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ABSTRACT 

Human immunodeficiency virus (HIV) is one of the most fatal diseases in the world 

today, and the most important worldwide infectious disease in terms of mortality. This 

virus infects and kills cells of the immune system involved in defending the body 

against infectious agents such as viruses and bacteria. Infected cells can circulate 

throughout the body enabling HIV to disseminate and cause infection in many different 

anatomical compartments. HIV can either establish active infection causing the death of 

the infected cell or become a latent infection allowing the virus to escape HIV specific 

immune response and antiretroviral therapy (ART). Latent infection can keep the virus 

silent for years hindering the possibility of a cure with current therapies. In addition, 

HIV can quickly evolve into new viral variants which can escape immune pressure, 

develop resistance to ART and impede the development of a functional vaccine.  

In order to better understand the pathogenesis and dynamics of HIV 

infection it is important to analyze the infected cells and the viral variants that reside 

within them. In this thesis, highly sensitive assays have been developed and used to 

analyze which cells are infected and the genetic makeup of the HIV-1 variants within 

these infected cells isolated from different cellular populations and anatomical 

compartments from treatment naïve and treatment experienced patients. 

In papers I and II the number of HIV-1 DNA molecules in single 

infected cells from peripheral blood and lymph node tissue from untreated patients was 

evaluated. The results from these studies revealed that the majority  (>90%) of the 

CD4
+
 T-cells from peripheral blood and lymph node tissue contained only one HIV-1 

DNA molecule. This result is in contrast to the generally accepted belief that most 

HIV-infected cells contain multiple HIV DNA molecules. In addition, we demonstrated 

a similar genetic composition of HIV-1 in lymph node tissue, peripheral blood and 

plasma. This finding indicates an exchange of virions and/or infected cells between 

these compartments during untreated early and chronic HIV-1 infection.  

In papers III and IV we analyzed the genetic makeup of HIV-1 

populations located in different infected cells from patients on long-term suppressive 

therapy. In paper III we isolated CD34
+
 hematopoietic progenitor cells (HPCs) from 

bone marrow to investigate if these cells are an HIV-1 reservoir in patients during long-

term suppressive therapy. In conducting this study we found no HIV-1 in 100 000 to 

800 000 CD34
+
 HPCs analyzed per patient indicating that CD34

+
 HPCs from the bone 

marrow are not a source of persistent HIV-1.  

In paper IV we analyzed infected cells from gut associated lymphoid 

tissue (GALT) and peripheral blood isolated from the same patients described and 

studied in paper III.  Despite several years of therapy we found a high infection 

frequency of cells isolated from these patients. Moreover, the infection frequency of 

these cells was greater in patients treated during chronic infection compared to patients 

treated during early infection in both peripheral blood and GALT. In addition, we 

evaluated the degree of HIV-1 genetic change between samples isolated before the 

patients started therapy and after several years of therapy to understand if on-going 

viral replication can maintain HIV-1 during suppressive therapy. Our results show that 

very little change has occurred during years of suppressive therapy in the patient 

samples analyzed.  

In conclusion, the work presented in this thesis has provided new 

techniques to analyze the HIV-1 reservoir. The use of these techniques has resulted in a 

better understanding of which cell types act as HIV-1 reservoirs and the genetic nature 

of the virus residing in these infected cells during early and chronic infection in both 

treatment naïve and experienced patients.  

http://en.wikipedia.org/wiki/Immune_system
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1 INTRODUCTION 

 

1.1 HUMAN IMMUNODEFICIENCY VIRUS 

1.1.1 HIV history 

In June 1981 previously healthy young men in Los Angeles were reported to have 

developed Pneumocystis Carinii pneumonia, an illness only seen in severely immune 

suppressed people (1). These were the first reports of what would become one of the 

largest epidemics in the world today - the HIV/AIDS epidemic. The following year 

unusual opportunistic infections were also found in New York, other parts of California 

(2, 3), and elsewhere mainly among homosexual men, intravenous drug users, Haitians 

(4), and haemophiliacs (5). Due to the complications associated with this new syndrome 

such as immune suppression, which caused an increase in opportunistic infections and 

rare forms of cancer, it was called acquired immune deficiency syndrome, or AIDS (6).  

In 1983 the French scientists Francoise Barré-Sinoussi and Luc Montagnier isolated a 

retrovirus from a patient with symptoms of AIDS (7). This was the first discovery of the 

virus that causes AIDS later named human immunodeficiency virus, or HIV (8). In 

1986, another human retrovirus which was genetically distinct but related to HIV was 

identified in West Africa (9). This virus was called HIV-2* to distinguish it from the 

original type HIV-1. HIV-2 is mainly restricted to West Africa, while HIV-1 is found 

globally and is the major cause of the global epidemic (10). Since the initial reports of 

HIV in 1981, this disease has developed into a global epidemic with 34 million 

individuals infected in 2011 (11). The first case of HIV in Sweden was described in 

1985 (12) and as of December 2011 approximately 10 000 HIV-infected people have 

been reported in Sweden (13).  

 

* Throughout this introduction HIV will be used for information regarding both HIV-1 

and HIV-2, if not stated differently. However, please notice that most of the work 

presented in this introduction is based on studies of HIV-1.  

 

1.1.2 Global spread of HIV  

At the end of 2011, 30 years after the first reported cases of HIV/AIDS, the UNAIDS 

estimated that 34 million people were living with HIV worldwide and 1.7 million 

HIV/AIDS related deaths occurred during that same year. In total more than 30 million 

people have died due to HIV/AIDS related complications. HIV infections are 

encountered globally but Sub-Saharan Africa is most heavily affected by HIV, 

accounting for 69% of all HIV-infected people. In this region almost 4.9% of the adult 

population is living with HIV. After Sub-Saharan Africa the region’s most heavily 

affected by HIV are the Caribbean, Eastern Europe and Central Asia, where 1% of the 

adult population is living with HIV. As a result of the increased availability of HIV 

treatment, AIDS-related deaths are decreasing and the number of people living with HIV 

is increasing. Today the numbers of new infections are declining worldwide (11).  

 

1.1.3 Origin of HIV  

HIV entered the human population through several cross-species transmission of simian 

immunodeficiency virus, or SIV, found in African non-human primates (14-16).  SIV is 

known to naturally infect more than 30 different non-human primates in Sub-Saharan 

Africa (17). Different cross species transmissions of some of these SIVs have resulted 

in different forms of HIV (type 1 and 2) or groups.  HIV-1 has been linked to the 
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transmission from the West Central African chimpanzees (Pan troglodytes troglodytes) 

and HIV-2 to sooty mangabeys (Cercocebu atys atys) (14, 15). Through phylogenetic 

analysis it has been estimated that these transmissions occurred around 1910 (18) and 

1940 (19) for HIV-1 and HIV-2, respectively. Interestingly, SIVs have occurred 

naturally in African non-human primates for more than 32 000 years (20). Changes in 

societal behavior such as urbanization and colonization are believed to cause the spread 

of HIV infection during the early 20
th

 century and helped to fuel the HIV epidemic that 

we know today (18, 21).  

HIV-1 is divided into three different groups: M (Main); O (Outlier); and 

N (Non M or O). The occurrence of three different groups within HIV-1 suggests that 

there have been three separate events of cross-species transmission from chimpanzees to 

humans. Group M is found globally and is further divided, due to different genetic 

characteristics, into nine different subtypes A to D, F to H, J and K. Subtype B is the 

most prevalent subtype in Europe and North America (22, 23) (Figure 1).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The global HIV-1 subtype distribution. Reprinted with permission from (22). 

 

 
1.2 HIV VIROLOGY 

1.2.1 HIV taxonomy, structure and genome 

HIV belongs to the family of Retroviridae and is part of the lentiviridae genus. Other 

lentiviruses have been found in different species but HIV is the only known lentivirus to 

infect the human population. HIV is an enveloped positive single stranded RNA virus. 

Infectious viral particles have an envelope which is derived from the host cell membrane. 

Closely attached to the inside of the envelope is the matrix that gives the particle 

structural and mechanical support. The matrix surrounds the cone-shaped capsid, 

characteristic for all viruses within the lentiviridae genus. The viral genome is found 

within the capsid and is protected by the closely associated nucleocapsid. Together the 

capsid, nucleocapsid, viral genome and enzymes form the core of the viral particle (24) 

(Figure 2).   
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Figure 2. Organization of the HIV genome and virion. Adapted from (25). 

 

HIV has a positive sense single stranded genome consisting of 2 RNA copies, each 

about 10 000 base pair long.  The HIV genome encodes for 9 open reading frames 

(ORFs), flanked by two long terminal repeats (LTRs). The LTR regions contain sites 

important for viral integration, packaging and transcription regulation. Three of the nine 

ORFs, group specific antigen (gag), envelope (env) and polymerase (pol) are found 

within all retroviruses. Transcription of the proviral DNA is carried out by the cellular 

RNA polymerase II (RNAPII) and is initiated at the 5´ end of the provirus. The primary 

transcript is a full length, unspliced viral mRNA that can be translated into gag and pol 

proteins. The protease region of pol auto cleaves the pol precursor polyprotein into the 

three enzymatic proteins PR (protease), RT (reverse transcriptase) and IN (integrase). 

The gag precursor polyprotein is further cleaved by the viral protease into four structural 

proteins, Matrix (MA, p17), Capsid, (CA, p24), Nucleocapsid (NC, p7) and p6.  The 

Env gene encodes for the external surface protein gp120 (HIV-1) or gp125 (HIV-2) and 

the transmembrane protein gp41 (HIV-1) or gp36 (HIV-2). These are produced by the 

cleavage of the precursor gp160 (HIV-1) or gp140 (HIV-2) by cellular proteases. In 

addition to the above mentioned viral proteins, the HIV genome encodes for two 

additional regulatory proteins Tat and Rev and four accessory proteins Nef, Vif , Vpr 

and Vpu (only in HIV-1) or Vpx (only in HIV-2). The regulatory proteins are crucial for 

viral gene expression while the accessory proteins play an important role in 

pathogenesis and immune evasion but are not central for viral expression (24-26). In 

table 1 please find a list of the HIV-1 regulatory and accessory proteins with short 

information for each of them. 

 

1.2.2 HIV replication cycle 

HIV infects its target cell by binding of the viral surface proteins gp120/gp125 to the 

primary receptor, the CD4 protein on the surface of the target cell (27, 28). After 

binding of gp120/gp125 to CD4, gp120/gp125 undergoes conformational changes that 

enable the molecule to bind to the chemokine co-receptor CCR5 or CXCR4 (29, 30). 

The binding of gp120/gp125 to CD4 and the co-receptor brings the virus in close contact 

with the cellular membrane and permits the viral protein gp41/gp36 to penetrate the 

cellular membrane. The viral envelope fuses with the host cell membrane and the viral 

core gets released into the cellular cytoplasm. The viral RNA genome is then reversely 

transcribed by the enzyme reverse transcriptase which jumps between the two  

the single stranded RNA copies and generates a double stranded (ds) DNA.  
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The DNA is transported into the cell nucleus as a pre-integration complex and integrated 

into host genome as a provirus. In the cellular nucleus the virus can either stay latent or 

active. When active, the viral LTR act as transcriptional promoter where the cellular 

RNAPII can bind and initiate viral transcription. The first viral transcript is a full length 

RNA copy. This early transcript is spliced into small mRNAs that are translated into the 

viral proteins Nef, Tat and Rev. Tat enters the nucleus and binds to the so called 

transactivation response region (TAR) on the viral LTR and promotes efficient HIV 

mRNA elongation. The rev protein binds to the rev responsive element (RRE) in the env 

region of the viral mRNA and transports the mRNA into the cytoplasm. The late 

transcription is initiated and longer gag, gag-pol, env, vif, vpr/vpx and vpu and full 

length mRNAs are transcribed. The viral proteins and genomic RNA aggregate at the 

cellular membrane and a new viral particle gets released by budding from the host cell 

membrane. The final step in the HIV replication cycle is the maturation step when the 

protease enzyme cleaves the gag-pol poly protein into functional proteins (24) (Figure 

3).   

 

Table 1. HIV-1 regulatory and accessory proteins 

Protein 
Time of 

expression 

Present 

in HIV 

virion 

Function 

Tat 

Transcriptional 

transactivator 

Early No 

Tat binds to the transactivation response 

element (TAR) in the viral LTR and plays a 

crucial role in efficient RNAPII elongation.  

Rev 

Regulator of 

virion gene 

expression 

Early No 

Rev facilitates the transport of viral mRNAs 

from the nucleus to the cytoplasm where the 

mRNA is translated to viral proteins. 

Nef 

Negative 

regulatory factor 

Early Yes 

Many different functions important for viral 

replication and pathogenesis have been 

proposed for the Nef protein. One of the main 

functions of Nef is the down-regulation of cell 

surface CD4 and MHCI molecules.  

Vpr 

Viral protein r 
Late No 

The two main functions of Vpr are  

1.Transport of the pre-integration complex 

(PIC) in to the cellular nucleus  

2. Induction of G2 arrest in proliferating cells 

Vif 

Viral infectivity 

factor 

Late Yes 

Vif antagonistically interacts with the cellular 

antiviral protein APOBEC-3G and hence 

prevents G to A hyper mutations in the viral 

genome. 

Vpu  

Viral protein u 
Late Yes 

The major function of the Vpu protein is to 

induces the degradation of CD4 receptors and 

enhance the release of virions from infected 

cells.   
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Figure 3. HIV replication cycle. Reprinted with permission from (31). 

 

1.2.3 HIV genetic variation  

HIV is one of the most rapidly evolving pathogens. The genetic variation of HIV allows 

the virus to escape immune pressure, develop drug resistant mutations and has hindered 

the development of a functional vaccine. There are several different mechanisms that 

contribute to the high genetic variation of HIV.   
 

1. HIV reverse transcriptase (RT) is error prone and lacks a proofreading 

mechanism. The use of RT in the conversion from viral RNA to DNA makes 

the virus extremely prone to mutations. The mutation rate for HIV in vivo has 

been estimated to be 1.4 to 3x10
-5 

mutations per base pair per replication cycle 

(32-34) which equals to 0.14 to 0.3 mutations per genome and replication 

cycle. Because the RT lacks any proofreading mechanism these mutations will 

remain uncorrected.   

2. HIV recombination.  HIV recombination occurs during reverse transcription 

when RT switches between the two RNA genome templates from the infecting 

virion using information from both of them to generate a hybrid viral DNA. It 

has been estimated that from 2 to 30 template switches take place during a 

single infection event of HIV (35-37) (and reviewed in (38)). Although 

recombination can occur in all infection events, only virions that contain two 

genetically distinct RNAs can generate a recombinant that is genotypically 

different from either of the two parental strains (39). A virion with two 

genetically different viral RNAs can only be produced by cells infected with 

two or more genetically distinct proviruses. The rate of productive HIV 

recombination is therefore strongly dependent on both the frequency of multiply 

infected cells and the genetic relationship of the proviruses they contain.  (See 

more about the number of HIV-1 DNA in infected cells and HIV-1 

recombination in papers I and II).  

3. High replication rate. The estimated replication rate of HIV is 1 replication 

cycle per day. During untreated infection approximately 10
9
 infectious viral 
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particles are produced per day (40). Given the high replication capacity and 

mutation rate of the virus, it is estimated that every possible single-point 

mutation occurs up to 3x10
4
 times per day in an untreated HIV-infected 

individual. 

4. Error introduced by the human antiviral protein APOBEC. If not inhibited 

by the viral protein Vif, the cellular antiviral protein APOBEC can interact with 

the virus and cause G to A mutations in the viral genome. These mutations can 

result in new replication competent viral variants but mostly they result in stop 

codons which inhibits further replication (41).  

5. Errors introduced by the cellular RNAPII. Mutations can be introduced 

when HIV uses the cellular RNAPII for transcription of the viral DNA to viral 

mRNA. Although, the fidelity of the human RNAPII is unknown and the 

relative contribution of the enzyme to HIV mutagenesis is not fully known, 

analysis of the HIV LTRs has revealed that RNAPII can play a role in the 

genetic diversification of HIV (42).   

6. Immune pressure. Escape mutations in response to host immune pressure is 

an important factor that drives HIV evolution and diversification in infected 

individuals (43, 44).  

 

Together, these different mechanisms contribute to the genetic evolution of HIV into 

new, related but different, viral variants within the same host.   

 

 
1.3 HIV TRANSMISSION AND PATHOGENESIS  

1.3.1 HIV transmission 

HIV transmission can occur via body fluids such as blood, semen, vaginal fluid and 

breast milk. Infection mainly occurs due to sexual relations but can also occur through 

the use of HIV-infected needles, vertical transmission from mother to child (MTCT) 

and contaminated blood.  The spread through heterosexual sexual contact is the main 

cause of transmission of HIV globally (11, 23, 45). Transmission rates for HIV have 

been suggested to range between 0.1-10% (46, 47).  The risk for infection is dependent 

on many different factors such as route of infection, levels of infectious virions (HIV is 

more contagious during the early and late stage of infection when the levels of 

infectious virions are very high), presence of other sexually transmitted diseases and 

behavioral factors. In most cases, the infection is established by a single genetic 

variant, although the frequency of single variant versus multiple variant infection may 

vary by infection route (48, 49).  

 

1.3.2 HIV pathogenesis 

HIV infection commonly includes three different stages; primary infection, chronic 

infection (clinical latency) and AIDS defining illness (Figure 4). Primary infection is 

characterized by an increase in plasma viral RNA levels (up to 1 million RNA 

copies/ml) and a reduction in immune cells, mainly CD4
+ 

T-cells. The reduction in 

immune cells during primary infection is a result of the viral cytopathic effect and host 

immune response and it has been estimated that an active HIV-infected CD4
+ 

T-cell 

does not live longer than 1-2 days due to the cytopathic effect of the virus. An acute 

HIV syndrome is associated with primary infection in approximately 50% of the 

infected individuals. However, because of very unspecific symptoms such as fever and 

fatigue the acute HIV syndrome is hard to identify. Primary infection lasts for about 

four to eight weeks. A marked reduction in plasma viremia is then observed and the 
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levels of CD4
+ 

T-cells increase. The reduction of plasma viremia is most likely due to 

a virus specific cytotoxic T-cell response, innate immune response and later due to the 

humoral immune response, when HIV specific antibodies can be detected in the 

infected patient.  A more or less steady state level of viral replication will then 

continue during the chronic phase of infection when viral replication is partially 

controlled by HIV specific antibodies and cytotoxic T-cells. After years of infection, 

the host immune system will however lose the battle and the viral load increases and 

the immune cells decrease. AIDS is defined by a decrease in CD4
+ 

T-cells to less than 

200 CD4
+
 T-cells/µl and/or the onset of AIDS – defining conditions which are 

different opportunistic infections such as Pneumocystis jirovecii pneumonia, fungal 

infections, and Kaposi’s sarcoma (www.who.int/hiv/pub/guidelines/) (50).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Course of HIV infection. Figure kindly provided by Dr. Wendy Murillo.   

 

 

1.4 CELLULAR AND TISSUE TARGETS OF HIV INFECTION 

1.4.1 Primary cell targets of HIV infection and early infection events 

HIV infects cells expressing the CD4 surface receptor (27, 28)  and the co-receptors CC 

chemokine receptor 5 (CCR5) and/or CXC chemokine receptor 4 (CXCR4) (29, 30). 

HIV has the ability to use either CCR5 (R5-virus) or CXCR4 (X4-virus) solely or in 

combination (R5X4-virus).  Typically, HIV infection is established by viral strains that 

use the CCR5 receptor for cellular entry. As HIV disease progresses, viral strains that 

use the CXCR4 receptor can emerge (51-53). CCR5 receptors are expressed on 

activated and memory CD4
+
 T-cells but also on monocytes, macrophages, dendritic 

cells and microglia (54, 55).  If HIV transmission occurs at a site of mucosal tissue this 

means that the virus could establish infection in memory CD4
+
 T-cells, macrophages or 

dendritic cells. However, recent studies show that transmitted viruses are lymphotropic 

making the memory CD4
+ 

T-cells the primary target for HIV infection and replication 

(56-58).  How the virus reaches its target cell varies depending on the route of 

transmission. At the rectal mucosa the virus will cross the rectal epithelium, either 

through small mucosal breaks, M (microfold) cells or dendritic cells and thereafter 

reach the target cell (59-61). For transmission over the vaginal mucosa, intraepithelial 

dendritic cells have been proposed to play an important role in transporting the virus 

from site of infection to CD4
+
 T-cells (62, 63). After local replication and amplification 

the virus will migrate to draining lymph nodes and then to the rest of the body where it 

will establish infection in various cell types and tissues. In contrast to transmission over 
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mucosal tissue, intravenous transmission poses no barriers and the virus can quickly 

disseminate throughout the body.  

 

1.4.2 Cellular targets of HIV infection 

1.4.2.1 T-cell subsets* 

As mentioned above HIV can infect cells expressing CD4 and the co-receptors CCR5 

or CXCR4. Within the T-cell populations, memory T-cells express both the CCR5 and 

CXCR4 receptor while the naïve T-cells only express CXCR4. Consistent with the fact 

that HIV mainly uses the CCR5 receptor, memory T-cells have a higher HIV infection 

frequency (64, 65) (papers II and IV). In peripheral blood the infection frequency of 

this cellular population ranges from 0.01 – 1% while the naïve T-cells normally have 

about a 10-fold lower frequency of infection.  However, despite the much lower 

infection frequency, naïve T-cells are an important cellular reservoir of HIV infection 

(64-68) (papers II and IV). Also CD8
+
 T-cells have been shown to maintain HIV 

infection (65), however the evidence that these cells are infected is limited and CD4
+
 T-

cells are without doubt the main T-cell target for HIV- infection. 

 

*Info box – The life cycle of a CD4
+
 T-cell 

 
The life cycle of a CD4

+
 T-cell 

The life cycle of a T-lymphocyte begins in the bone marrow where hematopoietic stem cells (HSCs) 

differentiate to lymphoid progenitors that are transported to the thymus. In the thymus these CD3-, CD4- 

and CD8- progenitors differentiate into CD4 or CD8 single positive naïve T-cells and are then exported to 

the periphery and secondary lymphoid tissue such as the spleen, lymph nodes and gut-associated 

lymphoid tissue. Once a naïve CD4+ T-cells encounter their specific antigen, the cell will differentiate 

into effector cell populations. These effector cells will migrate to the site of infection. During the 

clearance of infection about 90% of these effector cells die while the remaining populations will 

ultimately contract to a small population of antigen specific memory CD4+ T-cells. These memory cells 

include effector memory CD4+ T-cells (Tem) that migrate to inflamed peripheral tissue and display 

immediate effector function or central memory CD4+ T-cells (Tcm) that home to lymphoid tissue and 

have no effector function but can proliferate to produce new effector cells in response to antigenic 

stimulation (69-72).   

 

1.4.2.2 Monocytes, macrophages and dendritic cells  

As to the other cell types that express CD4 and the viral co-receptors mainly 

monocytes, macrophages and dendritic cells have been proposed to be permissive for 

HIV infection. The expression of CD4 on these cells is however much lower than on 

CD4
+
 lymphocytes and the infection of these cells are still somewhat controversial. 

Monocytes are derived from myeloid progenitors in the bone marrow.  They constantly  

enter the blood where they circulate for 1-3 days before they migrate into the tissues 

where they differentiate into one of the various tissue macrophages (e.g. microglia in 

the brain or alveolar macrophages in the lung) (73, 74). Peripheral monocytes have 

been reported to be infected with HIV in vivo (75-78) and monocytes are thought to 

carry HIV into the central nervous system (CNS) (79). 

Infection of different macrophage populations has been shown in several 

studies (80-85) however, as for monocytes the importance of macrophage infection for 

the transmission, spread and pathogenicity of HIV is less clear than for CD4
+
 T-cells.  

The reason could be the diverse interactions between HIV and the many different types 

of macrophages. It has, for example, been shown that different macrophages can differ 

in their capacity to permit HIV infection and support the HIV replication cycle (86-88). 

Also, infection of macrophages is frequently low resulting in little viral production. In 

addition, macrophages have been proposed to maintain HIV in intracellular pockets, 
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protected from neutralizing antibodies, from which the virus can be transmitted to 

CD4
+
 T-cells (89).  

Dendritic cells, professional antigen presenting cells, have been proposed 

to be infected with HIV (90-92). It is not clear whether these cells are infected by HIV 

as mature DCs can potentially resist HIV infection through the restriction factor 

SamHD1 (93). Instead most reports show that DCs capture the virus via the cell surface 

lectin DC-sign and transport the virus to lymphatic tissue where they transmit the virus 

to CD4
+
 T-cells (94, 95) and as mentioned above this may play an important role in 

HIV-transmission over mucosal surfaces.  

 

1.4.2.3 Hematopoietic stem cells 

Hematopoietic stem cells (HSCs) residing within the bone marrow, are multipotent 

stem cells that give rise to all the blood cells including immune cells and erythrocytes 

(96). Many studies have reported defects within the bone marrow cell population in 

HIV-infected patients (97, 98). Specifically, hematopoietic cells that express the 

cellular marker CD34
+
 have been shown to be reduced in HIV-infected patients 

compared to healthy controls (98). The CD34 receptor is expressed on many types of 

hematopoietic cells ranging from hematopoietic stem cells with extensive self-renewal 

capacity to hematopoietic progenitor cells (HPCs) committed to differentiation into 

either the myeloid or lymphoid linage. Some of the CD34
+ 

cells express the HIV 

receptors CD4, CXCR4 and CCR5 making these cells potentially susceptible to HIV 

infection (99). Many studies have reported that infection of CD34
+
 cells is possible, 

both in vivo and in vitro. However, infection of CD34
+
 is a rare event and 

contamination by other cell types may have occurred in these studies (100-104). In 

addition, there has been evidence for greater HIV infection of HPCs in patients infected 

with subtype C (105).  However, further evaluation is needed to determine whether 

HPCs are more susceptible to infection with subtype C viral strains.  

 
1.4.3 Tissue targets of HIV infection  

As described above, HIV can possibly target many different immune cells. Due to the 

dissemination of these immune cells throughout the body, it can be assumed that HIV 

infected cells can be found in most tissue compartments. Due to limitations in 

collecting patient samples, peripheral blood is the specimen that is most widely 

analyzed in studies on HIV infection. However only 2% of the total amount of 

lymphocytes are found in the peripheral circulation (106) with the remainder 

distributed throughout the body, especially in lymphoid organs - such as the spleen, 

lymph nodes and the gut-associated lymphoid tissue (GALT) (107, 108). Although, 

studies of HIV genetic population show that the genetic makeup of HIV in cells from 

the peripheral blood is similar to HIV sequences from cells located in different 

lymphoid tissues we do not know if the cells that we find in the peripheral blood are 

infected in the periphery or if they represent what takes place in lymphoid tissues and 

other viral compartments throughout the body. In order to fully understand the 

dynamics and pathogenesis of HIV infection direct analysis of how the virus is 

subdivided between different cells located in different tissue compartments is therefore 

important. In the work presented in this thesis I have analyzed the genetic makeup of 

HIV-1 found in different cellular subsets isolated from, GALT, lymph node tissue and 

bone marrow and compared these to peripheral blood. These anatomical sites are 

discussed next.  
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1.4.3.1 Gut-associated lymphoid tissue 

The gut-associated lymphoid tissue (GALT) is the largest lymphoid tissue in the body 

and comprises up to 60% of the total body lymphocytes (109). In uninfected 

individuals around 40% of these lymphocytes are CD4
+ 

T-cells (108, 110, 111) which 

are distributed in mesenteric lymph nodes and Payers patches found in the small 

intestine and follicular aggregates in the large intestine. In addition, CD4
+
 T-cells also 

reside within the lamina-propria and in the intestinal epithelium (112).  Independent of 

route of infection GALT  is considered to be the primary site of initial HIV replication 

(108, 111, 113) and up to 60% of the mucosal memory cells have been shown to be 

HIV-infected during acute infection (110). Massive depletion of CD4
+
 T-cells in GALT 

has been shown to occur early in infection and before depletion of cells in other tissue 

compartments (110, 111).  The reason for the massive infection and depletion of cells 

in the GALT has mainly been explained by the high percentage of activated memory T-

cells expressing CCR5 located in this anatomical site (108, 110). Also, the 

gastrointestinal (GI) mucosa is continuously exposed to antigens and secretes cytokines 

that promote HIV replication. The massive HIV replication in GALT causes immune 

destruction and leakage of bacterial products to the blood. The leakage of bacterial 

products such as lipo polysaccharide (LPS) has been shown to enhance general immune 

activation which is a central feature of HIV infection (114).  

 

1.4.3.2 Lymph node tissue  

Apart from the GALT, other secondary lymphoid tissues such as proximal lymph nodes 

and the spleen are important HIV reservoirs. Ever since the early days of the AIDS 

epidemic, lymph node pathology has been a defining characteristic for HIV-infected 

individuals (115). Acute HIV infection is often associated with enlarged lymph nodes 

and pronounced follicular hyperplasia (116).  Initial colonization of lymphoid tissue is 

thought to be mediated by dendritic cells (DCs) and macrophages, which associate with 

the virus at the mucosal surfaces and transport the virus to the lymph nodes where 

infection of CD4
+
 T-lymphocytes occurs. Several studies have showed higher 

concentration of HIV RNA and DNA in lymph node tissue compared to  peripheral 

blood and that high viral replication and infection takes place in these anatomical sites 

(107, 117-120).  In addition, several studies have showed fibrosis, collagen deposition 

and architectural disorganization in lymph node biopsies from HIV-infected individuals 

which is likely to affect CD4
+
 T-cell homeostasis (121, 122).  Within the lymph node 

the infected CD4
+
 T-cells are found outside of the germinal centres in the paracortex. In 

addition to infected T-cells, virus can also be found trapped on follicular dendritic cells 

distributed throughout the lymph node (117).  

 

1.4.3.3 Bone marrow 

The bone marrow is the site of hematopoiesis in humans. Patients infected with HIV 

can present hematopoietic abnormalities and dysfunction, which have been proposed to 

be related to infectious virus and/or viral proteins in this anatomical site (123, 124). 

Different cellular subsets such as hematopoietic progenitor cells (HPCs) and different 

stromal cells could be target for HIV in the bone marrow. Stromal macrophages 

isolated from bone marrow have been shown to be infected both in vivo and in vitro 

(125, 126) and also megakaryocytes from bone marrow have been proposed to be 

permissive for HIV (127). Even though extensive research has been carried out to 

answer the question if early HPCs which express the cellular marker CD34 (se section 

“hematopoietic stem cells” above) are HIV-infected there is still considerable 

controversy in this area of investigation. However, overall both in vitro and in vivo 
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studies point to the fact that HIV infection of CD34
+
 HPCs, if it occurs, is limited 

(reviewed in (99)). Instead most studies point that the more differentiated progenitor 

cells, which have already committed to a cell lineage, are the cells that can be infected. 

Apart from the role of hematopoiesis, the bone marrow also serves as a secondary 

lymphoid tissue where continuous interactions of immune cells occur and recent studies 

indicate that the bone marrow serves as a reservoir of central memory T-cells, naïve 

cells and antigen presenting cells (128, 129). Therefore infected naïve and memory 

cells from the periphery could possible disseminate HIV when trafficking from the 

periphery to the bone marrow. 

 

 

1.5 ANTIRETROVIRAL THERAPY 

Untreated HIV infection will in most cases lead to the development of AIDS and death. 

Fortunately, the development of antiretroviral therapy for the treatment of HIV has 

slowed disease progression for millions of HIV-infected individuals and remains one of 

the great triumphs of modern medicine. The first antiretroviral (ARV) drug, zidovudine 

(AZT) was approved in 1987. AZT is a nucleoside reverse transcriptase inhibitor 

(NRTI) which interferes with HIV replication by blocking the reverse transcriptase 

leading to chain termination during DNA transcription from viral RNA (130). Soon 

after AZT other NRTIs and non-nucleoside reverse transcriptase inhibitors (NNRTI) 

became available. However, the virus developed resistance to the drugs as patients were 

treated with mono or dual therapies which did not fully suppress viral replication. 

Long-term suppression of HIV replication was achieved when combination of 2 

different drug classes, protease inhibitors (PIs) in combination with NRTIs or NNRTIs, 

in a cocktail of 3 drugs so called highly active antiretroviral therapy (HAART) or 

combination antiretroviral therapy (cART), was initiated in 1996 (131-133) (In Table 2 

please find information about each available HIV drug). Since the introduction of 

cART the morbidity and mortality of HIV-infected individuals have greatly been 

reduced. Successful cART dramatically reduces viral replication and suppresses plasma 

viral loads to below the limit of detection of the most commercially available clinical 

assays (<20-50 copies/ml). However, low-levels of virus in the plasma can still be 

detected in infected patients despite several years of suppressive antiretroviral therapy 

(134). Whether this low-level viremia represents on-going replication or release of 

virus from stable reservoirs is debated (see section “persistent HIV during suppressive 

antiretroviral therapy” and paper IV).  

Today cART is used widely in high-income countries but despite an 

increase of access to treatment globally (by the end of 2011, 8 million people were 

receiving antiretroviral therapy globally, which is a 20-fold increase since 2003) 

treatment still remains inaccessible to many HIV-infected persons in developing 

countries. The guidelines for HIV treatment in the US and the European Union for 

asymptomatic individuals recommend the initiation of cART when peripheral blood 

CD4
+
 T-cell values fall between 500 and 350 cells/µl (135, 136). Earlier 

recommendations were set to 200 CD4
+
 T-cell cells/µl but studies have shown that 

starting cART at higher levels of CD4
+
 T cell levels reduces mortality rates in HIV-

infected individuals who have not received antiretroviral treatment before and who do 

not have any symptoms of HIV illness (137, 138). In addition,  studies indicate that 

starting therapy during acute or early HIV infection compared to during the chronic 

phase of the disease have additional benefits for the patients such as slower disease 

progression, preserved CD4
+
 T-cell counts, reduced viral set point and reduced 

destruction of lymphoid tissue (139, 140). Also, it has been shown that treatment during 
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acute/early HIV infection can result in a reduced size of HIV reservoirs (141) (paper 

IV). 

 

Table 2. HIV antiretroviral therapy 

Drug Mode of action 

NRTIs 

Active NRTIs are dNTPs lacking the 3-hydroxyl group which is 

necessary for DNA elongation. During reverse transcription the 

NRTIs act as substrates for the reverse transcriptase and when 

incorporated into the viral transcription process terminate the 

elongation of the viral genome (142). 

Abacavir (ABC) 

Didanosine (ddl) 

Emtricitabine (FTC) 

Lamivudine (3TC) 

Stavudine (d4T) 

Tenofovir (TDF) 

Zalcitabine (ddC) 

Zidovudine (AZT) 

NNRTIs 

NNRTIs inhibit the reverse transcription by binding to the RT 

enzyme creating a conformational change in the enzymes 

substrate binding site, which reduces the RT activity (143). 

Delavirdine (DLV) 

Efavirenz (ETR) 

Nevirapine (NVP) 

Rilpivirine 

PIs 

Most PIs inhibit the viral protease through acting as analogs of 

the cleavage sites within the Gag and Gag-Pol precursor 

proteins. Hence, the PIs bind to the protease and prevents the 

enzyme from cleaving the individual core proteins and the 

resulting new viral particles are unable to mature or become 

infectious (144). 

Atazanavir (ATV) 

Darunavir 

Fosamprenavir (fAMP) 

Indinavir (IDV) 

Lopinavir (LPV) 

Nelfinavir (NFV) 

Saquinavir (SQV) 

Tipranavir (TPV) 

Fusion inhibitors Enfuvirtide is a peptide which binds to gp41 and prevents fusion 

of the virus with the cellular plasma membrane (145). Enfuvirtide (T-20) 

Entry inhibitors 
Maraviroc binds to the viral co-receptor CCR5 on the cellular 

plasma membrane. When binding, the drug alters the 

confirmation of the receptor and prevents the interaction of viral 

V3 loop to the receptor and hence prevents viral fusion with the 

plasma membrane (146, 147). 

Maraviroc (MVC) 

Integrase inhibitors The integrase inhibitor inhibits viral integration by binding to a 

specific complex between the viral integrase and the viral 

genome (148). Raltegravir (RAL) 

 

 

1.6 HIV PERSISTENCE DURING SUPPRESSIVE ANTIRETROVIRAL 

THERAPY 

cART is effective and life-prolonging but it is not curative and does not eradicate HIV 

infection. As mentioned earlier, cART can reduce HIV RNA levels to less than 20 
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copies/ml. However, persistent low-level HIV can still be detected in plasma (134, 149-

153) and cellular reservoirs (154-156) even after several years of suppressive cART, 

and interruption of current treatments results in resumption of viral replication. After 

introduction of cART, HIV viremia declines rapidly and mathematical modelling has 

revealed at least four phases of viral decay corresponding to the half-lives of different 

populations of HIV-infected cells (Figure 5). As cART prevents infection of new cells, 

but has no effect on the viral production of the cells that are already infected, the 

different phases of viral decay represent the death or elimination of different infected 

cell types. During untreated infection HIV predominantly replicates in activated CD4
+
 

T-Cells. These cells die quickly after infection, either from viral cytopathic effects or 

from immune response directed against these infected cells. Therefore, HIV-infected 

activated CD4
+
 T-cells are probably responsible for the first phase of decay after the 

initiation of cART as they have a half-life of 1-2 days (157, 158). Several cell types 

could alone, or in combination with others, be linked to the second phase of decay such 

as partially activated HIV-infected CD4
+
 T-cells (153), macrophages (80-85), dendritic 

cells (DCs) (90-92) and follicular dendritic cells (159). During the third phase the virus 

decay is slower and during the fourth phase there is very little or no viral decay and 

plasma viral RNA levels remain stable at an overall median viral RNA level of 3 

copies/ml (134, 150, 152, 160).  The cellular sources of the third and fourth phases of 

decay most likely represent additional classes of long-lived virus-producing cells like 

different memory CD4
+
 T-cells (se section “cellular reservoirs” below). Despite 

extensive research on HIV reservoirs during suppressive cART the source and 

dynamics of persistent HIV in plasma and cells is debated. There are several different 

views explaining the source of persistent HIV: 1) persistent HIV is due to on-going 

viral replication during cART, either in the presence of antiretroviral drugs or in 

“sanctuary sites” where the drug levels are suboptimal and/or 2) persistent HIV is 

maintained through long-lived HIV-infected cells that upon activation produce virus 

that can be measured in plasma and due to the presence of HAART no new infection of 

uninfected cells takes place. In addition, proliferation of latently infected cells has also 

been explained to maintain HIV during suppressive cART.    

 

 
 

Figure 5. The four phases of viral decay after the initiation cART. 
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1.6.1 HIV replication during suppressive therapy 

Many different approaches have been used to answer the question if the persistence of 

HIV during suppressive antiretroviral therapy is maintained through on-going viral 

replication. One approach has been to investigate whether there is viral evolution 

during cART as this would indicate on-going viral replication. These studies have 

yielded conflicting results where some studies have found signs of viral evolution and 

some have not (161-166) (paper IV).  In addition to these studies, it has been shown 

that in treatment naïve individuals who start suppressive therapy and maintain their 

viral RNA levels below 50 copies/ml, no drug resistant mutations emerge (167, 168). 

Moreover, during strategic treatment interruption the virus that emerges when treatment 

is stopped shows no evidence of evolution when compared to pre-treatment samples 

(169, 170). The lack of detection of viral evolution or emergence of drug resistant 

variants in these studies indicates that there is no substantial on-going viral replication 

during therapy.   

Another approach has been to intensify the standard cART regimen by 

adding another ARV and see if the level of viremia decreases. If the level of plasma 

RNA decreases when adding another ARV this would mean that there is some viral 

replication during the conventional treatment. Several studies have shown that 

intensification of cART did not affect the levels of persistent HIV in plasma (171-174).  

However, one study showed increased levels of episomal viral cDNA during raltegravir 

intensification. In the presence of raltegravir, linear HIV cDNA is prevented from 

integrating into the cellular DNA and is subsequently converted to episomal cDNAs.  

Hence, the increase of episomal cDNA in this study indicates that on-going viral 

replication may take place during conventional cART and is partially or fully stopped 

through cART intensification (175). Moreover, it has been shown that the level of 

persistent viremia is not related to treatment regimen but to pre-treatment viral RNA 

levels suggesting that all treatment regimens equally suppress viral replication and that 

the viral set-point achieved during cART is correlated to the number of long-lived HIV-

infected cells which were infected prior to treatment initiation  (152).  

 

1.6.2 Cellular and anatomical source of persistent HIV 

A well-defined reservoir during suppressive antiretroviral therapy of HIV is memory 

CD4
+ 

T-cells. These cells may become infected directly, but more likely, HIV latency 

is established when an activated CD4
+
 T-cell becomes infected by HIV but transitions 

to a terminally differentiated memory T-cell before HIV infection eliminates the cell 

(155). Transition to a memory cell is associated with a reduction in transcription factors 

required for HIV replication. Thus, switching to a memory cell allows the virus to 

persist in the cell for years until it receives a stimulatory signal that activates the cell 

and concomitantly induces viral production (Figure 6A). Central and transitional 

memory T-cells have recently been identified as major contributors to the HIV 

reservoir in memory T-cell population (176). During antiretroviral therapy the memory 

T-cell population decays very slowly with an average half-life of 44 months, indicating 

that under current treatment it will take over 60 years to deplete this reservoir (177). In 

addition to memory CD4
+
 T-cells, also naïve T-cells have also been demonstrated to 

contain HIV DNA in patients on long-term suppressive therapy, although at a lower 

infection frequency than the memory T-cell population (178) (paper IV). 

Monocyte/macrophages, have been proposed to play a role in HIV persistence and both 

monocytes and macrophages isolated from patients on suppressive therapy have been 

shown to be latently infected (75, 179, 180). The role that these cells play in patients on 

long-term suppressive therapy is however not as clear as for CD4
+
 T-cells. However, 

macrophages are less susceptible to the cytophatic effect of HIV infection, and if 
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macrophages with a long life span (like microglial cells and perivascular macrophages) 

(181) get infected they can play an important role in maintaining HIV in patients on 

long-term suppressive therapy.  Recently, a lot of light was shed on the role of HPCs in 

maintaining HIV during long-term suppressive therapy. In a recent publication HPCs 

were shown to be permissive for HIV infection and can serve as an HIV reservoir in 

patients on suppressive therapy (182). However, subsequent studies by other groups 

including our own group have not been able to isolate HIV from HPCs isolated from 

bone marrow samples from patients on long-term suppressive therapy (183) (paper 

III).  

 

 
 

Figure 6. Possible reservoirs of persistent HIV. 

 

Thus far, the study of cells contributing to the latent HIV reservoir has largely focused 

on components of peripheral blood. Several studies, however, suggest that the reservoir 

is largely established and maintained in other anatomical sites, and that the infected 

cells circulating in blood may not be representative of the population of infected cells in 

tissue (184). Other anatomical compartments like, lymph node and GALT have been 

suggested as possible viral reservoirs and sites where HIV replication can take place in 

the presence of cART due to poor drug penetration (Figure 6B). For example, the 

majority of lymphocytes are sequestered in the gastrointestinal (GI) tract and the GALT 

has been shown to be a major viral reservoir in patients on suppressive antiretroviral 

therapy (185-190). In addition, lymphocyte populations are still depleted in gut despite 

1-7 years of suppressive cART (191). Hence, the GALT is an important reservoir of 

HIV in patient on cART and recently it was reported that  the amount of un-spliced 

HIV RNA in CD4
+ 

T-cells isolated from the terminal ileum decrease during raltegravir 

intensification, supporting the concept that some viral replication can occur in GALT 

despite suppressive cART (192).  However, other studies found an absence of genetic 

evolution in GALT viral reservoirs (193) (paper IV) suggesting that cART is effective 

in preventing viral replication in this anatomical site.  In addition to GALT, the 

abundance of memory CD4
+
 T-cells in lymph node tissue makes this anatomical site 

important for HIV infection during HAART and recently Chomont and collegues 



 

16 

reported similar infection frequencies in memory T-cells isolated from lymph node 

tissue and PBMC in patients on suppressive cART (176). Recent data indicates that 

lymph node tissue could be a possible sanctuary site where drug penetration is low 

allowing for continual viral replication (Stevenson et al. Fifth International Workshop 

on HIV Persistence during Therapy, 2011). Whether on-going replication does occur in 

these sites is, however, unknown.  

Another anatomical sanctuary site where HIV replication may take place 

during therapy is the central nervous system (CNS).  HIV can establish productive 

infection in microglia and perivascular cells and in untreated patients there are signs of 

compartmentalization between the cerebrospinal fluid (CSF) and plasma, suggesting 

independently replicating viral populations in CNS(194). Many drugs have suboptimal 

penetration of the CNS owing to restrictions of these drugs in crossing the blood-brain 

barrier (195) and the limited penetration of the CNS by HIV drugs has been proposed 

to allow continual viral replication during cART. During cART however, patients with 

<50 copies/ml in plasma also have <50 copies/ml in CSF (184) and recent 

intensification studies could not detect reduction in CFS viral loads (196). Hence, it 

remains unclear if cells from CNS can serve as a latent HIV reservoir and/or maintain 

this reservoir by on-going viral replication during cART. In addition to the CNS, other 

viral reservoirs such as the genitourinary compartments have also been suggested to 

serve as a reservoir for HIV during cART. Undoubtedly, several cellular and tissue 

reservoirs play an important role in maintaining HIV during cART. The questions if 

these cells or anatomical sites allow on-going viral replication despite suppressive 

cART, is however not clear. 

 

 
1.7 METHODS TO STUDY HIV GENETIC DISTANCE 

As mentioned earlier one of the major hallmarks of HIV infection is the high genetic 

diversity and fast evolution of the virus. In order to better understand HIV dynamics 

and pathogenesis it is crucial to study the relatedness of the viral variants within and 

between infected individuals. This can be done with several phylogenetic tools that use 

the sequence information from the viral variants to build phylogenetic trees and 

measure genetic distance between viral sequences. A phylogenetic tree (Figure 7) is 

constructed to describe the genetic relationship between different sequences. The 

simplest phylogenetic reconstruction approach consists in estimating a matrix of 

pairwise genetic distances between different viral sequences, which are then reconciled 

to build a phylogenetic tree. The branching pattern of the tree is called the tree topology 

and the sequences (or taxa) are the tips (or leaves) of the tree. The branches of the tree 

are the lines that connect the tips to its ancestors and the branch length is scaled to 

correspond to the genetic distance. The points where the branches split are called nodes 

and represent the ancestral sequence from which the sequences in a clade (group of 

sequences) descend. Hence, the most related sequences are found in the same clades on 

the tree. A phylogenetic tree can either be rooted or non-rooted. A tree is said to be 

rooted if there is a specific node (the root) from which a unique directional path leads to 

each taxa. The root is the common ancestor of all of the taxa in the tree. Hence, in a 

rooted tree the root will tell us the order of the descent and the evolutionary relationship 

of the sequences in the tree.  An un-rooted tree on the other hand specifies only the 

relationships among the taxa and does not define the evolutionary pathway. In un-

rooted tree analyses a so called out-group is commonly used. An out-group is defined 

as one or more sequences that are more distantly related to the in-group sequence than 

the in-group sequences are to each other.  
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Figure 7. Description of a phylogenetic tree.  
 

1.7.1 Building a phylogenetic tree  

The first step of the phylogenetic analysis is to build a sequence alignment to determine 

site-by-site differences between the sequences. Then a statistical method should be used 

to find the tree topology and branch lengths that best describe the relationships of the 

sequences in the tree. There are different methods that can be used. The four main 

methods are: Neighbor Joining, Parsimony, Maximum likelihood and Bayesian 

inference (reviewed in (197)). Please see table 3 for short description of each method. 

The third step in the tree building process is to apply an evolutionary model to represent 

the process of nucleotide changes throughout the phylogenetic tree (198). These models 

estimate the genetic distance between pairs of sequences which is measured by the 

expected number of nucleotide substitutions (mutations) per site that have occurred 

between them and their most recent common ancestor. One of the simplest evolutionary 

models assumes that the nucleotide substitution rate is equal over the whole genome 

and that all nucleotides occur at the same frequency. However, these assumptions can 

be overly simple and may not represent the true evolutionary history of the sequences.  

The nucleotide substitution rate is often different at different parts of the genome, also 

the nucleotide frequencies can differ. In addition, transitions (substitution of similar 

bases) occur more frequently than transversions (substitution of different bases). 

Therefore more complex models are used to better explain the genetic distance in the 

data set. The most complex model of evolution is the general time-reversible (GTR) 

model. The GTR model of evolution assumes a symmetric substitution matrix (and thus 

is time reversible) where A changes into T with the same rate that T changes into A. In 

addition to models describing the rates of change from one nucleotide to another, there 

are models to describe rate variation among sites in a sequence.  
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Table 3. Phylogenetic methods 

Method  Description Advantages Disadvantages 

Neighbor Joining 

(NJ) 

Creates pair-wise 

distance matrices 

describing the distance 

between the 

sequences. These 

matrices are used to 

build the phylogenetic 

tree.  NJ is a minimum 

change method (finds 

matrices with the 

lowest distance).  

Fast.  

Works well on 

closely related 

sequences. 

Inappropriate for distantly 

related sequences as the 

observed difference between 

the sequences might not be 

accurate reflections of the 

evolutionary distance between 

them.  

Does not explore several tree 

options to explain the data.  

Parsimony 

Uses an algorithm to 

determine the 

minimum number of 

changes for any given 

tree to be consistent 

with the data. The tree 

with the lowest 

number of changes is 

chosen.  

Relatively fast. 

Works well on 

closely related 

sequences.  

Can perform poorly when the 

branch lengths differ.   

Maximum 

likelihood  

Uses a statistical 

model to find the tree 

that has the highest 

likelihood of 

producing the 

observed data.  

More accurate 

on distantly 

related 

sequences.  

High computational burden. 

Bayesian 

inference  

Uses a statistical 

model to find the tree 

that maximizes the 

probability of the tree 

given the data and 

model of evolution.  

More accurate 

on distantly 

related 

sequences. 

Explores a large 

tree space and 

provides the best 

set of trees. Can 

estimate 

evolutionary 

rates between 

sequences with 

known sampling 

time. 

High computational burden. 

Prior distribution of parameters 

has to be specified, which can 

be difficult.  

Adapted from (197) 

The two most commonly used models are: 1) gamma distribution (G: gamma 

distributed rate variation among sites) and 2) proportion of invariable sites (I: extent of 

static, unchanging sites in a dataset). To accurately infer a phylogenetic tree the best-fit 

substitution model, G and I can and should be estimated from the dataset.  

When constructing a phylogenetic tree from a set of sequences, it is 

important to include methods of assessing confidence in the tree; i.e. how reliable the 

tree is in representing the true genetic relationship and evolutionary history of the 

sequences. The most common method used is the bootstrap method. In bootstrapping, 

the original data alignment is randomly re-sampled with replacement to produce 

pseudo-replicate datasets. New trees are built using these new datasets which offer 
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measurements of which clades have high or low statistical support. If a particular 

phylogenetic clade has low statistical support it means that this group is sensitive to the 

exact combination of sites that were sequenced. This indicates that if another data set 

was collected there would be a good chance that the same group would not be 

recovered. The main drawback of bootstrap analyses is the computational burden for a 

new tree has to be built for each bootstrap replicate. It is important to remember that a 

tree that is generated is an attempt to explain the data but does not necessarily show the 

true evolutionary history or relationship between the sequences.  

 

1.7.2 Diversity analyses 

In addition to building a phylogenetic tree, the degree of genetic diversity (average 

pairwise distance (APD)) within the sequence dataset can be measured. This diversity 

measurement is used to compare the genetic variation between HIV populations in 

different cellular or anatomical compartments and can also be informative about the 

length of infection as the genetic diversity of HIV continues to increase over time. 

The diversity in a dataset is the average of all the genetic distances between all 

possible pairs of sequences in the alignment. To calculate pairwise distance every 

nucleotide is compared with the corresponding nucleotide of all other sequences in 

the alignment. The number of differences is divided by the length of the sequences to 

obtain pairwise distance. The sum of all pairwise distances is then divided by 

((number of sequences*(number of sequences -1)/2) to generate pairwise mean 

diversity. Diversities are typically reported as percent differences. 

 

1.7.3 Compartmentalization analyses 

To further assess the genetic relationship between HIV sequences, 

compartmentalization analyses which evaluate the degree of compartmentalization 

between sequences from different cellular compartments and/or from different time 

points can be used. The compartmentalization analyses can both be tree-based and 

distance based. In tree-based methods a tree is built from the genetic information that 

is provided and from that tree the programs assess the degree of compartmentalization 

in the dataset. Hence, these methods are reliant on that the true genetic relationship 

between the sequences is represented by the tree.  In contrast, the nucleotide distance-

based methods are not reliant on phylogenetic trees and these methods use the genetic 

information that is provided within the dataset and the absolute measures of pairwise 

genetic distances between sequences.  

 

1.7.4 Evolutionary rate estimations 

Because of the high error rate, HIV sequences that are sampled at different time points 

during infection will usually accumulate a significant amount of genetic change. The 

information in these sequences can be used to estimate the rate of the evolutionary 

change that has occurred. There are several ways to estimate the viral evolutionary rate 

between sequences sampled at different time points (reviewed in (199)). The simplest 

way is to calculate the number of substitutions (d) between sequences sampled at 

different time points for example t1 and t2 and then divide the number of changes by 

the amount of time between t1 and t2. (Substitution rate y = d/(t2-t1). Another way is to 

incorporate a time model to the phylogeny and use a so called “root to tip regression 

analysis” to estimate the evolutionary rate. Here a rooted tree is constructed and the 

divergence of each sequence (the genetic distance from each sequence to the root) is 

measured. A linear regression between the time of sampling of each sequence and the 

divergence is then constructed. From this linear regression the evolutionary rate will be 
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estimated by dividing the nucleotide changes per site by the time between sampling 

(Figure 8). 

 

 
Figure 8. Evolutionary rate estimations using root to tip regression analysis. 

 

In the section “Phylogenetic analyses” under material and methods I describe in more 

detail how different methods have been used to assess the genetic relationship, 

diversity, compartmentalization and evolutionary rate of HIV-1 in the papers included 

in this thesis.  
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2 AIMS 

 

The general aim of my thesis was to characterize HIV-1 in infected cells in patients 

who are treatment naïve and in patients on long-term suppressive therapy.  

 

The specific aims of my thesis were: 

 

Paper I:  To develop a single-cell sequencing assay to determine the number and 

relatedness of HIV-1 DNA molecules in HIV-1-infected cells from 

peripheral blood in untreated HIV-1 infection. 

 

Paper II:  To determine the number and relatedness of HIV-1 DNA molecules in 

HIV-1-infected cells from lymph node tissue in untreated HIV-1 

infection. 

 

Paper III: To determine if Lin
-
/CD34

+
 hematopoietic progenitor cells from bone 

marrow are an HIV-1 reservoir in patients on long-term suppressive 

antiretroviral therapy. 

 

Paper IV:  To characterize the latent HIV-1 reservoir in peripheral blood and gut-

associated lymphoid tissue in patients on long-term suppressive therapy.  
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3 MATERIAL AND METHODS 

3.1 PATIENT MATERIAL  

In paper I, CD4
+
 T-cells and plasma isolated from peripheral blood samples from five 

recently and four chronically infected HIV-1 subtype B infected individuals were 

analyzed. The samples from the five patients in early infection were obtained from 

patients attending Venhälsan at Södersjukhuset, Stockholm, and were part of a recent 

study on transmitted drug resistance (200).  Laboratory documented primary HIV-1 

infection was defined as an acute seroconversion syndrome confirmed by one of the 

following: a) HIV-1 antibody seroconversion; b) HIV-1 antibody negativity and 

positive HIV-1 RNA PCR; c) HIV-1 antibody negativity and positive HIV- 1 DNA 

PCR; or d) HIV-1 antibody negativity and positive HIV-1 antigen test. All HIV-1 

infections were reconfirmed by a full HIV-1 antibody seroconversion. The samples 

from the chronically HIV-1-infected patients were obtained from patients enrolled in 

studies at the National Institute of Allergy and Infectious Disease Critical Care Medical 

Department (NIAID/CCMD) of the National Institutes of Health (NIH), Bethesda, 

Maryland. All patients were treatment naïve when the samples were isolated.  

 

In paper II, memory and naïve CD4
+
 T-cells isolated from peripheral blood and lymph 

node tissue from five HIV-1 subtype B infected (all Feibig stage VI) individuals were 

analyzed. The patients were not receiving antiretroviral therapy, and were enrolled in 

clinical studies at NIAID/CCMD, NIH, Bethesda, Maryland. Palpable lymph nodes 

were identified in axilla (n=2) or inguinal (n=3) regions and entire lymph nodes were 

excised.  Peripheral blood samples were obtained at the time of, or within three weeks 

of biopsy.   

 

In paper III, paired bone marrow and peripheral blood samples from eight HIV-1 

subtype B individuals were analyzed. The samples were obtained from individuals in 

the Options Cohort at University of California, San Francisco. The Options Cohort is 

an ongoing longitudinal observational cohort study of adults enrolled within six months 

of HIV-1 antibody seroconversion and followed throughout the course of HIV disease. 

Time since infection for each of the individuals was estimated as the midpoint between 

reported negative and positive tests based on data from serological tests, HIV-1 RNA 

tests, and prior antibody test history. In this study, we included five patients who had 

elected to begin therapy within 30 days of entering the cohort (acute/early infection, 

patients 1–5) and three who had chosen to begin therapy >1 year after infection 

(chronic infection, patients 6–8). The patients were receiving suppressive cART 

throughout the study and the criterion we used for selection of these patients was 

undetectable HIV-1 viremia (<40–75 copies/mL) for three years or more after the 

initiation of therapy.  

 

In paper IV, paired GALT and peripheral blood samples from eight HIV-1 subtype B 

individuals were analyzed. The samples analyzed in study IV were from the same 

patients involved in study III and isolated at the same time point as the bone marrow 

samples. In addition to GALT and peripheral blood samples, we analyzed plasma 

samples isolated before the patients initiated cART. These plasma samples were 

collected 0-180 days before the initiation of therapy. For one patient (patient 3) the 

plasma sample was collected 14 days after the initiation of cART.  
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3.2 ETHICAL CONSIDERATIONS  

For each study presented in this thesis, written informed consent was obtained from all 

of the patients. Study I and II were approved by the institutional review boards at the 

National Institutes of Health and the Karolinska Institutet and study III and IV were 

approved by the institutional review boards at the University of California, San 

Francisco and the Karolinska Institutet. 

 

 
3.3 LABORATORY METHODS 

To quantify and genetically characterize HIV-1 viral populations from infected cells we 

developed two different assays described below and in more detail in the material and 

methods section for papers I and III.  

 
3.3.1 Single-cell sequencing 

Single-cell sequencing (SCS) was developed to quantify and genetically characterize 

HIV-1 from single infected cells (Figure 9). CD4
+
 T-cells from HIV-1-infected 

patients were sorted by a fluorescence activated cell sorter (FACS – see section 

“Fluorescence activated cell sorting”) into polymerase chain reaction (PCR) plates at 

dilutions selected so that each well would contain on average much less than one HIV-

1-infected cell*. The cells in each well were lysed and their DNA distributed over 10 

wells in a total of eight rows on a 96-well PCR plate. PCR amplification and 

sequencing of a 1.3kb large fragment of the viral DNA in each well allowed us to 

enumerate and analyze the genetic relationship of viral DNA molecules in each infected 

cell. Using Poisson statistical methods, we also determined the predicted number of 

multiply infected cells, and whether the observed number of multiply infected cells 

exceeded the predicted number. In addition, the relatedness of viral DNA sequences to 

one another and to single-genome sequences derived from contemporaneous plasma 

virus RNA was determined by phylogenetic analysis (detailed description of the 

phylogenetic analysis is provided in the section “phylogenetic analysis” below). 

 

*The following procedure was carried out to determine the concentration level of cells 

containing less than one infected cell per well. Several plates were set up with different 

amount of cells sorted into each well ranging from 30 – 1000 cells/well. A test run for 

each cellular concentration was performed and from the number of HIV-1 DNA 

molecules amplified by PCR in the different test runs the frequency of infection for 

each sorted cell concentration was calculated for each patient to determine the 

concentration level of cells containing far less than one HIV-1-infected cell. On the 

basis of these calculations, up to 11 additional HIV-1 DNA amplification PCR plates 

were set up for the particular sorted cell concentration determined to contain much less 

than one HIV-1–infected cell. 

 

3.3.2 Single-proviral sequencing 

To enable the analysis of large amount of infected cells a modification of the single-cell 

sequencing assay called single-proviral sequencing (SPS) was developed. Cells were 

sorted using FACS into vials with a total of up to 1 million cells. The cells in each vial 

were lysed and HIV-1 DNA amplified using PCR. To obtain PCR products derived 

from single HIV-1 DNA molecules, the cellular lysate with HIV-1 DNA was serially 

diluted 1:3 in 5-mM Tris-HCl to a maximum dilution of 1:243. According to Poisson 

distribution, the cellular dilution yielding amplified product in 3 out of 10 PCR 

reactions contains 1 copy of HIV-1 DNA per positive PCR about 80% of the time. 
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Thus, PCR plates were set up to identify the optimal cellular lysate dilution yielding 

<30% positive PCR reactions for each cell type and patient. Similar to SCS we used 

PCR primers spanning a 1.3-kb fragment of HIV-1 DNA encompassing the gag-pol 

region, and all amplified products were detected by gel electrophoresis. Viral DNA 

amplicons were sequenced and the relatedness of viral DNA sequences to one another 

and to single-genome sequences derived from plasma virus RNA was determined by 

phylogenetic analysis (see section “phylogenetic analysis” below). 

 

3.3.3 Single-genome sequencing 

To analyze viral variants isolated from plasma we used the method single-genome 

sequencing (SGS) developed by Dr. Palmer and co-workers at the NIH. Viral RNA is 

extracted from plasma samples and converted into cDNA using reverse transcriptase. 

This cDNA is than serially diluted to obtain PCR products derived from single HIV-1 

DNA molecules.  

 

The use of methods where we analyze single HIV-1 molecules (SCS, SPS and SGS) 

allows us to avoid both PCR resampling (which will result in false population 

homogeneity) and PCR-mediated recombination (which will result in false population 

structure). 

 

 

3.4 FLUORESCENCE ACTIVATED CELL SORTING 

All the cells analyzed in papers I-IV were isolated using FACS. FACS is a specialized 

flow cytometry which enables us to identify specific cellular populations based on their 

phenotypes from a heterogeneous sample and sort specific cell populations of interest. 

The cells to be analyzed were made into single cell suspension and marked with 

fluorescent probes, monoclonal antibodies that have been conjugated to fluorochromes 

specific for cellular markers on the cell type/ types of interest. These markers are 

usually proteins specific to the particular cell type of interest. In the FACS instrument 

the cells pass a laser beam (one cell at a time) which results in scattered light and 

fluorescence at a wavelength specific for a particular cell type. The emission data is 

gathered by an optical and electronics system which translates the light signals into 

digital information which enables us to identify which cells belong to the specific 

population that we want to sort and analyze (201).  For our studies we used different 

monoclonal antibodies to isolate different cellular populations of interest. Table 4 

shows the different panels used for papers I - IV. 

 

Table 4. Panels for isolation of different cellular populations 

Paper Cellular population Sort panel 

I 
CD4+ T-cells CD45+, CD3+, CD4+, CD8- 

Monocytes CD45+, CD3-, CD4+, CD14+, CD16+ 

II 
Naive CD4+ T-cells CD45+, CD3+, CD4+, CD8-, CD45RO-, CD27+ 

Memory CD4+ T-cells CD45+, CD3+, CD4+, CD8-, CD45RO+/-, CD27+/- 

III 

Hematopoietic progenitor cells Lin−/CD34+  

Lin = CD3, CD14, CD16, CD19, 

CD20 and CD56 

Hematopoietic progenitor cells  Lin−/CD34− 

Bone marrow cells Lin−/CD4+ 

Bone marrow cells Lin+/CD4+ 

Memory CD4+ T-cells CD45+, CD3+, CD4+, CD8-, CD45RO+, CD27+/- 

IV 

Naive CD4+ T-cells CD45+, CD3+, CD4+, CD8-, CD45RO-, CD27+ 

Central memory CD4+ T-cells CD45+, CD3+, CD4+, CD8-, CD45RO+, CD27+ 

Effector memory CD4+ T-cells CD45+, CD3+, CD4+, CD8-, CD45RO+, CD27- 

Myeloid cells CD45+, CD3-, CD4+ 
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3.5 PHYLOGENETIC ANALYSES 

HIV-1 sequences from infected cells and plasma were obtained through the use of SCS 

(papers I and II), SPS (papers III and IV) and SGS (papers I – IV).  

 

For each study, about 25 single genome sequences of the 1.3kb large fragment (p6 

through nucleotide 1-900 of rt) were obtained from cell and plasma samples. Each 

sequence was the result of several primer extension reactions using 4 overlapping 

internal primers in both directions. Contigs were generated from the raw sequencing 

data (electropherograms) using an in house computer program written in Pearl scripting 

language. The sequences were aligned into multiple alignment files for each patient 

sample using Clustal X or MAFT. In order to guarantee high quality data and accurate 

sequence alignments, data resulting from low quality sequencing were eliminated by 

several automated and manual quality control parameters prior to and after the 

generation of the contigs. 

1) All electropherograms were required to have a mean quality score of Q20 (99% 

accuracy) to be included. 

2) Contigs were required to have bidirectional sequence reads of at least 1.1kb to 

be included in the multiple alignment files 

3) Contigs resulting from the amplification of more than one single cDNA 

template were identified by the presence of multiple peaks at single sites in the 

electropherograms. The program Polyphred was used to detect multiple base 

calling peaks located at the same position. Sequences with multiple base calls in 

sequencing reads from both directions at more than one site in a contig were 

considered to be the result of two or more templates and were excluded.  

4) Multiple alignment files were scanned by eye for suspicious base calls and were 

trimmed and edited when necessary. 

5) Gaps in the alignments were adjusted as needed.  

 

Before downstream analysis of each patient sample an alignment with all patient 

samples as well as laboratory strains was created and sequences were compared on a 

phylogenetic tree to ensure that there was no contamination between samples or by 

laboratory strains. 

 

3.5.1 Tree construction 

Phylogenetic trees were built to assess the genetic relationship of the sequences within 

each intra-patient alignment. Before the tree construction each alignment was analyzed 

for the presence of G-A hypermutated sequences using the program Hypermut at Los 

Alamos HIV database. G-A hypermutated sequences have been subjected to 

hypermutation by the cellular antiviral protein APOBEC and are believed to occur 

during one single replication cycle rather than representing gradual sequence evolution. 

Therefore, these sequences were excluded from the alignments. In addition, the 

alignments were inspected for recombinant sequences using the genetic algorithm for 

recombination detection (GARD) or Splits Tree. In the patient datasets where 

recombinants were identified the dataset was divided into non-recombinant fragments 

using GARD and phylogenetic analyses on both full length sequence and non-

recombinant fragments conducted. In all of the studies in this thesis the phylogenetic 

trees were constructed using Maximum Likelihood in the programs MEGA or PhyML. 

The model of evolution used for each study was estimated using the Find Model tool at 

the Los Alamos HIV database. Branch support was inferred using 100 - 1000 bootstrap 

replicates. In papers I, II and III, where we analyzed sequences sampled at one single 
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time point, an out-group (pNL-43 or HXB2) was included in each phylogenetic tree. 

For paper IV, where we analyzed sequences sampled from two time points, we 

decided not to include any out group as this may be falsely interpreted as the root of the 

tree. In addition, we decided not to include a root as the low phylogenetic signal 

between the two sample time points made it very hard to estimate true roots for the 

patient data sets.  

 

3.5.2 Diversity measurements 

Measurements of genetic HIV-1 diversity (average pairwise distance) of HIV-1 

populations isolated from cells and plasma were calculated using the p-distance model 

in MEGA4.0 or 5.0 (http://www.megasoftware.net/). In papers I, II and III the genetic 

diversities are reported as percent differences between sequences.   

 

3.5.3 Compartmentalization analyses 

In papers II and IV, the degree of compartmentalization between sequences from 

different cellular compartments and from different time points was measured using 

tree-based methods Simmons Association index (papers II and IV) and Slatkin 

Maddison (paper II) and distance based method Wright measurement of sub division 

(papers II and IV) (202). All the compartmentalization analyses were conducted using 

the HyPhy workbench. 

 

Simmonds association index assesses the degree of viral compartmentalization by 

detection of deviation from randomness in the position of sequences isolated from 

different samples (eg different anatomical compartments, cell types or samples isolated 

at different time points) in phylogenetic trees. For this method a numerical index that is 

derived from the composition of descendants from each bifurcating node in a standard 

neighbor-joining tree is calculated. Nodes with descendants from different samples will 

be assigned a grouping score of 1, while nodes with sequences from the same sample 

will be assigned a grouping score of 0. Trees showing a high degree of 

compartmentalization of sequences will mostly contain nodes with descendants from 

the same samples, and will be assigned a lower grouping score than for one where each 

descendant node contains mixed variants. To evaluate the significance of the analysis 

the observed values are compared to values obtained by randomly reassigning the 

sequence labels in the dataset, while retaining the relative numbers of sequences from 

each compartment and the tree structure (202, 203). To evaluate the robustness of the 

tree, bootstrap analysis is implemented. In the analyses in papers II and IV grouping 

values were calculated on 1000 sets of bootstrap-resample replicates of the sequences, 

each with 10 sample label reassignments.  

 

The Slatkin-Maddison test assesses the degree of compartmentalization by 

determining the minimum number of migration events between viral populations 

isolated from different compartments (eg different anatomical compartments, cell types 

or samples isolated at different time points) in a phylogenetic tree. If only a few 

migration events can be estimated from the tree the more structure and 

compartmentalization there is between the sequences (204). Hence fewer migrations 

(for a given number of sequences) indicate more structure. Statistical support is based 

on the number of migration events that would be expected in a randomly structured 

population, derived by randomly moving sequences between compartments. In paper 

II, 10000 permutations of the sequences derived from peripheral blood and lymph node 

compartments were performed. P-values <0.05 were considered significant evidence 

for compartmentalization. 

http://www.megasoftware.net/
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Wright’s measure of population subdivision is a nucleotide distance-based method. 

In paper II and IV, we chose to include a nucleotide distance-based method that does 

not place emphasis on the phylogenetic tree, which is often poorly resolved for intra-

host phylogenies. This method compares the mean pairwise genetic distance between 

two sequences sampled from different compartments to the mean distance between 

sequences sampled from the same compartment (205). Distances were estimated using 

a maximum likelihood approach under a GTR nucleotide substitution model, 

estimating all parameters independently for each branch. To obtain the significance of 

the statistics, 1000 permutations were computed, with the permutation test randomly 

allocating sequences into different pre-defined clades (different tissue compartments or 

time points). P-values <0.05 were considered significant evidence for 

compartmentalization. 

 

3.5.4 Evolutionary rate estimations 

In addition to the phylogenetic tree reconstruction and compartmentalization analysis, 

we also evaluated the degree of viral evolution during suppressive cART in paper 

IV. In this study we used the pre-therapy samples and on-therapy samples in order to 

estimate the evolutionary rate between the two sample time points. The evolutionary 

rate was estimated using the ”root to tip regression analysis”. The trees were 

constructed using Bayesian interference, which generates a posterior distribution for a 

specific parameter (such as a phylogenetic tree and a model of evolution), based on 

the prior distribution for that parameter. The Bayesian phylogenies were inferred 

using the software package BEAST which employs a Markov chain Monte Carlo 

(MCMC) method to estimate the posterior distribution of the parameters (206). We 

used the general time reversible nucleotide substitution model. Because we were 

analyzing intra-patient data with low-levels of genetic divergence a strict molecular 

clock was used which assumes a constant rate of evolution throughout the tree. In 

paper IV we also evaluated the correlation between divergence and time using Path-

O-Gen (http://tree.bio.ed.ac.uk). Like the evolutionary rate estimations the viral 

divergence was plotted against the time of sampling and the correlation between viral 

divergence and time evaluated.  

 

 

3.6 STATISTICAL ANALYSIS 

For the statistical analyses used in the papers presented in this thesis please see the 

material and methods section for each specific paper.  
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4 RESULTS AND DISCUSSION 

 

HIV-1 infects and can establish active or latent infection in CD4
+
 T-cells and possibly 

other cells that express the viral receptors CD4, CCR5 and/or CXCR4. Determining the 

type of cells that contain HIV-1 and the HIV-1 genetic populations within these cells 

will enhance our understanding of the dynamics of HIV-1 infection both in treatment 

naïve and experienced patients.    

In this thesis, I have developed and used unique and sensitive assays to 

study HIV-1 within infected cells and plasma in both treatment naïve and experienced 

HIV-1-infected individuals. In paper I, the SCS assay was developed. This assay was 

used in both papers I and II to quantify and genetically characterize individual HIV-1 

DNA molecules from single cells isolated from peripheral blood and lymph node 

tissue. In paper III a modified version of the SCS assay, the SPS assay was developed 

to analyze the genetic makeup of HIV-1 from a large amount of cells isolated from 

bone marrow and peripheral blood in patients on long-term suppressive therapy. This 

same method was used in paper IV to analyze the genetic makeup of HIV-1 isolated 

from infected cells in GALT and peripheral blood from the same patients that were 

analyzed in paper III. The results and discussion will be presented for each study 

separately.  

 

4.1 PAPER I 

Genetic recombination contributes to the diversity of HIV-1. Productive HIV-1 

recombination is, however, dependent on both the number of HIV-1 genomes per 

infected cell and the genetic relationship between these viral genomes. A detailed 

analysis of the number of proviruses and their genetic relationship in infected cells is 

therefore important for understanding HIV-1 recombination, genetic diversity and the 

dynamics of HIV-1 infection. Only two previous studies sought to estimate the number 

of HIV-1 DNA molecules in infected cells. Evidence for multiply HIV-1-infected cells 

in vivo was first demonstrated in the spleen by Gratton et al. (207) and further 

confirmed in a study by Jung et al. (208). The latter study concluded that CD4
+
 cells 

isolated from the spleen harbored between one and eight (with a mean of 3.2) 

proviruses per cell and that the proviruses within single cells were genetically diverse 

(208). However, modeling studies by Neher et al. (209) and Batorsky et al. (210) 

concluded that, on the basis of the amount of viral recombination observed during 

chronic HIV-1 infection, only 10% or less of HIV-1-infected cells are multiply 

infected. To further investigate this question, we developed the SCS assay and analyzed 

the number and genetic makeup of HIV-1 DNA molecules in CD4
+
 T-cells and 

monocytes from peripheral blood of nine HIV-1-infected treatment naïve individuals: 

five during early infection (1-5) and four during chronic infection (6-9).  

Using the SCS assay we found that the majority of the cells contained 

only one HIV-1 DNA molecule (>90%). However, in eight of the nine patients we 

found some evidence of multiply infected cells and when the cell lysate from their cells 

containing far less than one HIV-1-infected cell was spread over 10 wells on a 96 well 

plate two or more HIV-1 DNA molecules were detected in this lysate by PCR (Figure 

9). These multiple HIV-1 DNA molecules could arise from cells multiply infected with 

two or more HIV-1 DNA molecules. However, there were two other possible reasons 

for the detection of more than one HIV-1 DNA molecule in a row of 10 wells: 1) one 

cell contained a single provirus but was in the process of DNA replication; or 2) two or 

more HIV-1 positive cells were lysed and analyzed in the same row. If we assumed that 

all of the multiple HIV-1 DNA molecules that we observed were derived from multiply 
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infected cells the upper 95% confidence bound for the proportion of multiply HIV-1-

infected CD4
+
 T-cells in peripheral blood is 19% and 29% during early and chronic 

infection, respectively. In total we identified 45 lanes with multiple HIV-1 DNA 

molecules and 22 of these were genetically distinct which could, if they came from the 

same singly infected cells, give rise to heterogeneous viral particles. However, when 

we compared the actual number of multiple HIV-1 DNA molecules that we observed 

with the values predicted by Poisson distribution, we estimated the frequency of cells 

containing multiple HIV-1 DNA molecules during early and chronic infection to be 

2.6% and 7.0%, respectively, and not significantly different from 0 for any individual 

patient. These numbers are far below previous estimates of the amount of HIV-1 DNA 

molecules in infected cells from spleen described above (14, 15).  

Using the SCS method we also achieved precise measurements of the 

infection frequency of the CD4
+
 T-cells enabling comparison between patients in early 

and chronic infection. In this study we found the frequency of infection averaging 

≈1600 and ≈700 cells per HIV-1 DNA molecule in the early and chronic infected 

patients respectively. Despite a trend towards higher frequency of infection in the 

patients in chronic infection this difference was not statistically significant. When 

analyzing a total of 2000 to 200 000 monocytes from patients 3 to 9 we found no 

infected monocytes. The lack of HIV-1 in isolated monocytes indicates that monocytes 

are not a major reservoir of HIV-1 in untreated infection.  

Statistical analysis showed no correlation between frequency of infected 

CD4
+ 

T-cells cells and plasma viral load in samples collected from patients during early 

infection; however, a correlation was found in samples collected from patients during 

chronic infection.  The lack of correlation between the infection frequency of CD4
+
 T 

cells and viral RNA levels in early infection could be explained by the fact that a viral 

set point has not been established in these patients. Phylogenetic analysis revealed 

genetic similarity between HIV-1 populations in CD4
+
 T-cells and plasma. This finding 

implies on-going exchange between these compartments both early and late after  

infection.  

 

 
 

Figure 9. Single-cell sequencing assay.  

 

4.2 PAPER II 

When conducting the SCS analysis on CD4
+
 T-cells from peripheral blood we found 

that during productive HIV-1 infection most of the CD4
+
 T-cells in the peripheral blood 

contain a single HIV-1 DNA molecule and sequence analysis revealed that intracellular 

viral DNA from CD4
+
 T-cells was phylogenetically similar to contemporaneous plasma 

RNA. As the results from our first study were so different from earlier studies where 

they had found one to eight provirus per infected cell in the spleen (207, 208)  we 

wanted to use our sensitive SCS assay to analyze cells from lymphoid tissue. Studies 

have detected higher concentrations of HIV-1 RNA and DNA in lymphoid tissue (107, 
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118-120) compared to peripheral blood which lead to the assumption that a higher 

number of multiply infected cells are located in this anatomical site.  

Using the SCS assay we analyzed naïve and memory CD4
+
 T-cells from 

axillary and inguinal lymphoid tissue and peripheral blood from five HIV-1 chronically 

infected treatment naive individuals. Similar to our findings in paper I we found that 

the majority (>90%) of both memory and naïve HIV-infected CD4
+
 T-cells from lymph 

node tissue and peripheral blood contained only one HIV-1 DNA molecule. The major 

difference between our work and the spleen studies could have been the cells that were 

analyzed and, the anatomical compartment from which they were isolated. We 

analyzed memory and naïve CD4
+
 T-cells from peripheral blood and axillary or 

inguinal lymph node tissue not CD4
+
 cells from the spleen. Also the methods we used 

were different to those used in the earlier studies. Using FACS and our new SCS 

method we were able to ensure isolation and analysis of single infected cells, while the 

other studies used magnetic beads or micro dissection to isolate cells and fluorescence 

in situ hybridization or PCR to detect HIV-1 DNA in these isolated cells.  

In this study we found that the average infection frequency of lymph node 

derived memory CD4
+
 T-cells (250 cells per HIV-1 DNA molecule, 0.4%) was 2 – 17 

times higher but not significantly different from peripheral blood derived memory 

CD4
+
 T-cells (700 cells per HIV-1 DNA molecule, 0.14%). The higher HIV-1 infection 

frequency of cells from lymph node tissue compared to peripheral blood is consistent 

with the higher concentrations of both HIV-1 RNA and DNA in lymph node tissue 

described in earlier studies (107, 118-120). We were able to isolate naïve T-cells from 

the peripheral blood for only two of the five patients which limited our ability to 

determine the infection frequency of these cells in peripheral blood and compare the 

infection frequency of these cells in blood to lymph node tissue. When comparing the 

infection frequency of memory versus  naïve T-cells from the lymph node we found 

that the infection frequency was significantly higher in memory T-cells compared to 

that of naïve CD4
+
 T-cells (2600 cells per HIV DNA molecule (0.04%).  

Consistent with the results from the chronically infected patients 

described in paper I we found a correlation between viral RNA levels and frequency of 

infection in the analysis of chronically infected patients conducted for paper II. In 

addition, in each of the five patients, we found that the intracellular HIV-1 DNA 

sequences isolated from memory and naïve CD4
+
 T-cells residing in the lymph node 

tissue were phylogenetically interspersed with intracellular sequences from cells 

located in the peripheral blood and plasma-derived RNA sequences. The similarity of 

sequences from lymph node tissue, peripheral blood, and plasma was confirmed by 

both maximum likelihood tree construction and compartmentalization tests and implies 

on-going viral and/or cellular exchange between these compartments. We also found 

the same amount of multiply infected cells in peripheral blood as lymph node tissue 

which further indicates a constant flow of infected cells between these two 

compartments.  

 

From studying the number of HIV-1 DNA molecules, infection frequency and the 

genetic make-up of HIV-1 in infected cells isolated from treatment naïve individuals I 

continued my research on samples isolated from patients who had been on suppressive 

antiretroviral therapy with undetectable viral loads for several of years. In collaboration 

with University of California, San Francisco we were able to analyze samples from, 

peripheral blood, bone marrow tissue and GALT from eight patients on long-term 

suppressive cART. 
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4.3 PAPER III  

Recently, studies have showed that HIV-1 can infect and establish a latent reservoir in 

HPCs from bone marrow of patients on effective cART (182). As HPCs are the 

progenitor cells of both the lymphoid and myeloid cellular populations HIV-1 infection 

and persistence in HPCs would greatly impede the possibility of a cure for HIV 

infection.  In the recent study by Carter et al. HIV-1 was detected in CD34
+
 HPCs in 

patients that had been on antiretroviral therapy for 6 months. They found that 44% of 

the patients analyzed had infected CD34
+
 HPCs with a frequency of infection of 1 HIV-

1 DNA molecule per 10 000 cells (0.01%).  

By analyzing CD34
+
 Lin

- 
HPCs isolated from bone marrow tissue from 

patients enrolled in the Options cohort at UCSF we could investigate if CD34
+
 HPCs 

function as a viral reservoir after several years (3 to 12 years) of suppressive cART. In 

this study, we analyzed 100 000–870 000 Lin
−
/CD34

+
 HPCs per patient and did not 

find a single HIV-1-infected Lin
−
/CD34

+ 
HPC. The lack of any infected CD34

+
 HPCs 

provides strong evidence that if these cells are infected in patients on long-term 

suppressive therapy, their infection frequency is very low. In addition to Lin
-
/CD34

+
 

HPCs, we also analyzed more developed cells from bone marrow. These included, Lin
-

/CD34
-
, Lin

-
/CD4

+ 
and Lin

+
/CD4

+
 cells. When analyzing 900 000 – 5 800 000 Lin

-

/CD34
-
 cells we did not find any HIV-1 DNA indicating the if this cellular population 

is infected during long-term suppressive therapy, the frequency of infection is very low 

(<0.0005%). However, we did find infected Lin
-
/CD4

+
 and Lin

+
/CD4

+
 cells. To 

investigate if the genetic makeup of viral populations in these cells isolated from bone 

marrow is unique we compared them to the intracellular HIV-1 sequences derived from 

the cells of each patient’s peripheral blood. Phylogenetic analysis revealed that HIV-1 

DNA from infected bone marrow cells of each patient was genetically similar to HIV-1 

DNA from lymphoid cells located in their peripheral blood.  The fact that we found 

similar HIV-1 populations in the cells from bone marrow and peripheral blood could be 

due to an active exchange of virus and/or cells between these compartments. However, 

as bone marrow is highly vascular it is also likely that the infected cells isolated from 

bone marrow samples were from peripheral blood.  

 

4.4 PAPER IV 

To continue characterizing the latent HIV-1 reservoir in patients on long-term 

suppressive antiretroviral therapy we isolated and analyzed cells from peripheral blood 

and GALT from the same eight patients enrolled in the bone marrow study.  

In this study we isolated a subset of T-cells including, central and effector memory T-

cells, naïve T-cells and monocytes/macrophages to answer the following questions 

1. Which cells are infected and to what degree in peripheral blood and GALT after 

long-term suppressive therapy. 

2. Does on-going replication in infected cells maintain persistent HIV-1 in 

peripheral blood and GALT during long-term suppressive therapy. 

Using the SPS assay we found, consistent with earlier reports, that the majority of HIV-

1 DNA could be detected in the memory CD4
+
 T-cell populations and that the central 

memory population is the major contributor to the T-cell HIV-1 reservoir in peripheral 

blood during long-term suppressive therapy (154, 155, 176). In addition to HIV-1 

infection in memory T-cells, we also detected HIV-1 in isolated naïve T-cells from both 

peripheral blood and GALT, although at much lower frequencies. We found evidence 

that the HIV-1 infection frequencies of cells from both peripheral blood and GALT 

were higher in patients who initiated therapy during chronic infection compared to 

patients who initiated therapy during acute/early infection. These results indicate that 

cellular HIV-1 reservoirs in persons on long-term therapy are lower when treatment is 
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initiated during acute/early infection. Our results are consistent with earlier reports and 

emphasize the effects of treatment initiation on HIV-1 cellular reservoirs (141). When 

analyzing the infection frequencies of cells isolated from GALT and peripheral blood, 

we found similar HIV-1 infection frequencies in the cells isolated from these two 

different compartments. This is in disagreement with earlier studies and in agreement 

with others (176, 186).  The discrepancy between studies of cells from this 

compartment could be explained by the fact that different studies have examined 

different regions of the GI tract, it is important to bear in mind these differences as this 

may account for some of the variability in findings between studies. When we isolated 

cells from GALT our cell yield was low which makes it difficult to estimate the HIV-1 

infection rate of these cells. The low number of cells obtained from GALT is most 

likely due to the fact that CD4
+
 lymphocytes are depleted in the GI tract during the 

acute phase of HIV-1 infection (110) but technical problems associated with isolating 

and sorting cells from this tissue may also have reduced our cell yield. 

We sorted myeloid cells from both peripheral blood and GALT from all 

the eight patients and found HIV-1 DNA in myeloid cells from peripheral blood in only 

two of the eight patient samples and in myeloid cells from GALT in four of the eight 

patient samples. In all of the myeloid samples where we found HIV-1 we did however 

also find the presence of T-cell receptors (TCRs). This means that we cannot rule out 

that the HIV-1 DNA we found in the myeloid cell lysates came from T-cells. Our 

results indicate that if myeloid cells from peripheral blood and GALT are infected, the 

infection frequency of these cells is extremely low and their importance as a latent 

HIV-1 reservoir in patients on cART may be limited. 

To answer the question if there is on-going replication in patients on 

long-term suppressive therapy we did phylogenetic analyses of the viral populations 

isolated from the infected cells after long-term suppressive therapy  and viral 

populations isolated from plasma samples taken before (0-180day) initiation of cART. 

If on-going replication maintains persistent HIV-1 during cART we should see 

evidence of viral evolution and genetic change between the samples isolated just before 

the initiation of therapy and the samples taken after several years of therapy. We 

conducted several different phylogenetic analyses to answer this question and found the 

following results: 1) there is evidence for genetic compartmentalization between pre- 

and on-therapy sequences in 4 of the 8 patients (however, the degree of 

compartmentalization is very low); 2) there was limited correlation between genetic 

divergence and time in all of the patient samples consistent with no viral evolution 

during the years of cART; and 3) evolutionary rate estimates indicate an extremely low 

(<3 nucleotide changes per sequence region analyzed during all the years of therapy), 

but not zero, nucleotide change during the years of suppressive therapy.  

An important limitation in this study is that the pre-therapy samples for 

some of the patients were collected 12-180 days before the initiation of therapy. Thus 

the viral change detected in the patients could well be due to accumulation of 

nucleotide substitutions during the days when the patients were not on therapy.  

Another limitation of the study is that we cannot exclude the occurrence of small bursts 

of viral replication which leave little genetic traces to be identified using phylogenetic 

analyses. Nevertheless, our findings suggest that if such viral bursts of replication 

occur, they do not make a substantial contribution to the latent HIV-1 reservoir in the 

patient samples analyzed in this study. In addition, we identified a replication 

incompetent viral sequence in multiple memory T-cells in one patient treated during 

chronic infection as well as clonal expansion of sequences in the other two patients 

treated during chronic infection. The occurrence of these identical sequences in patients 

treated during chronic infection when the viral population in genetically diverse support 

asynchronous cell replication of cell populations with integrated HIV-1. 
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5 CONCLUSION AND FUTURE PERSEPCTIVES 

 

Determining which cells that are infected and the relationship among proviruses in 

infected cells from peripheral blood and tissue compartments is crucial for 

understanding the dynamics and pathogenesis of HIV-1 infection. Through the work 

done in the four papers presented in this thesis we now have more sensitive tools to 

analyze infected cells which provide a better understanding about HIV-1-infected cells 

and the viral populations that reside within them.  

 

In paper I the SCS was developed to determine the number of HIV-1 DNA molecules 

in single cells and the genetic makeup of the virus within these cells. The SCS method 

was used in papers I and II to analyze single infected cells isolated from peripheral 

blood and lymph node from treatment naïve patients in early and chronic infection. 

When analyzing the degree of multiple infection of CD4
+
 T-cells in peripheral blood 

and lymph node tissue we found that no more than 10% of the infected cells are 

multiply infected, a number far below earlier estimates. The earlier studies used 

different methods and samples from spleen to estimate the number of HIV-1 DNA 

molecules in infected cells, which could explain the discrepancy between our studies. 

Therefore, it would be very interesting to use the SCS assay on cells isolated from 

spleen to see if a higher percentage of cells from spleen are multiply infected compared 

to lymph node and peripheral blood. In addition to analyzing CD4
+
 T-cells, we also 

isolated and analyzed monocytes from peripheral blood (paper I). Whether monocytes 

are infected or not is still debated, however, in this study we could not find any infected 

monocytes when analyzing up to 200 000 cells. Hence, our results indicate that 

monocytes are not a major reservoir of HIV-1 in infected individuals.    

Consistent with other reports we found in papers I and II that the viral 

populations isolated from memory and naïve T-cells from peripheral blood and lymph 

node tissue are similar to each other and to extracellular viral populations isolated from 

plasma. This indicates that there is a constant exchange of virus and/or infected cells 

between these compartments in untreated HIV-1 infection and that no specific 

replication takes place in lymphoid tissue that differs from peripheral blood. However, 

despite the similarity of viral sequences in peripheral blood and lymph node tissue and 

other compartments we do not know whether the virus in the blood is produced by 

infected cells in tissue or in the blood.  Therefore, phylogeographic studies that analyze 

the genetic flow between different cells and tissue compartments would be beneficial 

and very important to further evaluate the genetic structure and dynamics of HIV-1 

populations during untreated HIV-I infection.   

We continued our studies of the HIV-1 reservoir by investigating 

different infected cells and the genetic makeup of the HIV-1 populations residing in 

these cells from patients on long-term suppressive cART (papers III and IV) as these 

latently infected cells are the major obstacle to HIV eradication. In paper III we 

developed the SPS method and analyzed HPCs to evaluate if these cells maintain latent 

HIV-1 reservoirs during suppressive therapy. If HPCs serve as a latent HIV-1 reservoir 

in treated patients this would greatly impede the possibility of a cure for HIV infection. 

Fortunately, we could not find a single infected CD34
+
 HPC indicating that if HIV-1 

can infect these cells and establish latent infection the frequency of these cells is 

extremely low.  Our result is in agreement with recent data from other groups 

indicating that HPCs are most likely not a viral reservoir in patients on suppressive 

therapy (120, 211). However, a bigger study with more patients and more HPCs being 

analyzed could be beneficial. The question is however if we should let patients undergo 
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the painful procedure of bone marrow aspiration just to prove a negative. Importantly in 

paper III we show that the HIV-1 populations in CD4
+
 cells from bone marrow has 

similar genetic makeup as HIV-1 populations located in memory CD4
+
 T-cells isolated 

from peripheral blood. The genetic similarity can be explained by on-going exchange 

of HIV-1 and/or infected cells between blood and bone marrow. However, as bone 

marrow is highly vascularized we cannot rule out that these infected CD4
+ 

cells actually 

originated in the blood. Therefore, when working with cells from bone marrow it is of 

major importance to keep in mind the possibility of contamination with cells from 

peripheral blood.  

In paper IV we analyzed cells from peripheral blood and GALT from the 

same eight patients who donated the bone marrow samples. Consistent with consensus 

in the field, our results indicate that persistent HIV-1 infection takes place primarily in 

the memory CD4
+
 T-cells, however, we did also find infected naïve T-cells indicating 

that these cells are important HIV-1 reservoirs during suppressive therapy. When 

analyzing the contribution of each cell type to the total HIV-1 reservoir in memory and 

naïve T-cells we found that the central memory T-cells were the largest component of 

the latent HIV-1 reservoir in peripheral blood while effector memory T-cells are the 

largest component of the latent HIV-1 reservoir in GALT. The difference in the cell 

type which mainly contributes to the HIV-1 reservoir between peripheral blood and 

GALT can be explained by the different amounts of effector and central memory cells 

which reside in these compartments and the relative infection frequencies in these two 

anatomical sites. However, the number of cells isolated and analyzed from GALT was 

few and these results need to be evaluated further. In addition to CD4
+
 T-cells, we also 

isolated and analyzed cells from the monocyte/macrophage linage both from peripheral 

blood and GALT. We did find some HIV-1 DNA in these cells, however when 

conducting T-cell receptor analyses of these samples we found the presence of T-cell 

receptors in all monocyte/macrophage lysates that were HIV-1 positive. Hence we 

cannot rule out the contamination of T-cells in these samples. The result from the T-cell 

receptor analysis shows the importance of very high cell purity and the need for in-

depth analyses when identifying latent HIV-1 reservoirs. Evident in both papers III 

and IV was that patients treated during early infection have a lower HIV-1 reservoir 

size in both GALT and peripheral blood than patients treated during chronic infection. 

This is in agreement with an earlier study and emphasizes the possible importance of 

starting treatment early in infection when it comes to the overall HIV-1 reservoir size in 

an infected individual.  

In addition to latently infected cells, on-going replication could also 

maintain HIV-1 during therapy. To evaluate whether on-going replication replenishes 

the latent HIV-1 reservoir during therapy we conducted several phylogenetic analyses 

to assess the degree of viral evolution and genetic change in cells from patients on long-

term suppressive therapy. Overall, we found very little evidence for viral evolution and 

genetic change during the years of suppressive therapy. However, the evolutionary rate 

estimations did show a few nucleotide changes during the years of therapy. If these 

nucleotide changes were due to full rounds of replication the question is how important 

such low-level replication is for; 1) maintaining and/or increasing the HIV reservoir 

and 2) maintaining general immune activation in patients on suppressive cART. 

However, before answering these questions it is important to conduct more studies to 

fully investigate whether viral replication takes place during suppressive antiretroviral 

therapy.  

One important finding while conducting the phylogenetic analyses is that 

it is very difficult and sometimes not appropriate to use phylogenetic approaches that 

are developed to analyze sequences with a high genetic signal on sequence data with 

very little or no phylogenetic signal. The fact that there was very little or virtually no 
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phylogenetic signal between the pre-therapy and on-therapy sequences indicates that 

little or no viral evolution and, hence, no substantial viral replication had occurred 

during years of suppressive cART. However, new tools and approaches will be useful 

in determining the degree of viral change during suppressive therapy. In addition, when 

answering the question about replication during suppressive therapy it is important to 

have access to pre-therapy samples isolated just before initiation of therapy to diminish 

the possibility of detection of nucleotide changes in the sequences that occurred before 

the patients were fully suppressed.  

During analysis of the samples described in papers III and IV we 

detected in patient 7 clonal expansion of replication incompetent sequences. Clonal 

sequences were also detected in the other two patients treated during chronic infection 

(when the viral population is highly diverse and very few sequences are identical). The 

occurrence of these identical sequences supports the theory that the latent HIV-1 

reservoir can be maintained by proliferation of latently-infected cells. If HIV-infected 

cells can undergo homoeostatic proliferation and maintain/fuel the latent reservoir, they 

must be targeted by future eradication strategies.  

We have come a long way in characterizing the HIV-1 reservoir but more 

studies are needed. For future studies it would be important to analyze the genetic 

makeup of HIV-1 from as many different cell types and anatomical compartments as 

possible. However, due to the complexity of collecting these samples from patient 

volunteers, it is important to continue the important research on samples from non-

human study subjects such as humanized mice or non-human primates and apply the 

knowledge gained from these studies to future studies on humans. In addition, more in-

depth studies are needed to determine the replication competence of the latent virus that 

is detected in patients on suppressive therapy and better understand the mechanisms 

that maintain HIV persistence.  

In conclusion, the work from the four papers presented in this thesis has 

shown that by the development and utilization of sensitive analytical techniques we can 

expand our knowledge and understanding about the size, distribution and genetic make-

up of the HIV-1 reservoir in treatment naïve and experienced patients. The knowledge 

provided from these papers is of importance for future research focused on HIV-1 

reservoirs and the efforts to eliminate these reservoirs in HIV-1-infected patients.  
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