.2.3 HIV transmission and establishment of infection 

HIV infection is normally transmitted through: 

1. unprotected sexual contact with an infected, untreated partner  

2. sharing of syringe needles among intravenous drug users  

3. mother to child transmission (prenatally or breastfeeding)  

Other transmission routes are extremely rare. Nevertheless, there are confirmed cases 

of HIV acquisition through transfusions of blood (in countries where blood donations 

are not regularly tested for HIV), contact of infected blood with open wounds or mucous 

membranes, or HIV transmission via a bite wound (Bartholomew et al. 2008). Normal 

daily interaction with HIV-infected people including physical contact does not lead to 

transmission. Even contact of undamaged skin with infected saliva, urine, or blood is 

not known to have caused a single infection (Henderson et al. 1990).  

The majority of HIV infections begin with the exposure of mucous membranes to the 

virus. Since direct infection of cells lining the gut or vagina does not occur, the virus 

must find a way to overcome this physical barrier. Usually, HIV enters through parts of 

mucous membranes with compromised integrity such as abrasions, inflammed sites, 

or ulcerations (Shaw and Hunter 2012). Its transit is facilitated by dendritic cells able 

to collect the virus through the interaction of the DC-SIGN receptor on their surface 

and HIV envelope protein. These cells then migrate to the lymph node and present the 

bound virus to the CD4+ T cells (Geijtenbeek and van Kooyk 2003). During the antigen 

presentation, both cell types interact with each other through receptors present on their 

surface. This results in an establishment of tight contact called the immunological 

synapse, significantly augmenting the transmission of HIV to the T cell (Hubner et al. 

2009). After the virus has amplified in the lymph node its progeny is released into the 

circulation, seeding the infection into the entire lymphatic system (Geijtenbeek and van 

Kooyk 2003). 

1.2.4 Virion structure and replication 

HIV is a retrovirus meaning that during its replication cycle, reverse transcriptase 

enzyme is utilized to convert its RNA genome into DNA. More precisely, it belongs to 

the genus of Lentiviruses, (Latin word lentis means slow) indicating the slow 

progression of diseases caused by these viruses (Hengli Tang, Kelli L Kuhen, and 

Wong-Staal 1999). As for other retroviruses, HIV virion contains two copies of linear, 
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single-stranded, positive-sense RNA. Each of the two genome copies is 9.7 kb long 

and encodes altogether 15 proteins (Figure XIII) (Acheson 2011).  

 

Figure XIII: HIV genome structure. Shown is the organization of open reading frames 

and protein-encoding regions of the HIV genome (Wikipedia 2020). 

Compared to other retroviruses, the genome of HIV shows considerably higher 

complexity. Besides the standard retroviral gene repertoire comprised of gag, pol, and 

env, six additional reading frames are present in the HIV genome; tat, nef, rev, vif, vpu, 

and vpr. These are well conserved among different clinical isolates, indicating their 

important role in the replication cycle (German Advisory Committee Blood 2016). 

Unlike other retroviruses, which splice their primary transcripts in only two different 

ways (singly spliced or unspliced), HIV splices its primary transcript into more than 25 

different mRNAs. These can be divided into three size classes (Pasternak, Lukashov, 

and Berkhout 2013): 

1. the unspliced 9 kb mRNA, encoding Gag and Gag-Pol proteins  

2. the singly spliced 4 kb mRNAs, encoding Env, Vif, Vpr or Vpu 

3. the doubly spliced 2 kb mRNAs, encoding Nef, Tat, or Rev 

Each size class contains multiple species that are generated due to the presence of 

different splice sites. Some of the transcripts are translated as a polyprotein and later 

cleaved by proteases into singe protein units. For example, Gag and Pol are initially 

translated as one GagPol polyprotein and cleaved by the endogenous protease 

subunit, which is at this point still part of the polyprotein (Pettit et al. 2004). 

According to their function in the HIV cycle proteins can be divided into four major 

groups (King 1994): 

 

 



38 
 

Structural proteins 

-p17, p24, p7, and p6 that are translated as Gag polyprotein and later cleaved by HIV 

protease 

-gp41 and gp120 translated as Env polyprotein and later cleaved by host protease furin 

Enzymes 

-Reverse transcriptase, protease, and integrase which are made by processing of Pol 

polyprotein by HIV protease 

Essential regulatory proteins 

-Tat and Rev both translated as an individual polypeptide 

Accessory regulatory proteins 

-Nef, Vpr, Vif, Vpu each translated as an individual polypeptide. 

As for the genome, also structure of the HIV virion significantly differs from other 

retroviruses. HIV is a spherical, enveloped virus with a conical capsid and a diameter 

of roughly 100 nm (Figure XIV) (Acheson 2011). 

 

Figure XIV: Structure of HIV. Illustrated is the cross-section of the mature form of the 

HIV virion (Wikipedia 2020). 

The outermost region of HIV consists of a host-derived lipid membrane, in which viral 

envelope glycoprotein complexes (env) are inserted. Env is the only viral 
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macromolecule present on the surface of the virion and is therefore responsible for the 

initial interaction with the host. It is composed of two different, non-covalently bound 

proteins; gp41 which is inserted into the membrane, and gp120 which is attached on 

top of the previous. Three copies of such a heterodimer must associate to form the 

entire Env complex (Checkley, Luttge, and Freed 2011). Interestingly, over half of the 

mass of Env trimer is due to the N-linked glycans, making it one of the most densely 

glycosylated proteins known. As a result of extensive glycosylation, normal maturation 

of glycans in the Golgi apparatus is hindered and the outcome is an immature glycan 

shield mostly composed of mannose. Such glycans are usually not found on top of the 

human glycoproteins (Pritchard et al. 2015). Underneath the lipid membrane, replicas 

of matrix protein p17 are tightly bound to its inner side, supporting and preserving the 

structure of the virion. Inside the spherical envelope of a mature HIV particle, a capsid 

is located. The latter is surrounded by viral proteins such as HIV protease and host-

derived macromolecules that got trapped inside during the packaging of the virion 

(German Advisory Committee Blood 2016). The cone-shaped capsid is composed of 

roughly 200 copies of p24 protein and contains all of the most important components 

for viral replication. The RNA genome is tightly bound to p7 nucleocapsid proteins and 

late assembly protein p6, forming a nucleocapsid, which protects vulnerable RNA from 

digestion by nucleases.  Furthermore, there are enzymes essential to genome 

replication, such as reverse transcriptase and integrase (Chen 2016). For initiation of 

the process of reverse transcription lysine tRNA molecules are required and are 

therefore packed inside the capsid. Regulatory proteins Tat, Vif, Vpr, and Nef are also 

located inside the virion (Lu, Heng, and Summers 2011). 

The replication cycle of HIV begins with the attachment of a virion onto the surface of 

a target cell. This initial contact is mediated by the binding of HIV Env protein and its 

primary receptor CD4, found on the surface of CD4+ T cells and macrophages (Wilen, 

Tilton, and Doms 2012). However, this interaction alone is not sufficient for the virus to 

enter the cell. Another interaction between the Env and whether CCR5 or CXCR4 

chemokine receptor is required for the successful fusion of the membranes. The choice 

of the co-receptor depends on the amino acid sequence of gp120 protein and defines 

the tropism of HIV. Strains using CCR5 as a co-receptor, also called R5-tropic strains, 

are responsible for the transmission and are prevalent during the HIV infection. CXCR4 

using or X4-tropic strains emerge only at later stages of HIV disease but are proven to 

be more pathogenic (Shen et al. 2016). Once the gp120 domain is bound to the CD4 
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and one of the co-receptors, the complex undergoes extensive structural 

rearrangements, resulting in exposure of gp41 and its subsequent insertion into the 

membrane of a target cell. As soon as the gp41 protein is embedded in both viral and 

cellular membranes, it changes its conformation, bringing the two lipid bilayers into 

proximity. This causes the fusion of both membranes and the release of capsid into 

the cytoplasm (Wilen, Tilton, and Doms 2012) (Figure XV).  

 

Figure XV: HIV entry. Shown are a series of events leading to the fusion of HIV and 

host cell membranes, which leads to the entry of the viral capsid into the cell lumen 

(Wilen, Tilton, and Doms 2012). 

Once the HIV capsid enters the cell, it partially breaks down allowing the influx of 

cellular nucleotides (Figure XVI). This enables the reverse transcriptase enzyme 

packed inside the capsid to begin the synthesis of cDNA replicas of the HIV genome. 

Since this enzyme lacks a proofreading mechanism the errors that occur during the 

reverse transcription cannot be corrected. The absence of repair mechanisms results 

in a high frequency of incorrectly incorporated nucleotides (Hu and Hughes 2012). 

However, the error-prone nature of the HIV reverse transcriptase alone does not 

sufficiently explain the frequency of mutations observed in HIV genomes. Further 

important sources of variation are recombination events between the different viruses, 

quick virus generation times, and host restriction factors (Andrews and Rowland-Jones 

2017), (Cuevas et al. 2015). This makes HIV one of the fastest evolving viruses known 

to science and a moving target for the human immune system and treatment strategies. 

The next step in the replication strategy of HIV is to successfully import the newly 

synthesized cDNA into the cell nucleus. Unlike other retroviruses, HIV can transport its 

pre-integration complex into the nucleus of non-dividing cells (Figure XVI). However, 

the cell must be activated, otherwise, the pre-integration complex remains in the 

cytoplasm (Piller, Caly, and Jans 2003). Although this seems to limit the number of 
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cells available for replication of the virus, it actually weakens the host’s defense 

mechanisms. The problem is that CD4+ T cells require contact with antigen-presenting 

cells to get activated and exert the effector function. Very often the role of antigen 

presentation is taken over by dendritic cells that accumulate HIV on their surface. 

When CD4+ T cell interacts with dendritic cell presenting HIV-derived peptide the 

probability of virus transmission is very high, at the same time T cell will get activated, 

enabling the virus to replicate (Manches, Frleta, and Bhardwaj 2014). Therefore, HIV 

not only attacks a vital component of the immune system but preferentially infects HIV-

specific CD4+ T cells that would normally fight the infection. Transit of the HIV capsid 

to the nucleus of the activated cell occurs through the nuclear pore and is facilitated by 

viral proteins included in the pre-integration complex. Matrix protein or p17 encodes a 

classical nuclear import signal that interacts with the importin family of proteins. Both 

Vpr and HIV integrase interact directly with components of the nuclear pore (Piller, 

Caly, and Jans 2003). Once the pre-integration complex reaches the nucleus, HIV 

integrase catalyzes recombination between the viral and host DNA, resulting in the 

integration of the HIV genome into the genome of the target cell (Figure XVI). In most 

cases, this is where the replication cycle stops because HIV genes do not get 

expressed (Craigie and Bushman 2012). This situation is called a latent infection, 

during which HIV DNA is present in the host cell but the progeny virus is not being 

produced. Latently infected cells can persist in a body for a very long time, especially 

in the case of memory CD4+ T cells, and cannot be recognized by the immune system. 

What makes them particularly dangerous is the fact that they can revert from the 

latency and under certain circumstances begin with the production of the virus 

(Siliciano and Greene 2011). This has been the main obstacle in attempts to cure the 

disease since there is no promising approach to recognize and eliminate latently 

infected cells. For example, after the ART virus replication is diminished to 

undetectable levels and most of the productively infected cells are killed by the virus 

or immune response. However, if the treatment is discontinued, the virus starts to 

replicate again re-establishing the infection (Murray et al. 2016). For the completion of 

the HIV cycle, its genetic material, now integrated into the host genome, must get 

expressed. The expression is regulated by the elements present in the LTR region of 

the HIV genome (Figure XIII). These elements represent binding sites for the cellular 

transcription factors NFAT and that only get active when the cell gets stimulated. 

Different kind of stimuli such as TCR engagement, cytokine treatment and viral 
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infections lead to activation of the transcription factors and HIV gene expression 

(Pessler and Cron 2004). Transcription of integrated HIV DNA is carried out by the 

cell’s RNA polymerase II. Its performance is strongly influenced by the Tat (trans-

activator of transcription) protein, which can bind to the nascent RNA, increasing 

elongation efficiency of the polymerase (Liu et al. 2014). Successfully synthesized 

transcripts might undergo splicing and are then transported from the nucleus, where 

they can be translated into protein or serve as a new genome copy (Figure XVI) 

(Pollard and Malim 1998). Smaller 2 kb mRNAs that were spliced two times can pass 

the nuclear membrane without the involvement of viral regulatory proteins. This is, 

however, not the case for longer 4 kb and 9 kb transcripts that can only be exported in 

presence of Rev (regulator of expression of viral proteins) protein. These mRNAs 

contain a Rev response element (RRE) in their sequence, which serves as a binding 

site for Rev protein. The latter contains both nuclear localization and export signal, 

enabling him to shuttle between the cytoplasm and nucleus. On its way out of the 

nucleus, Rev can be bound to mRNA containing RRE. For the return journey, however, 

Rev must not carry any additional luggage to be able to enter the nucleus. This results 

in selective transport of singly spliced and unspliced HIV transcripts into the cytoplasm 

(Pollard and Malim 1998). Before the Rev is synthesized, only 2 kb mRNAs can leave 

the nucleus. The earliest HIV proteins to emerge are therefore Tat, Rev, and Nef, all 

encoded by the double spliced mRNAs (Pasternak, Lukashov, and Berkhout 2013). 

This is important for the replication strategy of HIV because it allows proteins, crucial 

for the production of full-length transcripts and their delivery to translation machinery, 

to be synthesized first. Translation of HIV mRNAs mostly takes place on ribosomes 

present in the cytosol of the infected cell (Figure XVI). The only exceptions are Env 

and Vpu which are transmembrane proteins and must therefore be translated into the 

lumen of the endoplasmic reticulum (ER) (Guerrero et al. 2015). During the translation 

process Env anchors into the lipid bilayer of ER undergoes glycosylation and is later 

transported into Golgi apparatus where proteolytic cleavage of gp160 precursor 

occurs. Although not covalently bound anymore, both proteins gp41 and gp120 remain 

associated (Checkley, Luttge, and Freed 2011). From the Golgi, Env is transported in 

vesicles that merge with the plasma membrane. Once part of the cell membrane, the 

assembly of virion can begin. Typically for lentiviruses, the formation of new virions 

takes place at the plasma membrane, within specialized domains (Figure XVI) 

(Sundquist and Krausslich 2012). The main role in this process plays GagPol 
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polyprotein that mediates interactions with a lipid membrane, concentrates Env, and 

binds the packaging signal of the HIV RNA genome. Conformational changes in 

GagPol lead to the coupling of virion components and the formation of spherical 

particles that bud from the cell surface. Assembled virions are then released from the 

cell and the viral protease becomes activated. This initiates the maturation of HIV virion 

as Gag/Pol polyprotein gets cleaved into individual functional proteins. Extensive 

rearrangements take place inside the virion, forming a mature, infectious HIV particle 

(Sundquist and Krausslich 2012).  

Although not essential for HIV replication, regulatory proteins Nef, Vpr, Vif, and Vpu 

play important roles in virus-host interactions. Nef (negative effector) downregulates 

surface expression of MHC-I molecules, preventing recognition of infected cells by 

cytotoxic T lymphocytes (Schneider-Schaulies and Dittmer 2006). It is also known to 

decrease the presence of CD4 molecules on the surface of T cells, preventing further 

binding of virions to already infected cells. Moreover, it is involved in mechanisms 

increasing infectivity of the virus, causing activation of T cells and blockage of 

apoptosis (Das and Jameel 2005). Vpr (virion protein R) is packed into virions and is 

an active component of the pre-integration complex. Moreover, its presence in virions 

facilitates the incorporation of cellular DNA glycosylase enzyme into the virion. The 

latter removes dUTP integrated into the HIV genome, which would otherwise cause 

mutations in viral proteins and decrease infectivity. Vpr also arrests the cell cycle in the 

G2 phase when transcription of HIV genes is most profound (Gonzalez 2017). A 

transmembrane protein Vpu (viral protein unique for HIV) accumulates in Golgi of T 

cells where it causes degradation of CD4. This is important because it increases the 

availability of Env which is often complexed with CD4 in the ER. Vpu also enhances 

the release of new virions from the cell surface (Gonzalez 2015). Vif (viral infectivity 

factor) is another regulatory protein, important for HIV replication. It counteracts the 

action of the APOBEC3G protein that serves as the cell’s endogenous antiviral defense 

mechanism. Antiviral activity of the APOBEC3G is mediated by the deamination of 

cytidine into uracil. This causes mutations in the HIV genome that can reduce or 

abolish virus replication. Vif induces ubiquitination and subsequent degradation of the 

APOBEC3G (Rose et al. 2004). 
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Figure XVI: HIV replication cycle. Shown is the replication process of HIV, during 

which the virus hijacks cellular machinery to produce progeny (Pasternak, Lukashov, 

and Berkhout 2013). 

1.3 Helper T cells and B cells during HIV-1 infection 

The adaptive response is a potent weapon of our immune system in the context of viral 

infections. However, many viruses have developed strategies to overcome this 

defense mechanism. The best example of this is HIV-1 that attacks and disables the 

adaptive immune system at its very heart.  

Following the establishment of infection, HIV-1 rapidly disseminates throughout all 

body compartments infecting primarily CD4+ T cells. (Robb and Ananworanich 2016; 

Cohen, Shaw, et al. 2011). It has been documented that more than half of all memory 

CD4+ T cells in all tissue compartments are lost during acute HIV-1 infection inflicting 

permanent damage to the immune system (Grossman et al. 2006; Mattapallil et al. 

2006; Streeck and Nixon 2010). Since the introduction of ART regimens, however, 

HIV-1 infection is no longer a deadly disease and treated individuals have an almost 

normal life expectancy. Nevertheless, the infection is life-long and there is no promising 

approach for a cure. The main reason behind HIV-1 persistence despite ART is cells 
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carrying latent HIV-1 genomes inscribed in their DNA (Kulpa and Chomont 2015; Lee 

and Lichterfeld 2016; Khoury et al. 2011; Buzon et al. 2014). These cells, although 

rare, persist for decades and in case of treatment interruption re-establish the infection 

(Massanella, Fromentin, and Chomont 2016; Richman et al. 2009). Many researchers 

dedicated their research to HIV-1 latency in an attempt to design strategies that would 

eradicate the latent reservoir. It has been demonstrated that the primary component of 

the HIV-1 reservoir is CD4+ T cells that get latently infected already as early as 3 days 

after the transmission (Whitney et al. 2014; Kulpa and Chomont 2015). Importantly, 

CD4+ T cells should not be considered as a homogenous population. According to 

several studies, maturational subsets of CD4+ T cells have dramatically different 

contributions to the overall pool of latently infected cells. Currently, there are 6 well 

described and generally accepted subsets (Figure XVII) (from least to most mature): 

naïve cells, stem-cell-like memory (SCM), central memory (CM), transitional memory 

(TM), effector memory (EM), and terminal effector (TE) CD4+ T cells (Mahnke et al. 

2013; Geginat et al. 2014).  

 

 

Figure XVII: Progressive differentiation of memory T cell compartment. The 

process of CD4+ T cell maturation has been conceptualized as a linear model in which 

quiescent naïve cells transit through 5 memory stages or subsets towards the activated 

short-lived TE cells able to conduct effector functions (Mahnke et al. 2013). 
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It has been demonstrated that CM, TM, and EM constitute the majority of the HIV-1 

reservoir, while naïve cells and SCM make only minor contributions (Brenchley et al. 

2004). This picture remains the same after many years of treatment (Soriano-Sarabia 

et al. 2014; Lee and Lichterfeld 2016). Interestingly, however, further investigation 

showed that despite the relatively low frequency of the last two subsets, they appear 

to play a major role in the persistence of latent infection due to their quiescent 

phenotype, high proliferative capacity, high content of HIV-1 DNA, and its slow decay 

(Buzon et al. 2014; Lee and Lichterfeld 2016; Kulpa and Chomont 2015). The 

estimated half-life of HIV-1 DNA within SCM was shown to be almost 2-times longer 

than in CM (Lee and Lichterfeld 2016). Therefore after decades of ART SCM become 

one of the major reservoir components (Figure XVIII) (Lee and Lichterfeld 2016; 

Jaafoura et al. 2014).  

 

Figure XVIII: Longitudinal changes in HIV-1 reservoir composition. After many 

decades of ART the size of the reservoir contracts around the most persistent subsets 

like CM and SCM (Jaafoura et al. 2014). 

Apart from decreasing their frequency HIV-1 also distorts the maturational profiles of 

CD4+ T cells, which remain out of balance even in ART-treated patients (Williams et 

al. 2006; Holmes et al. 2006; Streeck and Nixon 2010; Kulpa and Chomont 2015). This 

is in part due to the highly different susceptibility of maturational subsets to productive 

infection. Studies done in non-human primates demonstrated that R5-tropic SIV-1 

strains, which in most cases establish the infection, preferentially infect highly mature 

CD4+ T cell subsets with high expression of HIV-1 co-receptor CCR5. Therefore, 

subsets like EM are the primary target of SIV-1 during the acute stage of infection and 

get severely depleted. Compensating for their loss, a proliferation of CM takes place. 
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These freshly generated cells then further differentiate into TM that can migrate from 

the lymphoid tissue and partially replenish the peripheral EM population (Okoye et al. 

2007). However, the reserves of CM are limited and gradual depletion of this subset 

accelerates disease progression (Yang et al. 2012; Paiardini et al. 2011; Okoye et al. 

2007). Similar observations were also made in humans where highly mature subsets 

like EM and TE became preferentially infected and depleted during the first few months 

of acute infection, while frequencies of naïve cells and CM increased (Pastor et al. 

2017; Grossman et al. 2006).  

Similarly, also functional subsets of CD4+ T cells show different susceptibility to HIV-

1 infection. In particular, HIV-1-specific CD4+ T cells get preferentially depleted since 

HIV-1 only replicates in activated cells. This results in skewed, inadequate helper 

activity that greatly contributes to the inability of our immune system to control the 

disease (Streeck and Nixon 2010). Among functionally distinct CD4+ T cell subsets 

Th17 show high sensitivity to HIV-1 infection and harbor high amounts of integrated 

HIV-1 genomes (Kulpa and Chomont 2015; Lee and Lichterfeld 2016). Highly 

vulnerable are also T follicular helper cells (Tfh) (Streeck 2015) and their peripheral 

counterparts (pTfh) that represent the core of CD4+ T cells dedicated to providing help 

to B cells (Perreau et al. 2013). Interestingly, however, persistent antigenemia leads to 

an aberrant expansion of their frequency during the chronic HIV-1 infection (Perreau 

et al. 2013; Pissani and Streeck 2014; Lindqvist et al. 2012).  

Despite being the preferred target of HIV, Tfh cells and pTfh cells are indispensable 

for the establishment of an adaptive immune response against the virus (Streeck 

2016). They provide helper signals to antigen-specific B cells that are transduced 

through cytokines including IFNγ, IL-4, IL-21 and surface signaling molecules like 

CD40L, ICOS, and OX40 (Graff-Dubois, Rouers, and Moris 2016; Crotty 2011; Nair et 

al. 2011; Streeck et al. 2013). Several studies have associated pTfh cells expressing 

IL-21, IL-4, or CD40L, with the frequency of HIV-1/SIV-1-specific broadly neutralizing 

antibodies and memory B cells and (Locci et al. 2013; Schultz et al. 2016; Yamamoto 

et al. 2015). Furthermore, potent pTfh responses were linked to spontaneous control 

over HIV-1 replication (Buranapraditkun et al. 2017; Cubas et al. 2015; Streeck 2016). 

However, pTfh cells of chronically HIV-infected individuals show numerous anomalies 

limiting their full functional potential (Graff-Dubois, Rouers, and Moris 2016; Streeck, 

van Bockel, and Kelleher 2008). It has been demonstrated that pTfh of HIV+ individuals 

at the late stages of infection express high levels of ICOS but low levels of CD40L 
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(Vanham et al. 1999) and IL-4 (Colineau et al. 2015) compared to healthy subjects. 

Aberrant IL-21 expression has also been reported, however, the direction of change 

depends on the immune compartment and stage of the disease (Colineau et al. 2015).  

Decreased functional potential of pTfh cells in combination with high levels of 

circulating antigens leads to skewing of the B cell compartment (Figure XIX). 

Anomalies such as low proliferation potential, decreased responsiveness to BCR 

stimulation, reduced expression of complement receptor (CD21), and high frequency 

of circulating non-HIV-1-specific plasmablasts have been observed in chronically HIV-

1-infected individuals (Buckner et al. 2013; Moir and Fauci 2017). Among the memory 

B cells, unconventional subsets like activated (AM) and tissue-like memory (TLM) 

become prevalent. These subsets express markers of exhaustion and activation 

indicating their short lifespan (Kardava et al. 2014). Consequently, HIV+ individuals 

respond poorly to vaccination (Kerneis et al. 2014) and do not develop protective 

secondary B cell responses in the case of ART interruption.  

 

Figure XIX: HIV-induced perturbations in the B cell compartment. Schematic 

representation of B cell subsets with indicated anomalies observed in HIV-infected 

individuals (Moir and Fauci 2017). 

Although HIV-1-specific antibodies develop already during the early phase of the 

disease, they show limited neutralization capacity. Only a fraction of infected 

individuals develops potent broadly neutralizing antibodies at later stages of the 

disease (Landais and Moore 2018; Mascola and Haynes 2013). These antibodies bind 
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to conserved, functionally important epitopes of the HIV-1 Env protein that are not 

subject to escape mutations. Many researchers put faith into broadly neutralizing 

antibodies (bnAbs), however, designing immunogens that would evoke this kind of 

antibodies proved as a tedious task. Importantly, neutralization is not the only antiviral 

activity antibodies exert. Relying on their Fc region immunoglobulins can trigger innate 

immune responses such as complement deposition (ADCD), monocyte phagocytosis 

(ADCP), neutrophil phagocytosis (ADNP), and cell killing by NK cells (ADCC). These 

functions are effective against infected cells as well as free virions and have been 

found to play an important role in HIV-1 infection (Hessell et al. 2007; Bournazos et al. 

2014; Ackerman et al. 2016). In particular, ADCP and ADCC correlated with protection 

from HIV-1 acquisition in the RV144 vaccine trial (Haynes et al. 2012; Chung et al. 

2014) and experiments conducted on non-human primates (Gomez-Roman et al. 

2005; Florese et al. 2006). Moreover, ADNP has been shown to negatively associate 

with viral load in untreated HIV+ individuals (Worley et al. 2018), while studies on 

humanized mice showed that inactivation of serum complement abrogates antibody-

mediated protection from HIV-1 infection (Gauduin et al. 1998).  

1.4 Aim of the thesis 

The overall goal of this thesis is to assess helper T cell and B cell responses during 

the natural course of HIV-1 infection.  

Both, helper T cells and B cells are crucial for antiviral immune response and their 

activities are highly interdependent. The outcome of successful collaboration between 

the two subsets is the production of antibodies that represent a potent defense 

mechanism against viral infections. In HIV-1 infection, however, perturbations of both 

cellular compartments occur, resulting in a severely compromised immune system.  

HIV-1 primarily infects CD4+ T cells leading to a gradual depletion of components vital 

for the support of other immune mechanisms. Especially vulnerable to HIV-1 infection 

are memory CD4+ T cells, whose numbers decrease by half during the acute stage of 

the disease. To obtain a deeper understanding of the immunopathology of acute HIV-

1 infection we would like to investigate the dynamics of memory CD4+ T cell 

compartment during this period. More specifically, we will follow the temporal changes 

in the frequency of different CD4+ T cell memory subsets present in peripheral blood 

of acutely HIV-1-infected, untreated individuals. In case the composition of memory 

CD4+ T cell compartment changes significantly, we would like to identify the driving 
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force of subset dynamics and measure their susceptibility to HIV-1 infection. Finally, 

we would like to show what impact these early events in the memory CD4+ T cell 

compartment have on the disease progression. We suggest that our study will identify 

memory CD4+ T cell populations that are readily affected by the HIV-1 and aid our 

understanding of the CD4+ T cell depletion and establishment of HIV-1 latency that 

are known to take place during this time.  

CD4+ T cells are a key player in the production of antibodies directed towards viral 

protein antigens. In HIV-1 infection, however, these cells get severely depleted and 

functionally compromised. Apart from the T cells, HIV-1 causes anomalous activation 

and skewing of the B cell compartment, which can be largely attributed to the lack of 

CD4+ T cell help. The impairment of B and T cell compartments ultimately leads to an 

inefficient antibody response unable to control virus replication. In an attempt to 

artificially improve humoral adaptive immune response or develop a vaccine against 

HIV-1 it is important to identify antigen-specific CD4+ T cells with the capacity to mount 

an efficient antibody response. The only viral protein expressed on the surface of 

virions or infected cells and the most promising target of anti-HIV-1 antibodies is the 

Env protein. In the second part of this thesis, we will, therefore, focus our research on 

the analysis of Env-specific CD4+ T cell and B cell responses during the chronic phase 

of HIV-1 infection. First, we would like to assess the impact of these cells on the 

development of Env-binding antibodies able to mediate non-neutralizing responses 

such as NK cell activation, ADCP, ADCD, and ADNP. It has been previously shown 

that antibodies with the capacity to trigger innate immune responses inhibit viral 

replication (Hessell et al. 2007). Our next aim will be to identify B cell populations that 

are a source of Env-specific antibodies exerting non-neutralizing effector functions. To 

obtain a full picture we will also investigate to what degree these B cell populations rely 

on Env-specific CD4+ T cell help. We hope that our findings will help us understand 

the inability of our immune system to produce a potent anti-HIV-1 antibody response 

and provide us with information useful for the development of a protective vaccine or 

immunotherapy. 
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2 Materials and methods 

2.1 Materials 

2.1.1 Reagents 

Annexin V Binding Buffer    Biolegend, USA 

BD FastImmune™ CD28/CD49d   BD Biosciences, USA 

BD GolgiPlug™     BD Biosciences, USA 

BD GolgiStop™     BD Biosciences, USA 

Biocoll       BioChrome, Germany 

BSA       Sigma-Aldrich, Germany 

CompBeads      BD Biosciences, USA 

DMSO      Sigma-Aldrich, Germany 

dNTP set      BioBudget, Germany 

EDTA       Sigma-Aldrich, Germany 

FcR Blocking Reagent     Miltenyi Biotec, Germany  

FCS       BioChrome, Germany 

Fix/Perm kit       BD Biosciences, USA 

Foxp3 / Transcription Factor Staining Set Thermo Fischer scientific, Germany 

HEPES      Sigma-Aldrich, Germany 

Human AB plasma     PAN Biotech, Germany 

innuMIX Green PCR MasterMix   AnalytikJena, Germany 

Ionomycin      Sigma-Aldrich, Germany 

L-Glutamine      Sigma-Aldrich, Germany 

MgCl2       BioBudget, Germany 

Paraformaldehyde     Sigma-Aldrich, Germany 

PBS       Life Technologies, UK 
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Penicillin / Streptomycin    Sigma-Aldrich, Germany 

Platinum Taq DNA     Thermo Fischer scientific, Germany 

PMA       Sigma-Aldrich, Germany 

Rainbow calibration particles   Biolegend, USA 

Recombinant human IL-2    ImmunoTools, Germany 

RPMI 1640 medium     Life Technologies, UK 

Trypan Blue 0.4%     NanoEn Tek, USA 

 

Recombinant biotinylated HIV-1 Env proteins (BG505 SOSIP.664 and AMC011 

SOSIP.v4.2) were provided by Prof. Rogier W. Sanders and Dr. Marit J. van Gils 

from the Department of Medical Microbiology, Academic Medical Center, Amsterdam, 

Netherlands. 

The following reagents were obtained through the NIH AIDS Reagent Program, 

Division of AIDS, NIAID, NIH: HIV-1 Consensus Subtype B Env Peptide Pool, HIV-1 

Consensus Subtype C Env Peptide Set, HIV-1Ba-L (from Dr. Suzanne Gartner, Dr. 

Mikulas Popovic, and Dr. Robert Gallo). 

2.1.2 Antibodies  

anti-AhR-PE (clone T49.550)   BD Biosciences, USA 

anti-AID-APC (EK2-5G9)    BD Biosciences, USA 

anti-Blimp1-PE-Dazzle (clone 6D3)  BD Biosciences, USA 

anti-CCR7-PE-Cy7 (clone 3D12)   BD Biosciences, USA 

anti-CCR7-PE-Cy7 (clone G043H7)  Biolegend, USA 

anti-CD127-BV421 (clone A019D5)  Biolegend, USA 

anti-CD14-Tri-Color (clone Tük4)   Life Technologies, USA 

anti-CD19-APC-Cy7 (clone HIB19)  Biolegend, USA 

anti-CD19-Tri-Color (clone SJ25-C1)  Life Technologies, USA 

anti-CD21-FITC (clone Bu32)   Biolegend, USA 
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anti-CD279-PE-Cy7 (clone EH12.2H7)  Biolegend, USA 

anti-CD279-PE-Cy7 (clone EH12.2H7)  Biolegend, USA 

anti-CD27-AF700 (clone O323)   Biolegend, USA 

anti-CD27-AF700 (clone O323)   Biolegend, USA 

anti-CD27-BV605 (clone O323)   Biolegend, USA 

anti-CD28-biotin (clone CD28.2)   Biolegend, USA 

anti-CD38-BV605 (clone HIT2)   Biolegend, USA 

anti-CD3-AF700 (clone OKT3)   Biolegend, USA 

anti-CD3-APC-eF780 (clone UCHT1)  e-Bioscience, USA 

anti-CD3-BV510 (clone UCHT1)   Biolegend, USA 

anti-CD40L-PE-Dazzle (clone TRAP1)  BD Biosciences, USA 

anti-CD45R0-eFluor-650NC (clone UCHL1) e-Bioscience, USA 

anti-CD45RA-BV421 (clone HI100)  Biolegend, USA 

anti-CD45RA-BV785 (clone HI100)  Biolegend, USA 

anti-CD45RA-PerCP-Cy5.5 (clone HI100) Biolegend, USA 

anti-CD45RO-BV605 (clone UCHL1)  Biolegend, USA 

anti-CD4-APC-Cy7 (clone RPA-T4)  Biolegend, USA 

anti-CD4-BV510 (clone RPA-T4)   Biolegend, USA 

anti-CD4-Qdot605 (clone S3.5)   Life Technologies, USA 

anti-CD56-PE-Cy5 (clone B159)   BD Biosciences, USA 

anti-CD57-FITC (clone HCD57)   Biolegend, USA 

anti-CD8-AF488 (clone RPAT8)   Biolegend, USA 

anti-CD8a-PE-TR (clone 3B5)   Life Technologies, USA 

anti-CD95-AF647 (clone DX2)   Biolegend, USA 

anti-CD95-APC (clone DX2)   Biolegend, USA 
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anti-CXCR3-PE (clone 1C6/CXCR3)  BD Biosciences, USA 

anti-CXCR5-BV785 (clone J252D4)  Biolegend, USA 

anti-IFNg-PE (clone B27)    Biolegend, USA 

anti-IgD-BV786 (clone IA6-2)   Biolegend, USA 

anti-IL13-BV421 (clone JES10-5A2)   Biolegend, USA 

anti-IL21-APC (clone 3A3-N2)   Biolegend, USA 

anti-IL4-BV421 (clone MP4-25D2)  Biolegend, USA 

anti-Ki67-PE-Dazzle (clone Ki-67)  Biolegend, USA 

anti-p24-PE antibody (clone kc57)   Beckman Coulter, Germany 

2.1.3 Cell staining reagents 

AnnexinV-FITC      Biolegend, USA 

CellTrace™ Violet Cell Proliferation Kit  Thermo Fischer scientific, Germany 

Live/Dead fixable aqua    Life Technologies, USA 

Streptavidin-APC      Biolegend, USA 

Streptavidin-BV421     Biolegend, USA 

Streptavidin-BV421     Biolegend, USA 

Streptavidin-PE-Cy7     Biolegend, USA 

Streptavidin-Qdot 800    Life Technologies, USA 

Zombie Aqua™ Fixable Viability Kit   Biolegend, USA 

2.1.4 Kits 

CD4+ T Cell Isolation Kit, human   Miltenyi Biotec, Germany 

EasySep™ Human Pan-B Cell  
Enrichment Kit      StemmCell Technologies, Germany 

Quantikine® ELISA HIV-1 Gag  
p24 Immunoassay     R&D, USA 

QIAamp DNA Micro Kit    QIAGEN, USA 
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2.1.5 Devices 

BD FACS Celesta     BD Bioscience, Germany  

BD FACSAria III      BD Bioscience, Germany  

BD LSRII        BD Biosciences, USA 

BioSpectrometer®     Eppendorf, Germany 

Centrifuge (Eppendorf 5804R)   Eppendorf, Germany 

CO2 incubator     BINDER, Germany 

Cryo-freezing container    Sigma-Aldrich, Germany 

EasyEights™ EasySep™ Magnet  StemmCell Technologies, Germany 

EVE Automated cell counter    NanoEnTek, USA 

Fisherbrand™ Pipet Controller   Fischer Scientific, USA 

Liquid N2 tank     Techlab, Germany 

MACS separator magnet    Miltenyi, Germany 

Manual pipets     Starlab, Germany 

Optical microplate reader    Tecan, Switzerland 

Orbital plate shaker     Oehmen, Germany 

qTOWER2 RT-PCR Thermal Cycler   AnalytikJena, Germany 

Test tube vortex     NeoLab Migge, Germany 

Thermal cycler     BioRad, USA 

Water bath GFL     Oehmen, Germany 

2.1.6 Consumables 

24/48/96-well microplates    Starlab, Germany 

96-well PCR plates, white    AnalytikJena, Germany 

Cell culture flasks T25/T175   Greiner Bio One, Germany 

Centrifuge tubes 15/50 ml    TPP, Switzerland 
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Cryotubes      Oehmen, Germany 

EVE cell counting slides    NanoEn Tek, USA 

FACS tubes      BD Bioscience, Germany 

MACS LS columns     Miltenyi, Germany 

Microtubes 1,5/2 ml     Eppendorf, Germany 

Pipette filter tips     Starlab, Germany 

Pipettes 5/10/25 ml     Greiner Bio One, Germany 

Sealing tape for PCR plates   AnalytikJena, Germany 

2.1.7 Software 

FACSDiva      BD Biosciences, USA 

Flow Jo, version 9.7.5    TreeStar,USA 

Prism       GraphPad, USA    

qTOWER3 PCRsoft     AnalytikJena, Germany 

2.1.8 Oligonucleotides 

alu-(forward oligonucleotide) 
5'-GCC TCC CAA AGT GCT GGG ATT ACA G-3' 
 
gag (reverse oligonucleotide): 
5'-GTT CCT GCT ATG TCA CTT CC-3' 
 
LTR  forward oligonucleotide 
5'-TTA AGC CTC AAT AAA GCT TGC C-3' 
 
LTR reverse oligonucleotide 
5'-GTT CGG GCG CCA CTG CTA GA-3' 
 
LTR TaqMan® probe  
5'-(FAM)-CCA GAG TCA CAC AAC AGA CGG GCA CA-(BHQ)-3' 
 
β-globin forward oligonucleotide 
5'-CCC TTG GAC CCA GAG GTT CT-3' 
 
β-globin reverse oligonucleotide 
5'-TCA TGG CAA GAA AGT GCT CG-3' 
 
All oligonucleotides were synthesized by Eurofins Scientific, Luxembourg. 
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2.2 Methods 

2.2.1 Study participants 

To study the dynamics of memory CD4+ T cell populations during acute HIV-1 infection 

twenty-four acutely HIV-1-infected individuals, participating in the RV217 early-capture 

HIV-1 cohort (ECHO) (Robb et al. 2016), were selected. The RV217 study is a 

multicenter, non-randomized clinical observational study, designed to investigate the 

biological characteristics of acute HIV-1 infection in high-risk volunteers from 

Southeast Asia and Africa. Patients used for the present study were selected based 

on the availability of samples collected before the infection and at minimum two-time 

points after the infection and before peak viremia.  

To study the crosstalk between Env-specific CD4+ T cells and B cells, peripheral blood 

samples of thirty-nine chronically HIV-1-infected were used. Individuals participated in 

the SCABIO clinical study whose purpose was to understand immunological changes 

during HIV-1 infection to define strategies for HIV-1 treatment, cure, and vaccination. 

The criteria for the selection of the patients for the present study was seropositivity for 

HIV-1 without previous antiretroviral treatment. 

Buffy coats from healthy individuals were obtained either from the blood donation 

center, Institute for transfusion medicine, University Hospital, University Duisburg-

Essen, Essen, Germany, or blood donation center at Massachusetts General Hospital, 

Boston, Massachusetts, USA. 

2.2.2 Ethics statement 

All individuals participating in this study provided written informed consent.  

Ethical approval for the RV217 study was obtained from institutional review boards in 

each country as well as the Human Subjects Protection Branch at the Walter Reed 

Army Institute of Research, which approved the overall protocol.  

The SCABIO study was approved by the Ethics committee of the Medical Faculty of 

the University of Duisburg-Essen, Germany. 

The institutional review board of the University Duisburg-Essen approved the 

performed laboratory testing and in vitro studies. 
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2.2.3 Isolation and cryopreservation of peripheral blood mononuclear cells 

(PBMC) 

Freshly drawn, EDTA-treated peripheral blood or buffy coat samples were spun down 

in a centrifuge at 600 rcf for 10 min. Pelleted cells were separated from plasma by 

decanting and resuspended in 30 ml of R+ media (RPMI 1640 supplemented with 

penicillin [100 U/ml] and streptomycin [100 µg/ml]). The cell suspension was carefully 

layered on 15 ml of Biocoll cell separation solution and centrifuged at 900 rfc for 30 

min. PBMC containing layer was collected by pipetting and washed three times. 

Washes were performed with R+ media by centrifugation at 600 rcf for 10 min. Isolated 

and washed cells were either used immediately or cryopreserved in heat-inactivated 

fetal calf serum (FCS) containing 10% DMSO.  

2.2.4 Cell counting and assessment of the viability 

The viability of cells was assessed by trypan blue staining. The cell suspension was 

mixed with 0.4 % trypan blue in a 1:1 volume ratio and loaded onto a cell counting 

slide. The total number of cells and viability was determined by the automated cell 

counter. 

2.2.5 Flow cytometric analysis of RV217 clinical samples 

Cryopreserved PBMC collected at seven different time points before and along the 

course of acute HIV-1 infection, were used for this study. Cells were thawed and 

subsequently stained for viability (Live/Dead fixable aqua) and phenotypical surface 

markers including: anti-CD4-Qdot605 (clone S3.5), anti-CD8a-PE-TR (clone 3B5), 

anti-CD19-Tri-Color (clone SJ25-C1), anti-CD14-Tri-Color (clone Tük4), anti-CD45R0-

eFluor-650NC (clone UCHL1), anti-CD3-APC-eF780 (clone UCHT1), anti-CD27-

AF700 (clone O323), anti-CD28-biotin (clone CD28.2), anti-CD57-FITC (clone 

HCD57), anti-CD45RA-PerCP-Cy5.5 (clone HI100), anti-CD95-AF647 (clone DX2), 

anti-CD127-BV421 (clone A019D5), anti-CCR7-PE-Cy7 (clone 3D12), anti-CD56-PE-

Cy5 (clone B159) and anti-CXCR3-PE (clone 1C6/CXCR3). Stained cells were 

incubated with Streptavidin-Qdot 800 conjugate and finally fixed with a 2% 

formaldehyde solution. Samples were acquired on the BD LSRII flow cytometer. Data 

were analyzed using Flow Jo, version 9.7.5. 

2.2.6 Propagation of HIV-1 isolates 

Infectious HIV-1 virus stocks for our in vitro studies were generated from HIV-1 Ba-L 

containing supernatant. Cryopreserved PBMCs from buffy coats of healthy individuals 
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were thawed and rested overnight in R10 media (RPMI 1640 supplemented with 10% 

heat-inactivated fetal calf serum, 2 mM L-glutamine, penicillin [100 U/ml], and 

streptomycin [100 µg/ml]). The next day media was exchanged for R10 containing 

1µg/ml of PHA. To achieve unspecific activation of T cells, PBMC were cultured in 

presence of PHA for 3 days. 40 million PBMC containing activated T cells were then 

resuspended in 4 ml of R10 media, followed by the addition of 1 ml of infectious HIV-1 

containing supernatant. Inoculated cell suspension was kept at 37°C, 5% CO2 for 2 h. 

To prevent cell clumping the suspension was gently swirled every 20 min. After 

washing with R+ media, the infection cycle was repeated with another vial of inoculum. 

HIV-1-infected PBMC were washed three times with R+ and resuspended at a density 

of 2 million cells/ml in R10 media. Finally, cells were transferred to T25 cell culture 

flasks and incubated at 37°C, 5% CO2 until ready to be harvested. To assess the 

amount of virus in the cell culture supernatant, the level of HIV-1 p24 protein was 

monitored every 3 days as described below. By p24 concentration exceeding 50 ng/ml, 

the cell suspension was centrifuged and cell-free supernatant was harvested and 

stored at -80°C. 

2.2.7 Measurement of HIV-1 p24 protein by ELISA 

Levels of p24 protein in the supernatant of HIV-1-infected cell cultures were measured 

by quantitative sandwich ELISA (enzyme-linked immunoassay) according to the 

manufacturer’s instructions (HIV-1 Gag p24 Quantikine ELISA kit). In brief, diluted cell-

free supernatant or p24 standard dilutions were pipetted into 96-well plates pre-

covered with anti-p24 antibody. The plates were sealed and shaken for 2 hours at room 

temperature. Plates were then washed four times and anti-p24 antibody conjugated to 

horseradish peroxidase was added. Following 2-hour incubation, the excess conjugate 

was washed away and the substrate was added. The reaction was allowed to proceed 

for 30 min and the optical density of each well was determined using a microplate 

reader set to 450 nm. A standard curve was generated based on the measurements 

of p24 dilutions with known concentrations. Sample concentrations were determined 

by interpolation of corresponding optical density measurements.  

2.2.8 Establishment of HIV-1-infected cell cultures 

Following isolation from buffy coats of healthy donors, 100 million PBMC were 

resuspended in RAB media (RPMI 1640 supplemented with 10% heat-inactivated 

human male AB serum, 2 mM L-glutamine, penicillin [100 U/ml], streptomycin [100 

µg/ml], and IL-2 [50 IU/ml]) and inoculated with the HIV-1 Ba-L containing supernatant. 
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The amount of virus in inoculum corresponded to 100 ng of p24 and the final volume 

of inoculated cell suspension was 5 ml. To prevent clumping of cells during 2-hour 

incubation at 37°C, 5% CO2, tubes were swirled in 20 min intervals. After incubation 

cells were washed with R+ and the infection cycle was repeated. Uninfected controls 

were treated equally with exception of the infectious inoculum which was substituted 

by cold R10 media. Finally, cells were thoroughly washed with R+ media, resuspended 

in 50 ml RAB media, transferred to a T175 cell culture flask, and incubated at 37°C, 

5% CO2 for two weeks. Every 5 days half of the media was aspirated and replaced by 

fresh RAB media.   

2.2.9 Magnetic isolation of CD4+ T cells from HIV-1-infected cell cultures 

Around 4 million PBMC were collected from our HIV-1-infected cell cultures and 

uninfected controls right before the infection was performed and on days 3, 7, and 14 

after the infection. Cells were washed in MACS buffer (PBS supplemented with 0.5% 

bovine serum albumin (BSA), and 2 mM EDTA) and subsequently subjected to 

negative immunomagnetic CD4+ T cell isolation (CD4+ T Cell Isolation Kit, human) 

according to the manufacturer's instruction. Briefly, cells were resuspended in MACS 

buffer and a cocktail of biotinylated antibodies recognizing surface antigens of non-

CD4+ T cells was added. After 5 min of incubation at 4°C magnetic beads conjugated 

to streptavidin were added to the mixture. Magnetically labeled cells were passed 

through the LS column. Collected flow-through contained above 95% of CD4+ T cells.  

2.2.10 Phenotypic analysis of HIV-1-infected CD4+ T cells  

Isolated CD4+ T cells were washed in PBS, stained with viability dye (Zombie Aqua), 

and afterward washed in staining buffer (PBS supplemented with 2% FCS). To 

discriminate between CD4+ T cell memory subsets, cells were stained with antibodies 

against the following surface antigens; anti-CCR7-PE-Cy7 (clone G043H7), anti-

CD45RA-BV785 (clone HI100), anti-CD95-APC (clone DX2), anti-CD27-BV605 (clone 

O323). After washing with staining buffer, early apoptotic cells were labeled with 

AnnexinV-FITC in a suitable buffer (AnnexinV Binding Buffer). Cells were then washed 

with the same buffer to prevent dissociation of AnnexinV, fixed, and permeabilized 

(Fix/Perm kit). Permeabilized cells were intracellularly stained with anti-p24-PE 

antibody (clone kc57) for 30 min and washed with PBS. Samples were kept at 4°C 

throughout the entire procedure, incubation times during staining steps were 15 min if 

not stated differently. All antibodies and staining reagents were used in pre-titrated 

concentrations. Labeled cells were acquired on the BD FACS Celesta flow cytometer 
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equipped with FACSDiva software. Compensation was carried out with single-stained 

capture beads (CompBeads). Before each experiment, possible fluctuations in laser 

intensity were checked using multi-fluorescence calibration beads (Rainbow calibration 

particles) and detection voltages were adjusted to maintain equivalent fluorescence 

readings throughout the experiment. Data were analyzed with FlowJo, version 9.4.1. 

2.2.11 Measurement of HIV-1-infected CD4+ T cell proliferation 

To measure cellular proliferation, HIV-1-infected cell cultures were established as 

described. Following the two infection cycles, cells were washed twice with R+ media, 

counted, and resuspended in PBS at a cell density of 4M/ml. For each ml of cell 

suspension, 5 µl of proliferation dye (CellTrace™ Violet) dissolved in DMSO was 

added. After 20 min incubation at room temperature samples were washed with 5-

times the staining volume of PBS containing 2% FCS. Labeled cells were then 

resuspended in RAB media and cultured at 37°C, 5% CO2 for two weeks. Detection 

of proliferating cells was achieved by flow cytometry as described in the previous 

section. The only exception was an additional fluorescence detection channel where 

proliferation dye was measured.  

2.2.12 Fluorescence-activated cell sorting of CD4+ T cell memory subsets 

HIV-1-infected cell cultures were established as described above. On day 14 after the 

infection, PBMC were harvested and magnetically enriched for CD4+ T cells. To 

discriminate between memory subsets, CD4+ T cells were fluorescently labeled with 

antibodies, similarly as described above. Due to the use of different detection channels 

anti-CD45RA-BV785 (clone HI100) was substituted with anti-CD45RA-BV421 (clone 

HI100) antibody. Labeled cells were then sorted on BD FACSAria III cell sorter with 

FACSDiva software. Compensation was performed with single-stained capture beads 

(CompBeads). A maximum of 1 million cells per CD4+ T cell memory population was 

sorted into cold PBS.  

2.2.13 Isolation of genomic DNA from sorted CD4+ T cell memory subsets 

Before the isolation, sorted cells were spun down to form a pellet. Genomic DNA was 

isolated using a DNA purification kit (QIAamp DNA Micro Kit) according to the 

manufacturer's instructions. In brief, pelleted cells were treated with proteinase K and 

lysis buffer was added. Cells were lysed 10 min at 56°C. To precipitate DNA, 96% 

ethanol was added and the suspension was transferred to columns with the silica-gel 

membrane. Membrane-bound DNA was washed several times and eluted in the elution 
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buffer. DNA concentration in the eluate was determined spectrophotometrically. 

Samples were stored at -20°C. 

2.2.14 Measurement of integrated HIV-1 genomes by qPCR 

To measure the relative amount of integrated HIV-1 genomes in different memory 

populations of CD4+ T cells, nested PCR was performed. As a first step, HIV-1 

genomes integrated into human DNA were preamplified by Alu-gag PCR. The principle 

behind this PCR is that forward alu-oligonucleotide hybridizes with Alu elements in the 

human genome, whereas reverse gag-oligonucleotide hybridizes with gag region of 

HIV-1's genome, resulting in selective amplification of genome-integrated HIV-1 DNA.  

DNA samples were diluted to 4 ng/ml and combined with a 2x master mix in a final 

volume of 20 µl. Final concentrations of reaction mixture components were; sample 

DNA [2 ng/µl], alu oligonucleotide [600 nM], gag oligonucleotide [150 nM], dNTPs [300 

µM each],  MgCl2 [3 mM], KB extender for long amplicons [5% by volume], 10x PCR 

buffer [10% by volume], Platinum Taq DNA polymerase [0.1 U/µl]. The thermal 

program was set to 8 min of initial denaturation at 95°C, followed by 25 cycles of 

denaturation (95°C for 1 min), annealing (50°C for 1 min), and elongation (72°C for 10 

min). An additional elongation step at 72°C for 15 min was performed at the end of the 

reaction.  

10 µl of the preamplification product was used for real-time quantitative PCR. 

Reactions were done in a final volume of 20 µl with following concentrations of 

reagents: LTR forward oligonucleotide [260 nM], LTR reverse oligonucleotide [260 

nM], dNTPs [300 µM each], MgCl2 [3.5 mM], LTR TaqMan® probe [200 nM], 10x PCR 

buffer [10% by volume], Platinum Taq DNA polymerase [0.1 U/µl]. Samples were 

analyzed on qTOWER2 RT-PCR Thermal Cycler. The thermal program was initiated 

by 1 min of denaturation at 95°C, followed by 50 cycles of denaturation (95°C for 20 s) 

and annealing/extension (60°C for 1 min). Fluorescence intensity was read at the end 

of each annealing/extension step.  

To normalize the DNA input, β-globin DNA levels were assessed. Reactions were 

carried out in a final volume of 20 µl, with following composition of reaction mixture: 

sample DNA [0.4 ng/µl], β-globin forward oligonucleotide [500 nM], β-globin reverse 

oligonucleotide [500 nM], innuMIX Green PCR MasterMix [50% by volume]. The 

thermal program was set to 2 min of initial denaturation at 95°C, followed by 50 cycles 
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of denaturation (95°C for 30 s), annealing (60°C for 30 s), and extension (72°C for 1 

min). 

2.2.15 Enrichment of B cells by magnetic separation 

Cryopreserved PBMC were thawed in R10 media and rested in an incubator at 37°C, 

5% CO2 overnight. The next morning cells were counted and subjected to magnetic 

cell separation using EasySep™ Human Pan-B Cell Enrichment Kit. The separation 

was performed according to the manufacturer’s protocol. Briefly, cells were 

resuspended in separation buffer (PBS supplemented with 2% FCS and 1 mM EDTA) 

and transferred to FACS tubes. A cocktail of antibodies recognizing antigens on the 

surface of unwanted cells was added to the cells, followed by the addition of magnetic 

particle suspension. Tubes containing cells were then inserted into the magnet, 

allowing immobilization of unwanted cells on the walls of the FACS tube. Unlabeled B 

cells floating in suspension were poured off into a fresh tube for further processing. 

The purity of isolated cells was normally above 90%. 

2.2.16 Phenotypic analysis of B cells by flow cytometry 

Enriched B cells were resuspended in staining buffer with added anti-CD4-BV510 

(clone RPA-T4) antibody and incubated for 10 min at 4°C. After a washing step, a 

mixture of recombinant, biotinylated HIV-1 Env proteins (SOSIP BG505 and SOSIP 

AMC011) was added to the cells at the equimolar ratio. Binding of Env probes was 

carried out at 4°C for 1 hour, after which cells were fixed in 2% formaldehyde. Before 

proceeding with the staining process, each sample was split into two equal portions for 

two different antibody panels. The first portion was stained with streptavidin-APC and 

streptavidin-BV421 premixed at a 1:2 molar ratio, while second with streptavidin-PE-

Cy7 and streptavidin-BV421 premixed at the equimolar ratio. The ratio of streptavidin 

conjugates was pre-titrated to achieve comparable fluorescence intensities of the two 

fluorochromes used together. Cells were then washed in a serum-free medium and 

stained with Zombie Aqua viability dye. Before the surface marker staining, cells were 

incubated in a solution of FcR Blocking Reagent to reduce unspecific antibody binding. 

Two different panels of antibodies were used, first including anti-CD3-BV510 (clone 

UCHT1), anti-CD19-APC-Cy7 (clone HIB19), anti-CD21-FITC (clone Bu32), anti-

CD27-AF700 (clone O323), anti-CD38-BV605 (clone HIT2), anti-IgD-BV786 (clone 

IA6-2), anti-CD279-PE-Cy7 (clone EH12.2H7) and second BV510 (clone UCHT1), 

anti-CD19-APC-Cy7 (clone HIB19), anti-CD21-FITC (clone Bu32), anti-CD27-AF700 

(clone O323), anti-CD38-BV605 (clone HIT2), anti-IgD-BV786 (clone IA6-2). Surface 
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staining was performed at 4°C for 15 min. Next, cells were permeabilized with 

Foxp3/Transcription Factor Staining buffer for 45 min and stained for intracellular 

antigens; anti-Ki67-PE-Dazzle (clone Ki-67), anti-AhR-PE (clone T49.550) for the first 

panel, and anti-Blimp1-PE-Dazzle (clone 6D3), anti-AID-APC (EK2-5G9), anti-AhR-PE 

(clone T49.550) for the second panel. Cells were let incubating at 4°C for 30 min and 

subsequently washed with PBS. All used antibodies and probes were used in pre-

titrated concentrations. Labeled cells were analyzed with the BD FACS Celesta flow 

cytometer. Compensation was performed with single-stained capture beads 

(CompBeads). Possible fluctuations in laser intensity were measured every time before 

the experiment, using multi-fluorescence calibration beads (Rainbow calibration 

particles). If needed detection voltages were adjusted to maintain equivalent 

fluorescence readings throughout the experiment. Data were analyzed with FlowJo, 

v9.4.1. 

2.2.17 Assessment of CD4+ T cell functional profile by flow cytometry 

Cryopreserved PBMC were thawed in R10 media and rested in an incubator at 37°C, 

5% CO2 overnight. The cells were counted the next morning and plated into 24-well 

plates. To achieve stimulation of Env-specific CD4+ T cells, two different pools of 

overlapping peptides spanning over the entire HIV-1 Env protein were added to each 

sample. The first pool of peptides was based on a consensus sequence of B clade 

HIV-1 isolates, while second on C-clade HIV-1 isolates. The final concentration of each 

peptide present in the two pools was 1 µg/ml. A mixture of anti-CD28 and anti-CD49d 

antibodies was added for co-stimulation. For negative control cells were treated equally 

without the addition of peptides, for positive control cells were stimulated with PMA and 

ionomycin. After 1h incubation, Golgi Stop and Golgi Plug protein trafficking inhibitors 

were added and stimulation was continued for 5 more hours. Stimulated cells were 

then washed with PBS and subsequently stained with Zombie Aqua viability dye. Next, 

cells were washed with staining buffer and a cocktail of antibodies against surface 

antigens was added; anti-CD8-AF488 (clone RPAT8), anti-CD45RO-BV605 (clone 

UCHL1), anti-CXCR5-BV785 (clone J252D4), anti-CD279-PE-Cy7 (clone EH12.2H7). 

After the surface staining, cells were fixed and permeabilized (Fix/Perm kit) to allow 

staining of intracellular antigens. The mixture if antibodies for intracellular staining was 

composed of anti-CD3-AF700 (clone OKT3), anti-CD4-APC-Cy7 (clone RPA-T4), anti-

CD40L-PE-Dazzle (clone TRAP1), anti-IFNg-PE (clone B27), anti-IL21-APC (clone 

3A3-N2), anti-IL4-BV421 (clone MP4-25D2), and anti-IL13-BV421 (clone JES10-5A2). 
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Finally, cells were washed in PBS and acquired on BD FACS Celesta flow cytometer. 

Incubation steps required for staining and fixation of cells were carried out at 4°C for 

15 min. All antibodies and staining reagents were used in pre-titrated amounts. 

Compensation was performed with single-stained capture beads (CompBeads) and 

fluctuations in laser intensity were measured every time before the experiment, using 

multi-fluorescence calibration beads (Rainbow calibration particles). Detection 

voltages were adjusted accordingly to maintain equivalent fluorescence readings 

throughout the experiment. Data were analyzed with FlowJo, v9.4.1. 

2.2.18 Measurement of ADCP, ADNP, and ADCD 

Antibody-dependent cellular phagocytosis (ADCP), antibody-dependent neutrophil 

phagocytosis (ADNP), and antibody-dependent complement deposition (ADCD) 

assays were performed as previously described (Fischinger et al. 2019; Lu et al. 2016; 

Ackerman et al. 2011). In brief, biotinylated SOSIP BG505 and AMC011 probes were 

coupled to 1m yellow (ADCP, ADNP) and red (ADCD) fluorescent neutravidin beads 

for 2h at 37°C. Excess antigen was removed with three washes with 0.1% bovine 

serum albumin in PBS. Next, 1.82×108 antigen-coated beads were added to each well 

of a 96-well round-bottom plate and incubated with following dilutions of plasma 

samples in PBS (ADCP: 1:100, 1:200, 1:800; ADNP: 1:50, 1:100, 1:200; ADCD: 1:10, 

1:40, 1:80 ) at 37°C for 2h. After the formation of immune complexes, beads were 

washed once with PBS. For ADCP, 2.5×104 THP-1 cells were seeded into each well 

of a microtiter plate and rested for 16h at 37°C. The cells were then combined with 

fluorescent beads carrying immune complexes. To assess neutrophil-mediated 

phagocytosis, blood from healthy donors was treated with Ammonium-Chloride-

Potassium (ACK) lysis buffer. 5×104 erythrocyte-free cells were added per well and 

incubated for 1h at 37°C. Subsequently, cells were stained with an anti-Cd66b-Pacific-

Blue (clone G10F5) antibody to allow the detection of neutrophils. For the ADCD assay 

measuring antibody-dependent complement deposition of C3, lyophilized guinea pig 

complement was first reconstituted with deionized water and further diluted in gelatin 

veronal buffer containing Mg2+ and Ca2+. The complement solution was then combined 

with immune complexes for 20min at 37°C. After washing twice with 15mM EDTA in 

PBS, immune complexes were stained using fluorescein-conjugated goat IgG fraction 

to guinea pig complement C3. Finally, all samples were fixed in 4% paraformaldehyde 

and acquired on Intellicyt iQue Screener plus flow cytometer equipped with a robotic 

plate-loading arm. All events were gated on single cells and bead positive events. For 
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ADCP and ADNP, a phagocytosis score was calculated as the percent of bead positive 

cells× GMFI/1,000. For ADCD, the median of C3 positive events is reported. All 

samples were run in duplicate on different days. AUC was calculated based on three 

different plasma dilutions using Graph pad Prism.  

2.2.19 Measurement of antibody-dependent NK cell activation 

For analysis of NK-cell related responses, 96-well ELISA plates were coated with a 1:1 

mix of SOSIP AMC001 and BG505 at 3g/ml in PBS at 37°C for 2h. Plates were then 

washed and blocked with 5% BSA in PBS overnight at 4°C. NK cells were isolated 

from buffy coats from healthy donors (MGH blood donor center) using the RosetteSep 

NK enrichment kit. Isolated NK cells were then rested overnight in the presence of IL-

15 (1ng/ml). Plasma samples were diluted 1:20, 1:40, and 1:80 in PBS and added into 

antigen-coated wells to allow immune complex formation. A staining cocktail of anti-

CD107a-PE-Cy5 (clone H4A3), brefeldin A, and monensin was added to NK cells 

before transferring them to plates with immune complexes. 5104 of NK cells were 

incubated in each well for 5h at 37°C. Afterward, cells were fixed and stained for 

surface markers with anti-CD16-APC-Cy7 (clone 3G8), anti-CD56-PE-Cy7 (clone 

B159) and anti-CD3-Pacific-Blue antibodies (clone UCHT1). Subsequently, cells were 

permeabilized using perm buffer and intracellular staining with anti-IFN-FITC (clone 

25723.11) and anti-MIP-1β-PE (clone D21-1351) was performed. Samples were 

acquired on Intellicyt iQue Screener plus flow cytometer equipped with a robotic plate-

loading arm. NK cells were defined as CD3-, CD16+, and CD56+. The assay was 

performed in duplicate across two blood donors and AUC was calculated based on 

three different plasma dilutions using Graph pad Prism.  

2.2.20 Statistical Analysis 

Statistical analysis and graphing of the data were performed using GraphPad Prism 

and SPICE software. Statistical significance is indicated by the following annotations: 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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3 Results 

3.1 Rapid expansion of memory CD4+ T cells with stem 

cell-like properties during acute HIV-1 infection 

To understand the early events in the HIV-driven depletion of memory CD4+ T cells 

and the establishment of the latent reservoir, we first determined temporal changes in 

the frequency of memory subsets present in peripheral blood. Twenty-four individuals 

from the RV217 cohort were selected for our study (Robb et al. 2016). All enrolled 

individuals were HIV-1 negative at the beginning of the study, allowing a comparison 

of frequencies of memory subsets before and after infection. Following detection of 

HIV-1 infection (day 0), samples of peripheral blood were taken at the two time points 

before the viral load peak and at the two time points between the peak of viremia and 

viral set point, allowing us to assess dynamic changes in T cell subsets in greater 

detail. The probable time point of HIV-1 transmission and viral load were determined 

as previously described (Eller et al. 2016). During the first 20 days of acute HIV-1 

infection, the number of CD4+ T lymphocytes in peripheral blood decreased from a 

median of 855 to 472 cells/µl (P<0.0001). Next, we investigated changes in the 

frequency of CD4+ T cell memory subsets along the course of acute HIV-1 infection in 

all 24 subjects. We discriminated six maturational subsets of CD4+ T cells: naive cells, 

stem cell-like memory (SCM), central memory (CM), transitional memory (TM), effector 

memory (EM), and terminal effector (TE) cells (Table 1) (Figure - 1).  

Table 1: Phenotype of CD4+ T cell subsets. Proteins that are either present or 

absent on the surface of the six subsets. Different expression pattern of each subset 

allows for their discrimination. 
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Figure - 1: Gating strategy. Shown is the approach used in our flow cytometry 

experiments that allowed us to delineate maturational subsets of CD4+ T cells (Pusnik 

et al. 2019). 

Flow-cytometric assessment of CD4+ T cell maturational profile revealed significant 

changes in the frequency of most subsets along the course of acute HIV-1 infection 

(Figure - 2). In particular, we observed a 2.7-fold increase in SCM and a 1.2-fold 

increase in CM frequencies during the peak of viremia, when compared to the last time 

point before infection (P<0.0001 and P<0.0015, respectively). Interestingly, in 17 out 

of 24 individuals, we also observed a 2.4-fold (average of the 17 individuals) expansion 

of TE. This expansion took place right before the peak of viral load but was not 

significant when considering all subjects. Furthermore, we observed that the frequency 

of naive cells gradually increases towards the end of acute infection (average of 1.2-

fold on day 55; P<0.026) in parallel to progressive depletion of EM (average of 0.6-fold 

on day 55; P<0.0001). Expanded TE frequencies decreased towards the chronic phase 

of HIV-1 infection back to baseline levels, while SCM and CM remained increased 

(average of 1.8-fold increase; P<0.0007 and 1.1-fold increase; P<0.012 on day 55, 

respectively). In contrary to other subsets, TM frequencies remained unchanged during 

the acute HIV-1 infection. Taken together, we observed notable changes in five out of 

six CD4+ T cell memory subsets during the acute phase of HIV-1 infection with a 

pronounced expansion of SCM. 
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Figure - 2: Dynamics of CD4+ T cell memory subset frequency ex vivo. Depicted 

is an average fold change in frequency of each subset as compared to the baseline 

(last time point before the infection). Superimposed are the kinetics of viral load. 

Statistical significance of longitudinal changes in subset frequency was assessed by 

the Kruskal-Wallis test (Pusnik et al. 2019). 

3.2 Expansion of SCM is due to up-regulation of CD95 on 

naïve cells 

To identify the cause of SCM expansion in acute HIV-1 infection, we designed an in 

vitro cell culture experiment mimicking the natural infection. For this purpose, we 

infected peripheral blood mononuclear cells from eight healthy donors with HIV-1 Ba-

L virus without previously activating the cells. Utilizing flow cytometry, we monitored 

changes in the frequency of CD4+ T cell memory subsets right before the infection and 

at three time points during the first 14 days of infection. Subsets were identified using 

the same phenotypic markers as before. Surprisingly, we observed subset dynamics 

that were highly similar to our ex vivo experiments in the RV217 cohort (Figure - 3). 

Again there was an expansion of SCM taking place 3 days after infection with an 

average of 2.8-fold increase compared to baseline (P<0.0094). Similarly, the frequency 

of CM expanded 1.2-fold (P=0.035) at the same time point. Both, SCM and CM 

remained elevated during the experiment. The rest of the subsets also showed 

longitudinal changes similar to those observed in the clinical data.  
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Figure - 3: Dynamics of CD4+ T cell memory subset frequency in vitro. The graph 

demonstrates longitudinal changes in the frequency of CD4+ T cell memory subset as 

fold change from the uninfected control. Each line represents an average of 8 

independent experiments. Statistical significance was assessed by the Kruskal-Wallis 

test (Pusnik et al. 2019). 

A plausible explanation for the observed expansions of SCM and CM could be cell 

proliferation or increased survival. To test this hypothesis we labeled PBMCs with cell-

membrane-permeable amine-reactive dye before HIV-1 infection. This allowed us to 

compare the proliferation of the cells in infected and uninfected cell cultures. Besides, 

we determined the proportion of early apoptotic cells within each of the analyzed 

subsets, by annexin V staining. Surprisingly, we did not observe the increased 

proliferation of any cellular subset (Figure - 4) nor we were able to confirm significant 

differences in susceptibility to apoptosis for any of the subsets at any time point (Figure 

- 5). These observations suggest that the expansions of SCM and CM are not due to 

proliferation or preferential loss of other subsets. Collectively, our in vitro experiments 

show SCM and CM dynamics highly similar to those observed in the RV217 cohort that 

cannot be explained proliferation or apoptosis of CD4+ T cells.  

0 5 1 0 1 5

0

1

2

3

D a y s  a f t e r  in f e c t io n

%
 o

f 
m

e
m

o
r
y

 C
D

4
+

 T
 c

e
ll

 p
o

p
u

la
ti

o
n

s

(f
o

ld
 c

h
a

n
g

e
 f

r
o

m
 u

n
in

fe
c

te
d

) S C M

T E

C M

E M

TM

N a ive



71 
 

 

Figure - 4: Proliferation of CD4+ T cell memory subsets. The frequencies of 

proliferating cells were not significantly higher in infected cell cultures compared to the 

uninfected controls as assessed by the Kruskal-Wallis test (Pusnik et al. 2019). 

 

Figure - 5: Early apoptotic CD4+ T cells. Fold changes in the frequencies of early 

apoptotic cells showed no significant differences compared to the uninfected control 

for none of the subsets. Statistical differences were assessed by the Kruskal-Wallis 

test (Pusnik et al. 2019). 

Since SCM plays a major role in the maintenance of HIV-1 latency (Kulpa and Chomont 

2015), we further investigated the expansion of this subset. We noticed that the 

expansion of SCM on day 3 after the infection coincided with the contraction of naïve 

T cells in vitro (Figure - 6) and that there is an inverse correlation between the 

frequencies of both subsets at that time point (rho = –0.91, P=0.0017) (Figure - 7).  
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Figure - 6: Contraction of naïve cells. Average absolute change in CD4+ T cell 

subset frequency in HIV-1-infected cell cultures. The graph revealed a decrease in the 

frequency of naïve cells taking place in parallel to SCM expansion. Statistical 

differences were assessed by the Kruskal-Wallis test (Pusnik et al. 2019). 

 

Figure - 7: Inverse correlation od SCM and naïve cells. The frequencies of naive 

CD4+ T cells and SCM in cell culture inversely correlate on day 3 after the infection as 

confirmed by Pearson’s correlation test (Pusnik et al. 2019). 

We also analyzed longitudinal changes in the frequency of the entire CD95+ CD4+ T 

cell population during the acute HIV-1 infection and found that they closely resemble 

those of SCM in both clinical and in vitro settings. In the RV217 cohort we observed 

an average of 1.11-fold enrichment in the frequency of CD95+ CD4+ T cells at the 

peak of their expansion when compared to baseline; P<0.02 (Figure - 8). Meanwhile, 
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in our cell culture experiments we found an average of 1.18-fold peak expansion of the 

same cell population; P<0.017 (Figure - 9). We propose that the up-regulation CD95 

known as Fas receptor on naive CD4+ T causes the observed expansion of the SCM 

subset. Our data, therefore indicate that the up-regulation of the Fas receptor observed 

soon after the transmission drives the expansion of SCM, an important component of 

the latent reservoir. 

 

Figure - 8: Expansion of CD95+ CD4+ T cells ex vivo. Changes in the prevalence 

of CD95+ CD4+ T cells during acute HIV-1 infection closely resemble those of SCM in 

clinical settings. Statistical differences were assessed by the Kruskal-Wallis test 

(Pusnik et al. 2019). 
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Figure - 9: Expansion of CD95+ CD4+ T cells in vitro. Also in cell culture, the 

frequency of CD95+ population follows a trend similar to that of SCM, with expansion 

on day 3 after the infection. Statistical differences were assessed by the Kruskal-Wallis 

test (Pusnik et al. 2019). 

3.3 Highly mature CD4+ T cell subsets are the primary target 

of HIV-1.  

Studies investigating latent HIV-1 infection report that CM, TM, and EM subsets make 

up most of the overall latent reservoir. At the same time, SCM seems to be rather 

resistant to infection but nevertheless important in the maintenance of latency (Kulpa 

and Chomont 2015). We next assessed the susceptibility of CD4+ T cell memory 

subsets to HIV-1 infection in cell culture, as this would answer the question of whether 

the early expansion of SCM provides a ground for seeding of the latent reservoir. 

Identification of productively HIV-infected cells was achieved by flow-cytometric 

detection of intracellular p24 antigen and measured on days 3, 7, and 14 after the 

infection. Our findings indicate that the subsets exhibiting a higher degree of maturity, 

namely, TM, EM, and TE are the first CD4+ T cells to become infected and produce 

HIV-1 virions (Figure - 10). Differences between the subsets became more obvious 

on day 7 after infection with the proportion of p24+ cells increased by nearly 30-times 

(Table 2). Highly mature TM, EM, and TE subsets continued to be highly susceptible 

to productive infection throughout the whole experiment and were closely followed by 

CM. Naive cells and SCM harbored the lowest proportion of p24+ cells but still got 

productively infected (Figure - 10).  
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Figure - 10: Susceptibility of CD4+ T cell subsets to HIV-1 infection. Plotted are 

mean frequencies and ranges of p24+ cells within each of the analyzed subsets for 

every time point of monitoring. The data represent a summary of eight independent 

experiments. Statistical significance of differences between the subsets was assessed 

by two-way ANOVA (Pusnik et al. 2019). 

Different roles of maturational subsets in HIV-1 infection became more apparent when 

we analyzed their contributions to the overall pool of infected CD4+ T cells (Figure - 

11). Most of the p24+ cells stemmed from the TM subset. While EM and CM closely 

followed TM, naive cells, SCM, and TE contributed modestly. However, there was high 

variability in frequencies of productively infected T cells among the donors (Table 2) 

indicating higher susceptibility of some individuals to HIV-1 infection (Figure - 10).  

Table 2: Frequency of productively infected CD4+ T cells. The table gives mean 

frequencies and range of p24+ cells within the bulk CD4+ T cell population for days 3, 

7, and 14 after the infection. 
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Figure - 11: Diversity of productively infected CD4+ T cells. The pool of HIV-1-

infected CD4+ T cells mainly consists of TM, EM, and CM, as demonstrated by the 

flow-cytometric measurement of the p24 protein. Shown are the proportions of p24+ 

cells stemming from different subsets for each time point of cell culture analysis. 

Statistical differences were determined by one-way ANOVA (Pusnik et al. 2019). 

Next, we investigated whether susceptibility to productive infection resembles 

permissiveness to HIV-1 genome integration for different CD4+ T cell subsets. We 

address this question by the relative measurement of integrated HIV-1 DNA by PCR. 

We, therefore, sorted CD4+ T cells from infected cell cultures into the six memory 

populations and isolated genomic DNA. Sorting was performed on day 14 after the 

infection. Specific pre-amplification of proviruses integrated into genomic DNA was 

achieved by Alu-gag PCR, as previously described (Liszewski, Yu, and O'Doherty 

2009). Resulting amplicons were quantified by qPCR. As anticipated, the results 

showed a pattern similar to the one observed by intracellular p24 antigen detection 

(Figure - 12). The highest amount of integrated provirus was found in highly mature 

TE, EM, and TM subsets, followed by CM. Naive cells and SCM harbored the lower 

amounts of the provirus (Figure - 12). Taken together, our data demonstrate high 
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susceptibility of differentiated memory subsets like TM, EM, TE, and CM to HIV-1 

integration and replication. At the same time, naive cells and SCM get infected but 

exhibit lower levels of detectable HIV-1 integration and replication. 

 

Figure - 12: Susceptibility of CD4+ T cell subsets to HIV-1 integration. Scatter plot 

representing the frequency of HIV-1 genome integration into the DNA of cells 

belonging to different CD4+ T cell subsets, as measured by nested PCR. Statistical 

differences indicated by asterisks were determined by one-way ANOVA (Pusnik et al. 

2019). 

3.4 Magnitude SCM of expansion predicts the progression 

of HIV-1 infection.  

Our findings confirmed the ability of HIV-1 to replicate in SCM, although they showed 

to be more resistant than most of the other memory subsets. Considering the reports 

of SCM’s prominent role in HIV-1 latency, we decided to further assess the role of this 

subset in the immunopathogenesis of HIV-1. Interestingly, we were able to parse out 

two distinct groups of SCM expansion in our cell culture experiment. The first group 

had an expansion of SCM of <1.5-fold (low SCM; n=5), while a second group had a 

stronger expansion of SCM of >3-fold (high SCM, n=3) on day 3 after the infection 

(Figure - 13).  
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Figure - 13: Two groups of SCM expansion. The graph demonstrates the diverse 

magnitudes of SCM expansion in infected PBMC cultures of different donors. Plotted 

is the fold change of SCM frequency on day 3 after the infection as compared to the 

uninfected control (Pusnik et al. 2019). 

Comparing the frequency of p24+ CD4+ T cells between low and high SCM groups, 

we found striking differences on day 7 and day 14 after infection. At both time points, 

the levels of p24+ CD4+ T cells were significantly higher in the high SCM group. On 

day 7 there was an average of 1.4% of p24+ cells in high SCM group, versus 0.1% in 

low SCM, while on day 14 average of 1.0% in high SCM versus 0.1% in low SCM 

group. Our findings, therefore, suggest a positive association between the magnitude 

of SCM expansion and susceptibility of CD4+ T cells to HIV-1 infection (Figure - 14).  
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Figure - 14: Profound SCM expansion is associated with high infectability in 

vitro. The frequency of p24+ CD4+ T cells is strikingly higher in PBMC cultures where 

we noticed high SCM expansion. Differences are most obvious on days 7 and 14 after 

infection. The statistical significance of differences between the two groups was 

analyzed using two-way ANOVA and is indicated by asterisks (Pusnik et al. 2019). 

To investigate these findings in more detail, we compared the frequencies of p24+ 

CD4+ T cells between the two groups for all six subsets and at each time point of 

monitoring. On day 3 after the infection, no significant differences were observed. On 

days 7 and 14 however the high SCM group proved as more susceptible to HIV-1 

infection, regardless of a subset. The differences were most obvious in highly 

susceptible subsets (Figure - 15).  
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Figure - 15: High SCM expansion is associated with high levels of infection 

regardless of a subset. Compared are frequencies of p24+ cells in each memory 

subset of CD4+ T cells between the two groups of SCM expansion. Each graph 

represents a different time point of monitoring. The statistical significance of 

differences between the two groups was analyzed using two-way ANOVA and is 

indicated by asterisks (Pusnik et al. 2019). 

Since we observed a higher frequency of productively infected CD4+ T cells in cultures 

with more pronounced SCM expansion, we were curious whether there is a link 

between the degree of SCM expansion and viral load of acutely infected individuals. 

Indeed, our data revealed a correlation (rho=0.42, P=0.041) between the magnitude of 

SCM expansion and set-point viral load (Figure - 16). This finding suggests that the 

expansion of SCM early in the acute HIV-1 infection not only contributes to the 

persistence of HIV-1 latency but also accelerates disease progression. Besides, a 

significant positive correlation was observed (rho=0.47, P=0.02) between the set point 

viral load and the magnitude of CD95+ CD4+ T cell expansion, implying the role of 

CD95 in the pathogenesis of HIV-1 infection (Figure - 17). Taken together, we 

observed that the degree of SCM expansion positively correlates with the rate of 

disease progression. 
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Figure - 16: SCM expansion predicts set-point viral load. The degree of SCM 

expansion in the peripheral blood of HIV-1-infected individuals is positively associated 

with the viral load at the early set point of infection. The strength of the correlations 

was assessed by Pearson’s correlation test (Pusnik et al. 2019). 

 

Figure - 17: Expansion of CD95+ CD4+ T cells is associated with set-point viral 

load. The magnitude of expansion of CD95+ CD4+ T cells is positively correlated with 

the set-point viral load in acutely HIV-1-infected individuals. The strength of the 

correlations was assessed by Pearson’s correlation test (Pusnik et al. 2019). 
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3.5 Env-specific memory CD4+ T cells and pTfh cells of 

chronically HIV-infected individuals have distinct 

expression profiles of molecules supporting antibody 

production 

To evoke an efficient antibody response targeting HIV-1 Env protein it is crucial to 

identify functional subsets of Env-specific CD4+ T cells able to support antibody 

production. We, therefore, stimulated PBMCs of eight chronically HIV-infected 

individuals with a pool of overlapping peptides based on a sequence of Env protein. 

All eight individuals were untreated at the time of sampling with viral load ranging from 

77,410 to below 40 copies per milliliter blood. Using flow cytometry we measured the 

expression of molecules known to be involved in B cell stimulation and antibody 

production, namely CD40L, IFNγ, IL-4/13, and IL-21 (Figure - 18).  

 

Figure - 18: Gating strategy CD4+ T cells. Shown is the approach used in our flow 

cytometry experiments that allowed us to identify Env-specific memory T cells and 

pTfh cells secreting CD40L, IFNγ, IL-4/13, and IL-21. 
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The average frequency of all Env-specific CD4+ T cells with potential B cell helper 

activity was 0.54% ranging from 0.22% to 1.06%. The most frequent Env-specific 

memory CD4+ T cells were those expressing IFNγ, followed by IL4/13 and CD40L 

while IL-21 secreting cells proved to be very rare (Figure - 19) 
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Figure - 19: Env-specific memory CD4+ T cells mostly secrete IFNγ but rarely IL-

21. Plotted are frequencies of CD45RO+ CD4+ T cells producing CD40L, IFNγ, IL-

4/13, or IL-21 in response to overlapping peptides spanning the Env protein. Asterisks 

indicate the level of significance according to Friedman’s test (Pusnik et al. 2020). 

Next, we analyzed peripheral T follicular helper cells (pTfh), a subset of CD4+ T cells 

specialized in providing help to B cells. We identified them by flow cytometry as 

CD45RO+ CXCR5+ CD4+ T cells. To induce expression of CD40L, IFNγ, IL-4/13, and 

IL-21 cells were stimulated with the pool of overlapping Env peptides. The mean 

frequency of responding cells was 0.36% ranging from 0.07% to 0.78%. In contrast to 

bulk memory CD4+ T cells we observed that Env-specific pTfh cells primarily secrete 

IL-21, followed by IL-4/13, while IFNγ and CD40L expression remained significantly 

lower (Figure - 20). 
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Figure - 20: Env-specific memory pTfh cells mostly express IL-21 but rarely IFNγ 

or CD40L. Plotted are frequencies of CD45RO+ CXCR5+ CD4+ T cells that express 

CD40L, IFNγ, IL-4/13, or IL-21 in response to overlapping peptides spanning the Env 

protein. Asterisks indicate the level of significance according to Friedman’s test (Pusnik 

et al. 2020). 

To assess the polyfunctionality of the Env-specific bulk CD4+ T cells and pTfh cells we 

performed SPICE analysis (Roederer, Nozzi, and Nason 2011) on our flow cytometry 

data. Comparing the two cell types we observed a more diverse spectrum of 

polyfunctional subsets within pTfh compartment compared to bulk CD4+ T cells. Seven 

subsets with an average frequency greater than 1%, were observed in the case of Env-

specific pTfh cells, while only four in the case of CD4+ T cells. The most frequent 

subsets within the responding pTfh population were those expressing exclusively IL-

21 (46%), followed by the cells secreting only IL-4/13 (28%) and cells secreting only 

IFNγ (11%). Somewhat less frequent were subsets expressing IL-4/13 in combination 

with CD40L (4%), IL-21 in combination with IL-4/13 (4%), IL-21 in combination with 

CD40L (3%), and IFNγ in combination with CD40L (3%). Conversely, Env-specific 

CD4+ T cells were dominated by the IFNγ single-positive cells (59%), followed by IL-

4/13 secreting cells (23%) and cells secreting IFNγ in combination with CD40L 

expression (14%). Another subset that was present at a frequency greater than 1% 

was IL-21, IFNγ, and CD40L triple-positive subset (2%). Apart from those, 4 more 

CD4+ T cell subsets were observed in at least 50% of cases at lower frequencies: IL-

4/13+ CD40L+ only; IL-21+ CD40L+ only; IFNγ+ IL-21+ only; IL-21+ only cells (Figure 

- 21). 
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Figure - 21: Polyfunctional subset variety is higher in Env-specific memory pTfh 

as compared to bulk CD4+ T cells. Pie charts demonstrate the composition of Env-

responding pTfh and CD4+ T cells based on the co-secretion of the four measured 

proteins. Each slice represents a distinct subset, while arcs surrounding the pie chart 

indicate which subsets express a certain protein. Shown is the average of eight 

independent experiments (Pusnik et al. 2020). 

Following subsets were significantly more prevalent in the pTfh population: Il-21+ only 

(P=0.0008); IL-21+ IL-4/13+ only (P=0.012); IL-21+ CD40L+ only (P=0.018). Two 

subsets were more frequently found in the Env-specific bulk memory CD4+ T cell 

population: IFNγ+ only (P=0.0046); IFNγ+ CD40L+ only (P=0.024) (Figure - 22). 

 

Figure - 22: Several polyfunctional subsets are differentially represented among 

pTfh and bulk CD4+ T cells. Shown is the mean frequency of subsets based on 

(co)expression of CD40L, IFNγ, IL-4/13, and IL-21 in the two cell populations; Env-

specific pTfh and Env-specific memory CD4+ T cells. The frequency is expressed as 

a percentage of all cells responding to the Env protein. Statistical significance was 

assessed by the Wilcoxon rank-sum test (Pusnik et al. 2020). 
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Interestingly, the prevalence of cells expressing the same number of measured 

proteins was not significantly different between the pTfh and memory CD4+ T cells 

(Figure - 23). This indicates that there are no differences in the degree of 

polyfunctionality between the two cell populations. 
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Figure - 23: Env-specific memory CD4+ T cells and pTfh show the same degree 

of polyfunctionality. Shown is the mean frequency of cells that are single, double 

triple, or quadruple positive for different combinations of CD40L, IFNγ, IL-4/13, and IL-

21. The frequency is expressed as a percentage of all cells responding to the Env 

protein. Statistical differences were assessed by 2-way ANOVA. 

Taken together we identified Env-specific pTfh and memory CD4+ T cells present in 

the peripheral blood of chronically HIV-infected subjects. Our data suggest that pTfh 

mostly secrete IL-21 but rarely express IFNγ or CD40L, while Env-specific memory 

CD4+ T cells predominantly secret IFNγ but rarely IL-21. Moreover, we observed 

significant differences in the frequency of polyfunctional subsets but not the degree of 

polyfunctionality comparing the two cell populations. 

3.6 Production of Env-specific antibodies with functional Fc 

region is associated with memory CD4+ T cell and pTfh 

cell responses  

Being the only viral macromolecule found on the surface of HIV-1 virions and infected 

cells, Env protein is a primary target of anti-HIV-1 antibodies. We, therefore, assessed 
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the presence of Env-binding antibodies, with the capacity to induce non-neutralization 

functions, in plasma of 24 untreated chronically HIV-infected individuals. We performed 

a spectrum of assays allowing us to evaluate the following antibody functions: (A) 

antibody-dependent complement deposition (ADCP) measured by the deposition of 

guinea pig C3 component of the complement onto the plasma-pulsed Env-coupled 

beads; (B) antibody-dependent phagocytosis (ADCP) assessed by the ingestion of 

plasma-incubated Env-coupled fluorescent beads by THP-1 cells; (C) antibody-

dependent neutrophil-mediated phagocytosis (ADNP) assessed by the ingestion of 

plasma-incubated Env-coupled fluorescent beads by neutrophils isolated from healthy 

donors; (D) antibody-dependent NK cell activation assessed by the measurement of 

CD107a, IFNγ and MIP1β expression by healthy donor NK cells that were previously 

activated in plasma-pulsed Env-coated plates. The relative potency of serum samples 

to induce ADCP and ADNP was expressed as phagocytic score, median fluorescence 

intensity for ADCD, and % of positive cells for the NK activation assay. To elucidate 

the role of CD4+ T cells in the generation of Env-specific antibodies, we compared 

frequencies of Env-specific memory CD4+ T cells expressing CD40L, IFNγ, IL-21, or 

IL-4/13 with the magnitude of Fc-dependent antibody functions measured in plasma of 

matched individuals. The data showed significant positive correlations between the 

frequency of Env-specific memory CD4+ T cells expressing IL-21 and the following 

antibody functions: ADNP (r=0.83, P=0.015), ADCD (r=0.74, P=0.046), and induction 

of IFNγ expression by NK cells (r=0.74, P=0.046). Moreover, the frequency of memory 

CD4+ T cells expressing CD40L was positively associated with ADNP (r=0.74, 

P=0.046) (Figure - 24). 
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Figure - 24: Env-specific memory CD4+ T cell responses are associated with the 

magnitude of Env-specific antibody functions. The heatmap illustrates correlation 

strength between the capacity of plasma to evoke antibody-mediated innate responses 

(left) and the frequency of CD4+ T cells expressing CD40L, IFNγ, IL-4/13, or IL-21 

(top). Each cell is color-coded concerning the Spearman’s r-value of the corresponding 

correlation. Asterisks indicate a level of significance (Pusnik et al. 2020). 

Next, we assessed the impact of polyfunctional CD4+ T cell subsets on the magnitude 

of Fc-dependent antibody functions. We observed that the frequency of a relatively 

rare population of Env-specific CD4+ T cells expressing CD40L and IL-21, but not IFNγ 

or IL-4/13, positively correlated with antibody-mediated NK cell activation (r=0.84, 

P=0.013; r=0.81, P=0.019; r=0.90, P=0.0053 for CD107a, IFNγ, and MIP1β expression 

respectively). Moreover, Env-specific memory CD4+ T cells co-expressing CD40L, IL-

21, and IFNγ but not IL4/13 correlated with ADCD and ADNP (r=0.81, P=0.022 and 

r=0.86, P=0.011 respectively) (Figure - 25). This indicates that memory CD4+ T cells 

expressing IL-21 and CD40L in combination or without IFNγ efficiently support the 

production of Env-specific antibodies evoking innate immune responses. 
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Figure - 25: Memory CD4+ T cells expressing exclusively CD40L and IL-21 are 

associated with most of the measured antibody functions. The heatmap illustrates 

correlative relationships between the capacity of plasma to evoke antibody-mediated 

innate responses (left) and frequency of polyfunctional CD4+ T cell subsets (top). Each 

cell is color-coded concerning the Spearman’s r-value of the corresponding correlation. 

Asterisks indicate a level of significance (Pusnik et al. 2020). 

A subset of peripheral CD4+ T cells specialized in providing help to B cells is pTfh cells 

characterized by the expression of CXCR5. We, therefore, investigated possible 

associations between the prevalence of pTfh cells responding to stimulation with Env 

peptide pool and antibody responses. Indeed the frequency of Env-specific pTfh cells 

secreting IL-21 positively correlated with the levels of ADNP-inducing (r=0.081, 

P=0.022) and NK-cell-activating antibodies. In the case of NK-cell-activation, there was 

a significant correlation for all three measured responses, namely CD107a, IFNγ, and 

MIP1β expression (r=0.86, P=0.011; r=0.93, P=0.0022; r=0.88, P=0.0072 

respectively). We also observed a positive correlation between the frequency of IL-

4/13 secreting pTfh and antibodies inducing ADNP (r=0.081, P=0.022) (Figure - 26). 
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Figure - 26: Env-specific pTfh cell responses correlate with the magnitude of 

Env-specific antibody functions. The heatmap illustrates correlation strength 

between the capacity of plasma to evoke antibody-mediated innate responses (left) 

and frequency of pTfh cells expressing CD40L, IFNγ, IL-4/13, or IL-21 (top). Each cell 

is color-coded concerning the Spearman’s r-value of the corresponding correlation. 

Asterisks indicate a level of significance (Pusnik et al. 2020). 

To further examine the functional profile of pTfh cells supporting the production of Env-

specific antibodies with functional Fc domain, we checked for correlations between the 

frequency of Env-specific polyfunctional pTfh subsets and the magnitude of antibody-

dependent innate responses. The data revealed that the frequency of pTfh cells 

expressing exclusively IL-21 positively correlates with ADNP (r=0.074, P=0.046) and 

NK cell activation (r=0.83, P=0.015; r=0.88, P=0.0072; r=0.86, P=0.011 for CD107a, 

IFNγ, and MIP1β expression respectively), while pTfh cells secreting only IL-4/13 

showed a positive correlation with ADNP (r=0.81, P=0.022). Apart from the two single-

positive subsets, a subset expressing CD40L, IFNγ, and IL-21 but not IL-4/13 was 

associated with ADNP (r=0.76, P=0.036) and production of IFNγ and MIP1β by NK 

cells (r=0.76, P=0.036, and r=0.76, P=0.036 respectively) (Figure - 27). Overall, we 

observed that the production of Env-specific antibodies with functional Fc region 

depends on cognate pTfh cells secreting IL-21 or to a lesser extent IL4/13, while the 

additional expression of CD40L or IFNγ proved optional. 
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Figure - 27: Several polyfunctional pTfh cell populations are associated with 

the measured antibody functions. The heatmap illustrates correlative relationships 

between the capacity of plasma to evoke antibody-mediated innate responses (left) 

and frequency of polyfunctional pTfh cell subsets (top). Each cell is color-coded 

concerning the Spearman’s r-value of the corresponding correlation. Asterisks 

indicate a level of significance (Pusnik et al. 2020). 

Chronic HIV-1 infection is characterized by persistent viremia and excessive immune 

activation (Douek 2013). Another possible driving force of HIV-1-specific antibody 

production might, therefore, be the presence of the antigen. To investigate this we 

compared viral load with the magnitude of Env-specific antibody responses. Strikingly, 

we observed an inverse correlation between the VL and ADCD (r=-0.054, P=0.010) as 

well as ADCP (r=-0.48, P=0.024). Although not significant, also other effector functions 

pointed towards a negative relationship, suggesting that the antibodies with functional 

Fc region might limit replication of the HIV (Figure - 28). 
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Figure - 28: Antibody effector functions like ADCD and ADCP negatively 

correlate with the VL. Graphs show associations between the VL and plasma levels 

of Env-specific antibodies that can induce non-neutralizing effector functions. The 

strength of correlations was assessed by Spearman’s correlation test (Pusnik et al. 

2020). 

Collectively, our data suggest that different subpopulations of Env-specific CD4+ T 

cells expressing IL-21 alone or in combination with other signaling molecules drive the 

production of Env-specific antibodies triggering innate immune responses. Importantly, 

the plasma level of these antibodies was inversely correlated with the VL. 

 

3.7 Activated Env-specific memory B cells produce 

antibodies triggering innate immune responses  

It has been previously demonstrated that the HIV-1 infection substantially affects B 

cells, despite the inability of the virus to replicate in them (Moir and Fauci 2009). Many 

perturbations were reported, including activation and decreased longevity of memory 

B cells. It is however not clear whether activation of memory B cells leads to the 

production of functional anti-HIV-1 antibodies. A flow-cytometric analysis of B cells, 
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magnetically enriched from peripheral blood of chronically HIV-1-infected individuals, 

revealed expanded frequencies of memory cells and ASC (Figure - 29).  

 

Figure - 29: Gating strategy B cells. Shown is the approach used in our flow 

cytometry experiments that allowed us to identify Env-specific memory B cells and 

memory subsets. 

The average frequency of memory B cells increased by 2.1-fold, P=0.0067, while the 

average frequency of ASC was increased by 26.3-fold, P<0.0001, in infected 

individuals as compared to the healthy control (Figure - 30).  

 

Figure - 30: Memory B cells and ASC expand in chronic HIV-1 infection. Graphs 

demonstrate frequencies of memory B cells and ASC as a percentage of all B cells. 

Compared are HIV-infected and healthy individuals. The level of significance was 

assessed by the Mann-Whitney test (Pusnik et al. 2020). 

To understand the reasons for memory B cell and ASC expansions in chronic HIV-1 

infection, we firstly investigated whether there is a direct link to viral replication. Indeed 



94 
 

we found that the frequency of ASC positively correlates with the viral load (r=0.55, 

P=0042) indicating that viremia drives differentiation of B cells towards ASC. 

Interestingly, however, the frequency of memory B cells did not correlate with the viral 

load (Figure - 31). 
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Figure - 31: Viral load drives the expansion of ASC but not memory B cells. 

Shown are correlative relationships between the viral load and the proportion of ASC 

or memory B cells among the entire B cell population. The strength of correlations was 

assessed by Spearman’s correlation test (Pusnik et al. 2020). 

Since we observed that the viral load positively correlates with the frequency of ASC 

but not memory B cells we assumed that the presence of viral antigens leads to 

activation of HIV-1-specific memory B cells and causes their differentiation into ASC. 

To test the hypothesis we first identified Env-specific memory B cells in the peripheral 

blood of chronically infected individuals. Detection of specificity for the Env protein was 

achieved using two fluorescently-labeled trimeric Env proteins based on sequences of 

A and B clade isolates (BG505 SOSIP.664 and AMC011 SOSIP.v4.2 respectively). 

According to our data, the average frequency of Env-specific memory B cells was 

0.023% of all B cells, with values ranging from 0 to 0.115%. When we compared the 

frequency of Env-specific memory B cells and ASC we found a significant positive 

correlation (r=0.55, P=0.0017), supporting our hypothesis (Figure - 32). 
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Figure - 32: Env-specific memory B cells contribute to the ASC expansion. 

Correlation between the frequency of Env-specific memory B cells and ASC as a 

proportion of all B cells. The strength of the correlation was assessed by Spearman’s 

correlation test (Pusnik et al. 2020). 

To consolidate our theory, we assessed the propensity of Env-specific memory B cells 

to differentiate into ASC. We, therefore, measured levels of two key proteins involved 

in this process, Blimp-1 a master regulator of plasma cell differentiation, and Ki-67 as 

an indicator of cell cycling. Expression of both proteins was significantly increased in 

Env-specific memory B cells when compared to bulk memory B cells of infected (1.4-

fold increase, P=0.0006 for Blimp-1 and 1.4-fold increase, P=0.0068 for Ki-67) or 

healthy individuals (2.1-fold increase, P<0.0001 for Blimp-1 and 1.7-fold increase, 

P<0.0001 for Ki-67). Together, these data indicate that Env-specific memory B cells 

get activated by high antigen levels, clonally expand and differentiate into ASC (Figure 

- 33). 
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Figure - 33: Env-specific memory B cells express high levels of Blimp-1 and Ki-

67. Levels of Blimp-1 and Ki-67 were measured in memory B cells of 10 healthy donors 

and 39 HIV-infected individuals. For Env-specific cells, only patients with a sufficient 

number of positive cells were included. Asterisks indicate statistical significance 

according to the Kruskal-Wallis test (Pusnik et al. 2020). 

We have demonstrated that ongoing viral replication leads to activation of Env-specific 

memory B cells during chronic HIV-1 infection. To examine whether activated Env-

specific memory B cells produce antibodies with functional Fc region we compared 

their levels with those of antibody-mediated innate immune responses. Indeed, we 

observed positive correlations between the frequency of Env-specific memory B cells 

and the majority of the measured antibody functions (Figure - 34).  
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Figure - 34: Env-specific memory B cells are positively associated with 

antibodies triggering innate immune responses. Graphs show correlations 

between the percentage of Env-specific memory B cells and plasma levels of Env-

specific antibodies that can induce non-neutralizing effector functions. The strength of 

correlations was assessed by Spearman’s correlation test (Pusnik et al. 2020). 

Furthermore, we compared levels of antibodies with functional Fc region and 

propensity of Env-specific memory B cells to differentiate into ASC. Our data revealed 

significant positive correlations between the Blimp-1 levels of Env-specific memory B 

cells and ADCD, ADNP. Similarly, the rest of the measured antibody functions showed 

positive trends with the Blimp-1 expression (Figure - 35). 
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Figure - 35: Blimp-1 expression in Env-specific memory B cells positively 

correlates with levels of antibodies triggering innate immune responses. Graphs 

show correlations between the MFI of Blimp-1 expression in Env-specific memory B 

cells and plasma levels of Env-specific antibodies that can induce non-neutralizing 

effector functions. The strength of correlations was assessed by Spearman’s 

correlation test (Pusnik et al. 2020). 

It has been previously demonstrated that, during chronic HIV-1 infection, the proportion 

of activated and exhausted memory B cell subsets such as tissue-like memory B cells 

increases, while the frequency of resting memory cells declines (Moir and Fauci 2017). 

To investigate whether individual memory B cell subsets can be linked to the 

production of antibodies triggering innate immune responses we identified the four 

most common subsets in peripheral blood of HIV-infected individuals: activated 

memory (AM), resting memory (RM), intermediate memory (IM), and tissue-like 

memory (TLM). The distinction between them was made based on the expression of 

CD21 and CD27 surface markers (Table 3).   

Table 3: B cell memory subsets identified by flow cytometry. Different expression 

patterns of CD21 and CD27 on the surface of cells belonging to each subset. 

 



99 
 

 AM RM IM TLM 

CD21 - + + - 

CD27 + + - - 

 

Similar to previous studies we have observed increased frequencies of TLM and AM 

band decreased RM levels in chronically HIV-1-infected individuals when compared to 

healthy subjects. This was the case for bulk memory B cells as well as Env-specific 

memory B cells (Figure - 36).  
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Figure - 36: Chronically HIV-infected individuals have an increased proportion of 

activated memory subsets. The graph shows frequencies of each of the four memory 

B cell subsets as a percentage of bulk memory B cells of healthy individuals, bulk 

memory B cells of HIV+ individuals, and Env-specific memory B cells. Significant 

differences compared to healthy control are denoted by asterisks and were assessed 

by 2-way ANOVA (Pusnik et al. 2020). 

Comparing the frequencies of memory B cell subsets and magnitudes of antibody-

mediated innate responses we identified TLM as the most likely source of antibodies 

with functional Fc-region. The frequency of TLM significantly correlated with ADNP and 

activation of NK cells and showed a positive trend with ADCD and ADCP (Figure - 37). 

Other memory B cell subsets were not associated with the measured antibody 

functions. 
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Figure - 37: Env-specific TLM is positively associated with antibodies triggering 

innate immune responses. Graphs show correlations between the percentage of 

Env-specific TLM and plasma levels of Env-specific antibodies that can induce non-

neutralizing effector functions. The strength of correlations was assessed by 

Spearman’s correlation test (Pusnik et al. 2020). 

Next, we correlated the Blimp-1 expression level within these cells with the antibody-

mediated responses. We found strong associations with all of the measured antibody 

activities further supporting the role of TLM as the primary source of antibodies with 

functional Fc region (Figure - 38).  
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Figure - 38: Blimp-1 expression in Env-specific TLM positively correlates with 

levels of antibodies triggering innate immune responses. Graphs show 

correlations between the MFI of Blimp-1 expression in Env-specific TLM and plasma 

levels of Env-specific antibodies that can induce non-neutralizing effector functions. 

The strength of correlations was assessed by Spearman’s correlation test (Pusnik et 

al. 2020). 

Taken together, our data suggest that activated Env-specific memory B cells produce 

antibodies with functional Fc-region. In particular, the TLM subset was strongly 

associated with the generation of these antibodies. 

3.8 Env-specific pTfh cells drive the activation of cognate 

memory B cells and their differentiation into ASC 

We demonstrated that the production of Env-specific antibodies mediating innate 

immune responses depends on particular functions of CD4+ T cells. Moreover, we 

identified an activated memory B cell subset, namely TLM, as a primary source of these 

antibodies. To check whether Env-specific CD4+ T cells influence the antibody 

production by activating cognate memory B cells we compared the frequency and 

Blimp-1 expression level of Env-specific memory B cells and TLM with the frequency 

of Env-specific memory CD4+ T cells expressing CD40L, IFNγ, IL-21, or IL-4/13. We 

found that the memory CD4+ T cells expressing CD40L or IL-21 positively correlate 
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with the frequency of Env-specific memory B cells (r=0.74, P=0.046, and r=0.79, 

P=0.028 respectively). No correlations were found with the frequency of TLM, neither 

Blimp-1 expression in the two B cell populations (Figure - 39).   

 

Figure - 39: Correlative relationships between the frequency and Blimp-1 levels 

of Env-specific memory B cells and frequency of Env-specific memory CD4+ T 

cells. The heatmap illustrates the correlation strength between the B cell parameters 

(left) and CD4+ T cell functions (top). Each cell is color-coded concerning the 

Spearman’s r-value of the corresponding correlation. Asterisks indicate a level of 

significance (Pusnik et al. 2020). 

To obtain a detailed understanding of B-T-cell interplay during chronic HIV-1 infection, 

we checked for possible associations between the prevalence of polyfunctional Env-

specific CD4+ T cells and memory B cells. We observed that the frequency of bulk 

Env-specific memory B cells correlates with the frequency of a CD4+ T cell subset 

expressing CD40L, IL-21, and IFNγ but no IL-4/13 (r=0.90, P=0.0046). The same 

subset was associated with the magnitude of antibody-mediated innate immune 

responses suggesting its prominent role in B cell activation. Interestingly, we did not 

observe any association between Env-specific memory CD4+ T cells and TLM 

indicating that memory CD4+ T cells trigger antibody production by providing signals 

to bulk Env-specific memory B cells (Figure - 40).  
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Figure - 40: Correlative relationships between the frequency and Blimp-1 levels 

of Env-specific memory B cells and frequency of polyfunctional memory CD4+ 

T cells. The heatmap illustrates the correlation strength between the B cell 

parameters (left) and CD4+ T cell functions (top). Each cell is color-coded concerning 

the Spearman’s r-value of the corresponding correlation. Asterisks indicate a level of 

significance (Pusnik et al. 2020). 

Next, we investigated the crosstalk between Env-specific pTfh cells and memory B 

cells. Our data revealed that the prevalence of Env-specific pTfh secreting IL-4/13 

significantly correlates with the memory B cell frequency (r=0.74, P=0.046). Moreover, 

we observed a positive correlation between the frequency of pTfh cells expressing IL-

21 and the prevalence of TLM (r=0.94, P=0.017). This further supports the importance 

of Env-specific pTfh expressing IL-21 in the production of antibodies with functional Fc 

region (Figure - 41). 

 

Figure - 41: Correlative relationships between the frequency and Blimp-1 levels 

of Env-specific memory B cells and frequency of Env-specific pTfh cells. The 
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heatmap illustrates the correlation strength between the B cell parameters (left) and 

pTfh cell functions (top). Each cell is color-coded concerning the Spearman’s r-value 

of the corresponding correlation. Asterisks indicate a level of significance (Pusnik et al. 

2020). 

To further understand the crosstalk between Env-specific pTfh cells and memory B 

cells, we compared the frequency and Blimp-1 levels of the latter with frequencies of 

polyfunctional pTfh subsets. In line with the rest of our findings, we observed positive 

correlations between the frequency of Env-specific memory B cells and those of pTfh 

cells secreting exclusively IL4/13 (r=0.74, P=0.046) and pTfh cells co-expressing 

CD40L, IL-21, and IFNγ (r=0.76, P=0.036). Moreover, the frequency of TLM positively 

correlated with pTfh cells secreting exclusively IL-21 (0.96, P=0.0023) and pTfh cells 

expressing CD40L and IL-4/13 but not IL-21 or IFNγ (r=0.97, P=0.0015), revealing 

subsets responsible for skewing of memory B cell compartment towards TLM. 

Considering the propensity of TLM to differentiate into ASC, we identified pTfh cells 

expressing IL-21 as the main subset responsible for Blimp-1 upregulation (r=0.94, 

P=0.017) (Figure - 42). Our data, therefore, suggest that pTfh cells expressing IL-4/13 

alone or IL-21 in combination with CD40L and IFNγ support high frequencies of Env-

specific memory B cells, while pTfh cells secreting exclusively IL-21 or IL-4/13 in 

combination with CD40L expression drive the expansion and differentiation of TLM into 

ASC.  

 

Figure - 42: Correlative relationships between the frequency and Blimp-1 levels 

of Env-specific memory B cells and frequency of polyfunctional pTfh cell 

subsets. The heatmap illustrates the correlation strength between the B cell 

parameters (left) and CD4+ T cell functions (top). Each cell is color-coded concerning 
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the Spearman’s r-value of the corresponding correlation. Asterisks indicate a level of 

significance (Pusnik et al. 2020). 

Taken together, our findings indicate that Env-specific CD4+ T cells and pTfh 

expressing IL-4/13, or a combination of CD40L, IFNγ, and IL-21  sustain a high 

frequency of cognate memory B cells. Meanwhile, the frequency of TLM and its 

differentiation potential mostly depend on the IL-21-expressing pTfh cells. 
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4 Discussion 

Acute HIV-1 infection is characterized by a massive depletion of memory CD4+ T cells 

permanently damaging the function of our immune system. Soon after the transmission 

of HIV-1, a small pool of latently infected cells is established hindering potential 

eradication. It has been demonstrated that different functional and memory subsets of 

CD4+ T cells differently contribute to HIV-1 latency. Particularly interesting in that 

context are SCM that due to their stem-cell-like properties greatly contribute to the 

persistence of the HIV-1 latent reservoir. Here we show that the SCM subset expands 

in parallel to the peak of viremia, a time crucial for seeding of the latent reservoir and 

that the magnitude of this expansion associates with factors dictating course of the 

disease. 

Studies conducted in humans and non-human primates showed that HIV-1 /SIV-1 

preferentially infects highly mature subsets, reducing their frequencies during the acute 

phase of the disease. At the same time, less differentiated subsets, like naïve cells and 

CM, get spared from infection and even proliferate resulting in the expansion of their 

frequencies (Okoye et al. 2007; Yang et al. 2012; Paiardini et al. 2011; Pastor et al. 

2017; Grossman et al. 2006). Our data is in line with these findings as we have 

demonstrated that frequencies of naïve cells, SCM, and CM remain elevated during 

the acute HIV-1 infection, while those of EM and TE gradually decrease. Importantly, 

our data revealed a profound expansion of SCM and mild but significant expansion of 

CM. Expansions of both subsets took place in parallel to the viral load peak what could 

dramatically influence the establishment of the latent HIV-1 reservoir.  

To study factors underlying the expansion of SCM we designed an in vitro infection 

experiment. Surprisingly, the kinetics of subset memory frequency closely resembled 

those observed ex vivo. Our data suggest that SCM expansion is due to the up-

regulation of CD95 on the surface of naïve cells. Increased levels of CD95 expression 

on the surface of CD4+ T cells during HIV-1 infection have been previously reported by 

others (Aries et al. 1995; Bohler et al. 2001). These studies suggested that the up-

regulation of CD95 on CD4+ T cells occurs as a result of augmented TNFα and IFNγ 

secretion by CD4+ T cells, which is in turn caused by HIV-1 envelope-mediated 

crosslinking of CD4 molecules (Oyaizu et al. 1994). This being the reason for observed 

SCM expansion, one can speculate that these cells probably never came in contact 

with their cognate antigen and therefore cannot be considered as true memory cells. 
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Nevertheless, numerous studies demonstrated their stem-cell-like properties and 

important role in the maintenance of HIV-1 latency (Buzon et al. 2014; Tabler et al. 

2014; Manganaro et al. 2018; Cartwright et al. 2014).  

To further interpret the observed dynamics of CD4+ T cell subsets, we investigated the 

degree of HIV-1 replication taking place in those cells. Our findings indicate, that there 

are substantial differences in susceptibility of different subsets to HIV-1 infection. The 

most resistant are cells with quiescent phenotypes, such as naïve cells and SCM. 

Similar observations were also made by the others (Brenchley et al. 2004), suggesting 

that the low expression of CCR5 receptor and decreased efficiency of viral fusion spare 

the less differentiated subsets (Tabler et al. 2014; Khoury et al. 2011). The rest of CD4+ 

T cell memory subsets showed to be more susceptible to HIV-1 infection with the 

degree of detected virus integration and replication closely related to their maturation 

status. This is in line with previous reports showing that the frequency of CCR5-

expressing cells in each subset increases with the maturation status but slightly 

declines in TE (Tabler et al. 2014; Okoye and Picker 2013). Together with the effects 

of HIV-1 causing expansion of some subsets, different susceptibility to infection 

sufficiently explains the observed dynamics of CD4+ T cell subsets, since we have 

observed a decrease in the frequency of highly mature subsets towards the end of the 

acute phase of infection. 

Interestingly, we noticed a substantial variability in the degree of SCM expansion 

between the donors. Remarkably, the magnitude of SCM expansion was positively 

associated with the frequency of productively infected CD4+ T cells in vitro. This trend 

could be recognized among all memory subset but was more pronounced in highly 

mature ones. Furthermore, our clinical data revealed a positive correlation between 

the SCM expansion and viral load at the early set point of acute infection. Collectively, 

our findings indicate that high levels of CD95+ CD4+ T cells during acute HIV-1 

infection aggravate the disease outcome. A plausible explanation for this observation 

would be that Fas-mediated killing of CD4+ T cells, which is one of the main reasons 

for massive depletion of those cells during HIV-1 infection, causes apoptosis of 

preferentially uninfected cells (Poonia, Pauza, and Salvato 2009; Okoye and Picker 

2013), increasing the relative proportion of HIV-infected CD4+ T cells. The alternative 

scenario would be that the increased susceptibility to infection and high viremia cause 

CD95 up-regulation in particular individuals. This is however unlikely since we were 

barely able to detect any infected cells at the time of SCM expansion in vitro. 
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The expression of the Fas receptor on the surface of a cell indicates increased 

proneness to apoptosis. It has been demonstrated that HIV-1 not only causes the up-

regulation of Fas receptor expression but also sensitizes CD4+ T cells to undergo 

Fas/FasL-mediated apoptosis, through the action of Tat and Env proteins (Westendorp 

et al. 1995). Together with our data demonstrating an expansion of CD95+ CD4+ T 

cells, this clarifies the massive bystander cell death of CD4+ T cells observed during 

acute HIV-1 infection.  

Taken together, the first part of our work provides a detailed insight into the dynamics 

of memory CD4+ T cells during acute HIV-1 infection. Importantly, we observed an 

expansion of the SCM subset that is negatively associated with the disease outcome. 

HIV-1 infection not only distorts the balance between the memory subsets but also 

skews the functional profile of CD4+ T cells. This negatively influences the B cell 

compartment, resulting in a humoral response that is unable to control the infection. 

Nevertheless, various antibody functions proved beneficial in the fight against HIV-1. 

While neutralization generally provides the main antiviral function of antibodies, only a 

small fraction of HIV-infected individuals develop antibodies capable of neutralizing a 

broad spectrum of viral mutants (Landais and Moore 2018). In contrast, antibodies 

whose antiviral function relies on the Fc portion are not limited to binding of neutralizing 

epitopes and emerge in the majority of individuals (Ackerman et al. 2016; Ackerman et 

al. 2013). Antibody-dependent innate immune responses were previously associated 

with protection from HIV-1 acquisition in vaccine trials (Haynes et al. 2012; Gomez-

Roman et al. 2005). Furthermore, it is known that individuals who spontaneously 

suppress HIV-1 replication exhibit potentiated Fc-dependent antibody activities 

(Ljunggren et al. 1990; Forthal et al. 1999; Forthal, Landucci, and Keenan 2001; 

Hessell et al. 2007). It is, therefore, important to identify the immune factors underlying 

the production of antibodies with functional Fc domain. Here we identify HIV-1 Env-

specific CD4+ T and pTfh cells secreting IL-21 alone or in combination with CD40L, 

IFNg, or IL4/13 as decisive factors in the production of Env-specific antibodies 

triggering innate immune responses. 

CD4+ T cells orchestrate functions of innate and adaptive immune cells and are, 

therefore, an indispensable component of our immune system. They provide survival 

and differentiation signals to B cells thus controlling multiple steps of antibody 

production. HIV-1 infection causes selective depletion of virus-specific CD4+ T and 



109 
 

pTfh cells and permanently changes their functional composition. Studies have shown 

that CD4+ T cells of chronically HIV-infected individuals predominantly express IFNγ 

but rarely IL-21 while pTfh population produces higher amounts of IL-21 than IFNγ 

(Schultz et al. 2016; Colineau et al. 2015). Moreover, both populations show decreased 

capacity to upregulate CD40L in settings of chronic HIV-1 infection (Vanham et al. 

1999; Colineau et al. 2015). Consistent with these findings, we demonstrated that the 

Env-specific CD4+ T cells produce high amounts of IFNγ, intermediate levels of 

CD40L, and IL-4/13, and low levels of IL-21. In comparison, pTfh cells responded to 

stimulation with Env-derived peptides predominantly by secretion of IL-21 and IL-4/13, 

while expression of CD40L and IFNγ remained low. Besides, pTfh cells showed a more 

diverse array of polyfunctional subsets further distinguishing the two cell populations. 

Investigating the role of Env-specific CD4+ T cells and pTfh cells in the production of 

antibodies mediating innate immune responses, we demonstrated that IL-21 secretion 

was the most important function regardless of the T cell population. This is in line with 

previous studies linking IL-21-secreting CD4+ T cells with controller status (Cubas et 

al. 2015) and the emergence of broadly neutralizing antibodies during HIV-1/SIV-1 

infection (Pallikkuth, Parmigiani, and Pahwa 2012; Yamamoto et al. 2015). 

Interestingly, bulk CD4+ T cells only correlated with antibody-dependent innate 

functions when they expressed IL-21 in combination with other signaling proteins, while 

in the case of pTfh cells IL-21 expression alone was sufficient. These findings suggest 

a superior role of Env-specific pTfh cells in the production of antibodies with functional 

Fc region. Apart from T cell help, the presence of antigen is crucial for the activation of 

B cells and subsequent antibody production. Surprisingly, however, we observed an 

inverse correlation between the antibody-mediated innate responses and viral load 

suggesting that these antibodies hinder viral replication.  

Memory B cells of chronically HIV-infected individuals are prone to differentiate into 

antibody-secreting cells (Hu et al. 2015; Moir and Fauci 2017) and are associated with 

the production of HIV-1-specific antibodies (Bonsignori et al. 2009; Rouers et al. 2017). 

In compliance with these findings, we observed increased expression levels of Blimp-

1 and Ki-67 in memory B cells of chronically HIV-infected, indicating their increased 

propensity to proliferate and differentiate into ASC. The highest expression of the two 

proteins was observed in Env-specific memory B cells suggesting antigen-driven 

activation. The frequency and Blimp-1 levels of Env-specific memory B cells correlated 

with the majority of measured antibody functions. These associations became more 
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pronounced when we considered the frequency and Blimp-1 levels of TLM, an unusual 

memory subset known to be expanded in HIV-1 infection (Kardava et al. 2014) and 

harbor a large proportion of HIV-1-specific memory B cells (Moir et al. 2008). Our 

findings, therefore, propose TLM as a primary source of Env-specific antibodies with 

functional Fc domain.    

It has been previously shown that HIV-1-specific pTfh cells promote activation of 

memory B cells and antibody secretion (Claireaux et al. 2018; Thornhill et al. 2017). 

Consistent with these findings we showed that the CD4+ T cell functions, important for 

the production of antibodies with functional Fc region, also sustain the B cell levels and 

drive their differentiation. While Env-specific CD4+ T cells only correlated with the 

frequency of bulk Env-specific memory B cells, pTfh cells also correlated with the 

frequency of TLM and their Blimp-1 levels confirming their prominent role in the 

production of antibodies with functional Fc region. 

In the second part of this doctoral work, we have demonstrated that HIV-1-specific 

CD4+ T and pTfh cells secreting IL-21 alone or in combination with other stimulatory 

proteins drive the differentiation of cognate memory B cells into ASC. This results in 

the production of antibodies triggering innate immune responses associated with 

control of HIV-1 replication. 
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5 Summary 

The acute phase of HIV-1 infection is characterized by a swift increase of viremia, 

resulting in a significant reduction of CD4+ T cell counts. Moreover, during this period 

seeding of the latent reservoir takes place. It has been previously shown that different 

memory subsets of CD4+ T cells play distinct roles in the establishment of the latent 

reservoir and are differently susceptible to infection. However, the dynamics and 

infection status of these subsets during the acute phase of the disease have not been 

sufficiently described. In the first part of our study we, therefore, investigated changes 

in the frequency of CD4+ T cells along the course of acute HIV-1 infection. Our data 

revealed a profound expansion of stem-cell-like memory CD4+ T cells (SCM) as a 

consequence of pro-apoptotic Fas receptor (CD95) up-regulation on the surface of 

naïve cells. We also demonstrated that the HIV-1 integration and replication 

preferentially take place in CD4+ T cells belonging to highly differentiated subsets, 

while naïve cells and SCM prove to be more resistant. Despite the relatively low 

frequency of infected SCM, we suggest that their quiescent phenotype and extensive 

expansion make them one of the key players in the establishment and persistence of 

the HIV-1 reservoir. Moreover, the magnitude of SCM expansion was positively 

associated with the set point viral load and frequency of productively infected CD4+ T 

cells. Thus, our data demonstrate an expansion of SCM during the acute phase of HIV-

1 infection and its association with the disease progression.  

Humoral response to HIV-infection shows a poor neutralizing capacity and only a 

fraction of individuals develop protective broadly neutralizing antibodies at the late 

stages of infection. In contrast antibodies with functional Fc portions, that are also 

proven to limit viral replication, develop soon after the onset of disease and can be 

detected in the majority of cases. The conditions under which these antibodies are 

generated however remain largely unknown. In the second part of this work, we report 

that the production of HIV-1 Env-specific antibodies triggering innate immune functions 

including ADCD, ADCP, ADNP, and NK cell activation depends on help from cognate 

CD4+ T and pTfh cells. The crucial signaling molecule sustaining functional antibody 

response was IL-21 while CD40L, IFNγ, and IL-4/13 played minor roles. Interestingly, 

the abundance of antigen did not increase the magnitude of antibody-dependent innate 

responses. As a potential source of these antibodies, we identified Env-specific 

memory B cells that are known to get activated in chronic HIV-1 infection. In particular, 
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the TLM subset was strongly associated with antibody-dependent innate responses. 

The frequency and level of Blimp-1 expression in Env-specific memory B cells and 

TLM correlated with the same functional T cell subsets as antibody response. Thus, 

our data suggest a mechanism responsible for the generation of functional antibodies 

in chronically HIV-infected individuals that is based on CD4+ T cell-induced activation 

of memory B cells. 
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6 Zusammenfassung 

Die Akutphase der HIV-1 Infektion ist durch ein schnelles Wachstum der Virämie und 

einhergehenden Verlust der CD4+ T-Zellen gekennzeichnet. Gleichzeitig findet in 

dieser Zeit die Entstehung des latenten HIV-Reservoirs statt. Es wurde zuvor 

nachgewiesen, dass die unterschiedlichen Subtypen der T-Gedächtniszellen eine 

besondere Rolle in der Bildung von latentem Reservoir spielen und unterschiedlich 

empfänglich zu der Infektion sind. Allerdings wurde während der Akutphase die 

Dynamik und der Infektionsstatus von diesen Subtypen noch nicht wissenschaftlich 

untersucht. Im ersten Teil unserer Studie haben wir daher die Veränderungen in der 

Frequenz der CD4+ T-Zellen zusammen mit dem Verlauf der Akute HIV-1 Infektion 

erforscht. Unsere Befunde haben gezeigt, dass die stammzellenähnliche CD4+ T-

Gedächtniszellen sich stark ausbreiten als Folge von erhöhter Expression der 

proapoptotischen Fas-Rezeptor auf der Oberfläche naiver CD4+ T-Zellen. Wir haben 

auch aufgewiesen, dass die Integration und die Replikation des HIV-1 Virus 

vorzugsweise in hochdifferenzierten CD4+ T-Gedächtniszellen stattfinden, wobei sich 

naive CD4+ T Zellen und stammzellenähnliche CD4+ T-Gedächtniszellen als 

widerstandsfähiger erwiesen haben. Trotz der relativ niedrigen Frequenz der infizierten 

stammzellenähnlichen CD4+ T-Gedächtniszellen vermuten wir, dass ihr ruhender 

Phänotyp und die extensive Expansion eine Schlüsselrolle in der Bildung und der 

Langlebigkeit des HIV-1-Reservoirs spielen. Darüber hinaus hat das Ausmaß der 

Expansion der stammzellenähnlichen CD4+ T-Gedächtniszellen eine positive 

Korrelation mit dem Viruslast am viralen Set Point und mit der Häufigkeit der produktiv 

infizierten CD4+ T-Zellen aufgewießen. Unsere Befunde zeigen daher eine Expansion 

von stammzellenähnlichen CD4+ T-Gedächtniszellen während der Akutphase von 

HIV-1-Infektion und deren Verbindung mit der Progredienz der Krankheit. 

Die humorale Immunantwort auf HIV-Infektion zeigt eine schwache 

Neutralisationsfähigkeit und nur ein Bruchteil der Individuen entwickelt 

breitneutralisierende Antikörper in den späteren Phasen der Infektion. Im Gegensatz 

dazu entwickeln sich kurz nach Krankheitsbeginn Antikörper mit funktionaler Fc-

Domäne, die nachweislich auch die Virusreplikation einschränken und in den meisten 

Fällen nachgewiesen werden können. Die Bedingungen für die Generierung dieser 

Antikörper bleiben dennoch größtenteils unbekannt. Im zweiten Teil der Studie zeigen 

wir, dass die Produktion von HIV-1 Env-spezifischen Antikörpern, die die angeborene 



114 
 

Immunfunktionen einschließlich ADCD, ADCP, ADNP und Aktivation der NK-Zellen 

auslösen, angewiesen sind auf die Hilfe von CD4+ T- und pTfh-Zellen.  Das 

entscheidende Signalmolekül für die Unterstützung der funktionalen Antikörperantwort 

war IL-21, wohingegen CD40L, IFNγ und IL-4/13 einen geringen Einfluss ausgeübt 

haben. Bemerkenswert ist, dass das Ausmaß an angeborenen antikörperabhängigen 

Immunantworten nicht von der Antigenmenge abhängig war. Als potenzielle Quelle der 

Antikörper bestimmten wir die Env-spezifischen Gedächtnis-B-Zellen, die während der 

chronischen HIV-1 Infektion aktiviert werden. Insbesondere der TLM-Subtyp (engl. 

tissue-like memory) war stark mit antikörperabhängigen angeborenen Reaktionen 

verbunden. Die Häufigkeit und das Niveau der Blimp-1-Expression in Env-spezifischen 

Gedächtnis-B-Zellen und TLM korrelierten mit denselben funktionellen T-Zell-

Subtypen wie die Antikörperantwort. Folglich deuten unsere Befunde auf einen 

Mechanismus hin, der für die Generierung von funktionellen Antikörper bei chronisch 

HIV-infizierten Personen verantwortlich ist und auf der CD4+ T-Zell-induzierten 

Aktivierung von Gedächtnis-B-Zellen basiert. 
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8 Abbreviations 

a.a. amino acid 

ADCC antibody-dependent cellular cytotoxicity 

ADCD antibody-dependent complement deposition 

ADCP antibody-dependent cellular phagocytosis 

ADNP antibody-dependent neutrophil phagocytosis 

AF  alexa fluor 

AhR aryl-hydrocarbon receptor 

AID activation-induced deaminase 

AIDS  acquired immune deficiency syndrome 

AIM2  absent in melanoma 2 

AM activated memory B cell 

AMP anti-microbial peptide 

ANOVA analysis of variance 

APC  allophycocyanin 

APC antigen-presenting cell 

APOBEC apolipoprotein B mRNA-editing enzyme, catalytic polypeptide 

ART anti-retroviral treatment 

ASC antibody-secreting cell 

AUC area under the curve 

BCR B cell receptor 

Blimp-1 B-lymphocyte-induced maturation protein 1 

bnAbs broadly-neutralizing antibodies 

BSA bovine serum albumin 

BV  brilliant violet 
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CCR C-C chemokine receptor 

CD  cluster of differentiation 

cDNA complementary DNA 

CM central memory CD4+ T cells 

CTL cytotoxic T lymphocyte 

CXCL C-X-C motif chemokine ligand  

CXCR C-X-C motif chemokine receptor 

Cy7  cyanin dye 7 

DAI  DNA-dependent activator of IFN-regulatory factors 

DC dendritic cell 

DC-SIGN dendritic-cell-specific intercellular adhesion molecule-3-grabbing non-

integrin 

DMSO dimethyl sulfoxide 

DNA  deoxyribonucleic acid 

dNTP deoxyribonucleoside triphosphate 

ds  double strand 

EDTA ethylenediaminetetraacetic acid 

ELISA enzyme-linked immunosorbent assay 

EM effector memory CD4+ T cells 

Env envelope 

ER  endoplasmic reticulum 

FACS  fluorescence-activated cell sorting 

FasL Fas ligand 

Fc fragment crystallizable 

FcR Fc receptor 
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FCS  fetal cow serum 

FCS fetal calf serum 

FITC  fluorescein isothiocyanate 

FO follicular 

Foxp3 forkhead box P3 

Gag group-specific antigen 

gp glycoprotein 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HIV  human immunodeficiency virus 

HLA human leukocyte antigen 

ICOS inducible T cell co-stimulator 

ICOS-L ICOS ligand 

IgM/G/A Immunoglobulin type M/G/A 

IL  interleukin 

IM intermediate memory B cell 

INF  interferon  

LTR long terminal repeat 

MAC membrane attack complex 

MDA5  melanoma differentiation-associated protein 5 

MFI mean fluorescence intensity 

MGH Massachusetts general hospital 

MHC major histocompatibility complex 

MIP macrophage inflammatory protein 

mRNA  messenger RNA 

MZ marginal zone 
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Nef negative effector 

NET neutrophil extracellular traps 

NFAT nuclear factor of activated T-cells 

NK  natural killer 

NLRP3 nucleotide and oligomerization domain, leucine-rich repeat-containing 

protein family, pyrin domain containing 3 

PBS  phosphate-buffered saline 

PD-1  programmed cell death protein 1 

PerCP peridinin-chlorophyll-protein 

PHA  phytohaemaglutinin 

PKR  protein kinase R 

PMA phorbol 12-myristate 13-acetate 

PMBC  peripheral blood mononuclear cells 

Pol polymerase 

PrEP pre-exposure prophylaxis 

pTfh peripheral T follicular helper 

RANTES regulated upon activation, normally T-expressed, and presumably 

secreted 

rcf relative centrifugal force 

Rev regulator of viral protein expression 

RIG-I  retinoic acid inducible gene I 

RM resting memory B cell 

RNA  ribonucleic acid 

RPMI  Roswelt park memorial institute medium 

RRE Rev response element 
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SAMHD1 SAM-domain- and HD-domain-containing protein 1 

SCM stem-cell-like memory CD4+ T cells 

SDF-1 stromal cell-derived factor 1 

SHM somatic hypermutation 

SIV simian immunodeficiency virus 

SPICE simplified presentation of incredibly complex evaluations 

ss  single strand 

TAP transporter associated with antigen processing 

Tat trans-activator of transcription 

TCR  T cell receptor 

TCR T cell receptor 

TE terminal effector memory CD4+ T cells 

Tfh T follicular helper 

TGF transforming growth factor 

Th1/2/17 T helper type 1/2/17 

TLM tissue-like memory B cell 

TLR  Toll-like receptor 

TM transitional memory CD4+ T cells 

TNF tumor necrosis factor 

TRAIL tumor-necrosis-factor-related apoptosis-inducing ligand 

VDJ various diverse joining 

Vif viral infectivity factor 

VL viral load 

Vpr viral protein R 

Vpu viral protein U 
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