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AIMS OF THIS THESIS 

The general aim of the thesis was to follow evolution of virus tropism and sensitivity to 

neutralization during Simian immunodeficiency virus (SIV) pathogenesis in cynomolgus 

macaques infected intrarectally or intravenously with SIVsm (sooty mangabey origin). In 

addition, our question was if there is a relationship between virus tropism, neutralization 

sensitivity and mode of CCR5 use. The long study period of the animals (up to five years) and 

the collection of sequential virus isolates and sera made the material unique.  

Paper I 

To follow the evolution of coreceptor use in sequential isolates in relation to disease 

progression and route of transmission. 

Paper II 

To further dissect the effect of transmission, we examined the kinetics of appearance of 

autologous neutralizing antibodies and evolution of virus neutralization resistance. 

Paper III 

To study whether disease progression was related to changes in virus tropism, as reflected by 

replication capacity in monocyte-derived macrophage (MDM) and PBMC cultures. 

Paper IV 

To analyze if primary SIVsm isolates could infect CCR5 expressing cells independent of CD4 

and to study the mode of CCR5 use. 
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SUMMARY  

Simian immunodeficiency virus (SIV) infections in macaques are commonly used as models 

to study the pathogenesis of human immunodeficiency virus (HIV). Both SIV and HIV 

normally use the CD4 receptor and an additional coreceptor for cell entry. The most common 

coreceptors used by HIV are CCR5 and CXCR4. SIV use CCR5 and rarely CXCR4 but may 

use other coreceptors as alternatives.  

We have studied virus tropism and evolution of the humoral immune response in relation to 

pathogenesis in cynomolgus macaques experimentally infected with SIVsm (of sooty 

mangabey origin) by intravenous (IV) or intrarectal (IR) route. Route of transmission did not 

influence disease progression or virus tropism. CCR5 was the major coreceptor used and 

isolates were in general multitropic, using CCR5, CXCR6 and/or gpr15. Furthermore, both 

macrophages and peripheral blood mononuclear cells (PBMC) could be readily infected with 

all the SIVsm reisolates. CXCR4-using viruses could be isolated, but only when human cells 

were used for virus isolation. Human cells may also select for virus variants with increased 

CD4-dependence. Comparisons of SIV and HIV-1 showed differences in mode of CCR5 use 

which in turn may explain the CD4-independence of SIVsm. Virus production after CD4-

independent infection occurred both intracellularly and extracellularly. Neutralizing 

antibodies appeared earlier in IV-infected animals than in IR-infected animals. In progressors, 

this early humoral immune response was accompanied by early appearance of neutralization 

resistant variants. 

The majority of monkeys with progressive disease showed broadening of coreceptor use, 

stable coreceptor use or fluctuation in the use of different coreceptors. Viruses maintained 

effective replication in macrophages and PBMC and evolved to escape neutralizing antibodies 

already at three months after infection. In contrast, viruses from long-term non-progressor 

(LTNP) monkeys became less fit as shown by decreased frequency of successful virus 

isolations, narrowing of coreceptor use or stable CCR5 use and evolution to a more limited 

macrophage-tropism. Appearance of neutralization escape variants was delayed as compared 

to the early neutralization resistance in progressors. Neutralization resistance, whenever 

evident correlated with increased CD4-dependence in LTNP monkeys. 
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INTRODUCTION

Human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) are 

retroviruses and belongs to the primate lentiviruses in humans and monkeys, respectively 

(64). The viruses in the retrovirus family, Retroviridae, are found in all vertebrates. Based on 

properties of the viruses they are classified as simple or complex retroviruses. Other 

retroviruses that are infecting humans are human T-lymphotropic virus (HTLV) I and II. The 

lentiviruses comprise a separate genus of the family and are complex viruses. These viruses 

are associated with long incubation periods, a characteristic that has earned them the name 

slow (lenti) viruses. Lentiviruses that infect non-primates are feline immunodeficiency virus 

in cats, Visna/maedi virus in sheep, bovine immunodeficiency virus in cattle, caprine arthritis-

encephalis virus in goats and the equine anemia virus in horses. 

Discovery of HIV and the epidemic 

In 1981, rare cases of pneumonia infection caused by a fungus, was reported in young 

homosexual men in Los Angeles affected by severe immune depletion of T cells (81). In the 

same year, Kaposis sarcoma, a cancer form usually affecting elderly, was reported among 

homosexuals in New York (98). The first reports were followed by several others describing 

acquired immunodeficiency syndrome (AIDS). Clinical and epidemiological investigations 

provided persuasive evidence that the disease was caused by an infectious agent, probably a 

virus, transmitted by sexual routes and in blood derivates (10). All initial attempts to establish 

a link between the epidemiological and clinical features of this disease and a known virus 

failed. A French group first discovered a new virus in a lymph node biopsy from an individual 

suffering from generalized lymphadenopathy (11). The virus was suspected as the causative 

agent of AIDS, described as a T-lymphotropic retrovirus and was named lymphadenopathy-

associated virus (LAV). Shortly thereafter, American groups confirmed that retrovirus could 

be isolated from patients with AIDS and designated the virus as HTLV-III. These two viruses 

were later shown to be the same and were renamed to human immunodeficiency virus (HIV), 

later known as HIV-1 (38). In 1986, another HIV virus (HIV-2) was isolated from West 

African patients (36).

HIV has until 2005 killed more than 25 million people since it was first recognized in 1981, 

making it one of the most destructive epidemics in recorded history. Despite recent, improved 

access to antiretroviral treatment and care in many regions of the world, the AIDS epidemic 
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claimed 3.1 million lives in 2005; more than half a million were children (244). The total 

number of people living with HIV in 2005 reached the highest level so far to an estimated 

40.3 million people. Close to five million people were newly infected. Two thirds of all 

people living with HIV are in sub-Saharan Africa, as are 77% of all women with HIV. 

Growing epidemics are underway in Eastern Europe, Central Asia, and in East Asia. The 

reduction in life expectancy has significant economic consequences and the number of 

orphans has increased dramatically in regions most affected by HIV. 

Origin of HIV 

SIV in the natural host, African monkeys in the wild and captivity, is non-pathogenic. More 

than 20 different primates are known to harbor SIV variants (85). There are at least six 

lineages of primate lentiviruses: SIVsm from sooty mangabeys; SIVagm from African green 

monkeys; SIVsyk from sykes monkeys; SIVcpz from chimpanzees; SIVlhoest and SIVsun 

from L’Hoest and suntailed monkeys and SIVcol from colobus monkeys (89) (Figure 1). 

Genetically, HIV-1 is most closely related to SIVcpz from chimpanzees (Pan troglodytes) and 

HIV-2 is more closely related to SIVsm from sooty mangabeys (Cercocebus atys). The two 

groups share only about a 50% homology in the Gag and Pol genes whereas within each 

group, they share more than 80% homology of amino-acid sequence (48). The viruses are 

thought to have been transmitted to humans by exposure to infected animal blood as a result 

of hunting, butchering and consumption of uncooked contaminated primate meat (85). 

Transmission has occurred at several occasions, as indicated by the fact that HIV-1 can be 

genetically divided into three distinct virus groups termed M, N and O and HIV-2 can be 

divided into seven lineages, subtype A through G. The predominant HIV-1 group M can be 

further subtyped into A1, A2, B, C, D, F1, F2, G, H, J and K (141). The transmission of HIV-

1 group M from SIVcpz infected chimpanzees has been dated to around 1930 ±15 years (119, 

204). However, AIDS do not qualify as a zoonosis since transmission per se was not the 

major requirement for the generation of the AIDS epidemic (146). Human exposure of SIV is 

thousands of years old, but the HIV epidemic emerged only in the 20th century. If AIDS were 

a true zoonosis the virus would have spread from Africa earlier, for example during slave 

trade. A combination of various factors has been proposed for the spread of HIV in the 20th 

century; social disruption, urbanization, and prostitution, but the real cause of the epidemic 

spread of HIV has not yet been fully understood (85). HIV-1 group M has subsequently 

spread globally, generating the pandemic observed today. The date of the transmission of 
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SIVsm to establish HIV-2 subtype A and B strains in the human population was estimated to 

1940-1945 (130). HIV-2 is mainly spread in West Africa with epicenters in Senegal, Guniea-

Bissau and Côte-d’Ivoire (85). The epidemic initiation of HIV-2 in Guinea-Bissau coincided 

with the independence war (1963–1974), suggesting that war-related changes in sociocultural 

patterns has had major impacts on the HIV-2 epidemic (130).  

Figure 1. The phylogenetic relationship of a conserved fragment of the pol gene between the various 

SIV and HIV strains. Adapted from (89). 
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HIV pathogenesis 

HIV transmission occurs through sexual intercourse, from infected needles, from infected 

pregnant or breastfeeding mother to her child or from transfusion of blood and blood 

products. The primary infection may be subclinical or accompanied by few symptoms like 

fever, fatigue, skin rash, headache and swollen lymph nodes. Symptoms are usually 

associated with production of virus-specific antibodies by the host, also known as 

seroconversion (181). Infections at the mucosal barrier, the predominant route of heterosexual 

transmission, have been the most studied in animal models. HIV/SIV cross the mucosa by 

infection of intraepithelial lymphocytes or dendritic cells (DC) or are merely captured by 

dendritic cells and transferred across the mucosa. After this first infection or transfer of virus 

the viruses will encounter and infect macrophages, DCs, and resting or activated T cells in the 

submucosa. Newly produced virus and virus infected cells establish infection in local lymph 

nodes which further spreads the infection to multiple organs such as the brain, spleen and 

peripheral lymphoid tissues. This acute stage of infection lasts for a few days up to a couple 

of weeks and is accompanied by a rapid decrease of CD4+ T lymphocytes (47) and a rise in 

plasma viremia with a production of up to 1010 viral particles per day (92, 176). By use of the 

SIV model it became clear that both activated and surprisingly high number of resting CD4+ 

T cells are productively infected shortly after transmission (47, 91, 135, 149, 232, 251, 261). 

According to these studies the gastrointestinal tract appeared to be the major site of CD4+ T 

cell depletion within a few days after transmission. After a few weeks viral replication is 

normally more or less suppressed by the host immune system, but a chronic infection remains 

(47). The virus infects and eliminates activated T cells, which in combination with the general 

loss of T cells compromises the virus specific and the general immune-response. After the 

initial virus replication there is a set point of the viral load in the infected individual which is 

predictive of prognosis (154, 236). This set point is usually followed by the chronic and 

asymptomatic phase of the infection. The chronic phase may continue for several years in an 

HIV infected individual. However, there is a continuous virus production and loss of CD4+ T 

cells and in the end the immune system is fatigued and AIDS follows. The time to AIDS is 

individual and the median time to AIDS is longer in HIV-2 than in HIV-1 infections. The 

final stage is associated with various symptoms such as chronic fever, diarrhea, weight loss, 

opportunistic infections and lymphomas (24). The exhausted immune system will in the end 

lead to immunosuppression and opportunistic infections and in the end cause death. The most 

frequent opportunistic infections are Candida albicans infection (causing oral/pharyngeal 
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candidasis), Pneumocystis jiroveci (previously called P. carinii) pneumonia, lung disease 

caused by Mycobacterium tuberculosis and Karposi’s sarcoma (an unusual skin tumor).  

Primate animal models of HIV 

Shortly after the discovery of HIV, chimpanzees were experimentally infected with both cell-

free and cell-associated HIV-1 (4, 68, 71, 72). More experiments with chimpanzees followed 

and the infections with HIV-1 contributed important steps in understanding transmission, 

primary infection and the immune response (240). Infections of chimpanzees with HIV-1 

were in some cases followed by mild symptoms but in most cases there were no apparent 

clinical disease stage. The long incubation period, the expenses that followed handling of 

these animals and most of all the fact that the chimpanzee is an endangered species led to an 

end of the chimpanzee experiments. 

SIV is non-pathogenic in its natural host, but when macaques are infected with the virus they 

develop symptoms of immunodeficiency, similar to humans. This was discovered in 1985 

when a lentivirus, SIVmac, was isolated from captive rhesus macaques (Macaca mulatta)

with lymphomas and immunodeficiency-associated disorders (42, 131). SIVmac and other 

SIV isolated from macaques, i.e. SIVstm from stumptailed macaques (M. arctoides) and 

SIVmne from pigtailed macaques (M. nemestrina) are all different SIVsm lineages and are 

most likely the result of cross-species transmission from sooty mangabeys to macaques in 

captivity (89). Experimental infections of macaques, such as rhesus macaques, pigtailed 

macaques and cynomolgus macaques (M. fascicularis) with viruses from the SIVsm lineage 

was shown to be adequate animal models for AIDS (12, 69, 122, 132, 150, 185, 187). In these 

models, disease is followed by loss of CD4+ T cells and immunodeficiency is acquired within 

months up to a few years after infection. Since then experimental infections of macaques with 

SIVsm lineages have been used to study pathogenesis and immunity (86). Hybrids between 

SIV and HIV-1 (SHIV) have been developed to evaluate the behavior of HIV-1 genes in the 

SIV animal model. The first SHIVs used to infect macaques were proven to be avirulent (134, 

203, 219). Improved SHIVs were later shown to be pathogenic causing acute T cell loss and 

AIDS (87, 106, 193, 220). 
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Virus structure and genome organization 

Structure

The lentiviruses are roughly spherical, enveloped RNA viruses, approximately 100 nm in 

diameter and with two copies of RNA genome (Figure 2). Virus encoded envelope 

glycoproteins are incorporated in the cell-derived lipid membrane that also contains cellular 

membrane proteins from the host cell (i.e. integrins and tetraspanins). The outer surface 

envelope protein (SU) gp120 forms trimers of knob-like structures which are non-covalently 

anchored into the membrane by triplets of the transmembrane protein (TM) gp41. An inner 

matrix protein lines the envelope and helps maintain the structure of the virion. The capsid-

protein (p24 in HIV-1 or p26 in HIV-2 and SIV) forms a cone-shaped shell that surrounds the 

viral genome and virus encoded enzymes. The two copies of single-stranded RNA genome of 

positive polarity are coated by nucleocapsid proteins. A t-RNA, functioning as primer for 

transcription, is bound to each genome. The virus particle carries three types of virus encoded 

enzymes: protease, reverse transcriptase and integrase. In addition to these enzymes the virus 

particle also brings some accessory proteins; Vif, Vpr and Vpx in HIV-2 and SIV or Vpu in 

HIV-1.

Figure 2. Structure of the HIV-1 virion. Adapted from www.images.md 
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Figure 3. Genomic organisation of HIV and SIV. Adapted from (141).

Genes and proteins 

The 104 base-pair long genome is flanked by long terminal repeats (LTR) and contains open 

reading frames (ORFs) for a dozen of viral genes (141). (Figure 3) The major ORFs carry 

genes encoding structural and enzymatic proteins (gag, pol, and env) and the additional ORFs 

(tat, rev, and nef) encode non-structural, RNA-binding regulatory proteins as well as genes for 

the accessory proteins vif, vpr, vpu or vpx. LTR contains important regulatory regions, 

especially those for transcription initiation and polyadenylation. The genome organization of 

HIV-1, HIV-2 and SIVs are similar and the major difference is that HIV-1 has both the vpr

and vpu gene, HIV-2 and SIVsm lineages have the vpr and the vpx gene, while other SIVs 

only carry the vpr gene (Figure 2).

The gag genomic region encodes the p55 polyprotein precursor, which is cleaved by the viral 

protease to capsid (p24 or p26), matrix (p17), nucleocapsid (p7) and Vpr binding (p6) 

proteins. The pol region codes for three viral enzymes: protease, reverse transcriptase and 

integrase. These enzymes are produced as a Gag-Pol precursor, which is produced by site-

specific frame shifting during translation. These precursors are processed by the viral 

protease. The membrane-associated proteins are produced as a precursor (gp160) from the env

gene, which is processed to the surface glycoprotein gp120 and the transmembrane 

glycoprotein gp41. Control of HIV gene expression is regulated by cellular and viral factors. 

Tat is one of the two viral gene products that are essential for viral replication. The other 
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necessary gene product is Rev. These proteins are regulatory factors for HIV gene expression 

and are mainly found in the nucleus of infected cells. Two forms of Tat are known, Tat-1 

exon (minor form) and Tat-2 exon (major form). Tat acts by binding to the target sequence for 

viral transactivation (TAR) in the LTR and activating transcription initiation and elongation 

from the LTR promotor. The LTR contains an enhancer and promotor that are recognized by 

cellular proteins. These regulatory sequences support proviral transcription to a lesser extent 

after integration but transcription is enhanced after Tat binding. Rev is a phosphoprotein and 

acts by binding to the Rev responsive element (RRE), encoded within the env region. This 

binding promotes the nuclear export, stabilization and utilization of the viral mRNAs 

containing RRE. By binding of Rev to RRE the balance is shifted from early expression of 

multiple-spliced transcripts of regulatory proteins to late expression of single spliced mRNAs, 

which encode the viral structural proteins. The nef genes of HIV and SIV are dispensable in 

vitro, but are essential for efficient viral spread and disease progression in vivo. Nef is 

important for virion infectivity, downregulates CD4, the primary viral receptor and major 

histocompability complex (MHC) class I and has the capacity to alter the activation state of 

cells. Vif is the viral infectivity factor that promotes the infectivity but not the production of 

viral particles. In the absence of Vif the produced viral particles are defective, vif inhibits the 

cellular enzymes APOBEC3G and APOBEC3F by introducing numerous G A mutations 

into the viral genome. APOBEC3G and APOBEC3F are cytidine deaminases and inhibit 

replication of vif HIV-1 by deaminating the minus-strand of the viral reverse transcripts. 

Two biological functions that have been tied to Vpu (viral protein U) are degradation of CD4 

in the endoplasmic reticulum and enhancement of virion release from the plasma membrane 

of HIV-1-infected cells. Vpr (viral protein R) is homologous to the Vpx (viral protein X). In 

the infected cell, Vpr is localized to the nucleus and proposed functions include targeting of 

preintegration complexes for nuclear import of, cell growth arrest, transactivation of cellular 

genes, and induction of cellular differentiation.

Replication cycle 

Entry

HIV replication begins by interaction between the viral envelope glycoprotein and two 

cellular receptors (Figure 4). Shortly after the discovery of HIV, CD4 was demonstrated as its 

receptor (41, 117). The entry process of HIV begins when the surface viral envelope protein,  
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Figure 4. HIV binding to receptors on the target cell. All proteins in the envelope trimers may be 

involved in binding to clusters of receptors on the target cell membrane. Adapted from (158). 

gp120, binds to CD4. Later it has been shown that CD4 alone cannot promote fusion with 

gp120. The first identified cofactors for HIV-1 entry into target cells were the chemokine 

receptors CXCR4 and CCR5 (45, 51, 62). The glycoprotein gp120 consists of five constant 

regions, designated C1 to C5, and five variable regions or loops designated V1 to V5. Binding 

to CD4 leads to major conformational changes within gp120, forming and moving the 

variable loops away from a conserved chemokine receptor-binding site (Figure 4). 

Crystallization of gp120 unligated or CD4-bound, showed that after binding to CD4, the 

envelope retains the secondary structure of gp120, but reshuffles the location and relative 

orientation of different domains with conformational changes up to 40 Å (26, 125). The 

exposed region in gp120 binds to the chemokine receptor and this leads to further 

conformational changes that expose a hydrophobic fusion peptide (gp41) (78). The fusion 

peptide reaches the cell surface and this result in membrane fusion and the viral core and 

particles are released into the cytoplasm. It is likely that several envelope trimers need to 

undergo conformational change in order to form a fusion pore. 

Transcription, integration and translation 

The single-stranded RNA virus genome is reversely transcribed to double-stranded DNA by 

the viral reverse transcriptase, within the decomposing capsid (Figure 5) (64). The reverse 

transcriptase lacks proof-reading mechanisms of mismatches in nucleotide bases when the 

viral genome is transcribed. This leads to a high mutation frequency of the viral genome. The 

viral DNA associates with matrix and Vpr protein as well as with the viral integrase to form a 

preintegration complex. This complex has nuclear localization signals which direct the 

complex into the nucleus. The viral DNA is integrated into the host cell genome by the viral 

Virus
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integrase. Transcription of proviral DNA by host cell RNA polymerase II is regulated by viral 

and cellular factors. mRNAs are transcribed and will be used for templates of viral enzymes 

and proteins. RNA copies of the full-length provirus will be transported to the site of 

assembly and incorporated as viral genome in newly formed virus particles. mRNA for Gag 

and Gag-Pol polyprotein precursors and other full length RNAs are transported to the 

cytoplasm after encapsidation and will serve as new viral genomes. RNA is also spliced 

within the nucleus to form Env mRNA.  

Figure 5. Replication cycle of HIV in 

different cell types. The main host 

cells are CD4+ T-cells, macrophages 

and dentritic cells. In activated T-

cells infection is rapid and cytopathic. 

Assembly and budding in 

macrophages occur either at the 

plasma membrane or within 

endosomal compartments. Dentritic 

cells may be infected but may also 

bind and take up virus into 

lysosomes. Within the lysosomes, 

virus can escape degradation and 

may subsequently be transferred to 

the cell surface and infect other cells. 

Adapted from (235). 
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Assembly 

The Gag p55 precursor plays a central role in virus assembly (19). Gag is important for 

recruitment of viral proteins and genome as well as cellular proteins during assembly. Gag is 

synthesized in the cytoplasm and is modified after translation with the myristic fatty acid at 

the N-terminus of the matrix protein (195). After modification, large complexes of Gag form 

(Gag multimerization) together with Gag-Pol precursors. The myristylation together with a 

cluster of basic residues promotes localization of Gag complexes to membranes. The envelope 

gene is translated by ribosomes in the endoplasmic reticulum to the precursor protein gp160, 

followed by extensive glycosylation and maturation into functional gp120 and gp41. By 

separate routes, Env and Gag traffics to lipid rafts in multivesicular bodies (MVB) which 

contain cellular proteins machineries that are necessary for particle budding. In macrophages, 

where exocytosis is regulated, budding occurs into the lumen of MVB (175, 190) (Figure 5). 

In other cell-types, Gag and Env rapidly transit to the plasma membrane where viral particles 

buds from the cell. Cleavage of Gag and Gag-Pol precursors is essential for virus maturation 

and infectivity (19). The viral protease is active during or soon after budding, and Gag and 

Gag-Pol precursors are cleaved within the virion. The cleavage and maturation induces 

condensation of the nucleocapsid and the RNA genome into a cone-shaped core with the 

capsid as a shell. Besides from budding of new virus particles the virus can also spread to new 

cells by cell to cell transmission. The most recognizable mode of cell to cell transmission is 

explained by expression of mature Env on the plasma membrane of infected cells that can 

induce fusion with CD4+ cells, which leads to formation of gigantic multinucleated cells 

(syncytia).

Antigen variation 

Antigen variation is a fundamental feature of many pathogens and is a way for bacteria and 

viruses to escape the immune response (162). The most effective antigenic variation usually 

occurs in the surface proteins of the pathogen, and in the case of HIV and SIV in the gp120 

envelope protein. Since the reverse transcriptase has no proof reading and is extremely error 

prone there will be many mistakes made during transcription that can lead to new virus 

variants. The mutation frequency of reverse transcriptase is about 1/104 bp (142) which is 

extremely high compared to cellular DNA polymerases with a mutation frequency of 1/109.

As many as 1010 new viral particles are produced every day (92, 176) and many of these may 

result in variants with successful mutations. The viral genome has many conserved regions, 
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important for protein function, where mistakes in reverse transcription usually result in 

nonfunctional viruses. The envelope gp120 protein has five conserved regions, C1 to C5, and 

five variable regions, V1 to V5. In the tertiary protein structure, the variable regions or loops 

hide the conserved regions that are important for binding to the receptors. These variable 

loops may change in length, glycosylation sites and in the charge of the amino-acids (66, 

225). Another way of mutation is by recombination between the two strands of the RNA 

genome (96). This may occur if the same cell is infected by more than one virus and two 

different genomes are assembled and packed within one virus particle. Indeed, in splenocytes 

taken from HIV-1-infected patients contain a median proviral copy number of three copies per 

cell, ranging from one to eight proviral copies in each cell (83, 108). After infection of a new 

cell the reverse transcriptase jumps between the two copies of RNA when transcribing the 

genome and recombination(s) follows. 

Recombinations and mutations have given rise to the extraordinary scale of HIV variation 

resulting in the various subtypes that are spread around the world (118). The sequence 

variation of the quasispecies of viruses in a single HIV-1-infected individual a few years after 

infection is greater than the global variation of epidemic influenza strain during the flu season 

in one year. The effect of mutations of HIV and SIV can be resistance to anti-viral inhibitors, 

escape from cellular immune response, changes in receptor preferences, as well as escape 

from neutralizing antibodies.  

Receptor usage 

CD4 is regarded as the main receptor for primate lentiviruses, in addition gp120 binds to a 

coreceptor, to induce the fusion of membranes. However, it has been shown that HIV-2 and 

SIV strains may enter cells independently of CD4 (35, 58, 60, 139, 191). This was followed 

by reports on laboratory adapted HIV-1 variants that were able of CD4-independent infections 

(52, 93, 95, 127). Primary HIV-1 isolates that can infect cells independently of CD4 are rare 

and have not been isolated until recently (257). Laboratory adapted CD4-independent HIV-1 

was found to have a stable exposure of the coreceptor binding site (93). However, similar 

conformational changes in the envelope have not yet been shown for SIV or HIV-2 and it may 

be that HIV-1 is more dependent on conformational envelope changes for efficient infection 

than HIV-2 and SIV.
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The binding to a coreceptor is important for fusion for both HIV and SIV. Coreceptors are 

usually chemokine receptors belonging to the seven-transmembrane G-protein-coupled 

receptor family (198). The receptor forms a barrel-like structure, crossing the plasma 

membrane seven times, where the extracellular (N-terminal) part of the receptor binds the 

natural ligand, the chemokine, and the intracellular (C-terminal) region is coupled to a signal 

transducing G-protein. There are three extracellular and three intracellular loops. Chemokine 

receptor are classified into C, CC, CXC and CX3C is based on the molecular structure of the 

ligands bound. Chemokines are 92-125 amino acids in length and their normal functions are 

to act as chemoattractant cytokines for lymphocytes and monocytes as well as activators and 

attractants for eosinophiles and basophiles. Ligands for chemokine receptors important in 

HIV and SIV are listed in Table 1. 

Table 1. Main receptors used by HIV and SIV, their ligands and expression.

Receptor Ligand* Expressed by  

CD4 Coreceptor for MHC II, binds Lck T helper cells, monocytes, macrophages, dendritic 

cells (102) 

CCR3 Eotaxin 1, 2, and 3, MIP-1 , MIP-1 ,

RANTES, MCP-2, 3, and 4  

Eosinophils, neutrophils, basophils, monocytes, 

macrophages, dendritic cells, bone marrow cells, 

T cells, platelets, keratinocytes (102) 

CCR5 MIP-1 , MIP-1 , RANTES Monocytes, macrophages, NK cells, basophils, 

dendritic cells, bone marrow cells, T cells 

especially activated/memory subset (16, 102) 

CXCR4 SDF-1 / T cells especially naive, unstimulated T 

lymphocytes, bone marrow stromal cells, 

progenitor lymphocytes, dendritic cells, B cells, 

plasma cells, and (16, 94, 102) 

CXCR6 CXCL16 T cells, dendritic cells, colorectal epithelial cells, 

bone marrow stromal cells (94, 101, 216, 246) 

gpr15 unknown CD4+ T cells, macrophages, and cells in the 

epithelium of small intestine (2, 46, 61, 144) 

Virus isolates from HIV-1 infected patients may use different coreceptors depending on stage 

of disease. HIV-1 isolates that use CCR5 (R5 phenotype) predominate early in asymptomatic 

HIV-1 infection, while CXCR4-using (X4 phenotype or multi-tropic) viruses can be isolated 

in approximately half of the patients that progress to AIDS (15, 109, 213, 237, 238). CXCR4-

using HIV-1 isolates are regarded as more pathogenic (7, 30, 39, 63, 109, 237, 238). It must 



21

be remembered that individuals that maintain the R5 phenotype still progress to AIDS (15, 43, 

109) and that isolates from these patients evolve to more cytopathic over time (123). The R5 

phenotype was previously classified as slow/low or non-syncytium inducing (NSI), whereas 

CXCR4-using viruses were called rapid/high or syncytium inducing (SI) (13). CCR5 and 

CXCR4 are the major and most common coreceptors for HIV-1 (Table 1). Evolution of the 

coreceptor use in a HIV-1 infected individual is a continuous process where ability of viral 

gp120 to bind coreceptors change. By using receptor chimeras between CCR5 and CXCR4, 

Karlsson et al. showed that the R5 phenotype of HIV-1 undergoes evolution over time and 

changes the mode of CCR5 use (110, 111). From first being dependent on the N-terminal, the 

R5 phenotypes evolved to be able to use other parts of the CCR5 receptor for infection of 

cells. Changes in the mode of CCR5-use correlated with disease progression and resistance to 

inhibition by RANTES. In patients that maintained the R5 phenotype despite progression to 

AIDS, R5 variants that replicated more efficiently seemed to evolve and had a reduced 

sensitivity to RANTES and other entry inhibitors like T-20 and TAK-779 (194). In addition to 

CCR5 and CXCR4 use, several other coreceptors have been identified for HIV-1 but the 

importance of these minor coreceptors is yet not known. Minor coreceptors include: CCR2b 

(50), CCR3 (32, 50), CCR8 (105, 200), CXCR6 (46, 137), gpr1 (222), gpr15 (46), RDC1 

(223) and APJ (31, 57). CXCR4-using HIV-1 are often characterized by dual tropism (R5X4) 

or multi-tropism and may use CCR5, CCR3, CCR2b in combination with CXCR4. 

Coreceptor use of HIV-2 is similar to that of HIV-1, but shows promiscuity in the coreceptor 

usage, such as use of one or more of the CCR1, CCR2b, CCR3 and gpr15 coreceptors in 

addition to CCR5 or CXCR4 (17, 152, 163) 

Change in coreceptor use of sequential SIV isolates has not been evident although late SIV 

isolates are often more cytopathic than early isolates (114, 115, 201). CCR5 is, as for HIV-1, 

the major coreceptor for SIV (28, 55, 143), while CXCR4 use is rare and was shown with 

virus isolated and grown on human peripheral blood mononuclear cells (hPBMC) (170, 210, 

255). Instead SIV isolates often use CXCR6, and the orphan receptor gpr15 (Table 1) (2, 46, 

61). CXCR6- and gpr15-use by HIV-1 are much less frequent. Furthermore, differences in the 

ability of various SIV strains to interact with CCR5 have been observed. SIVmac with an 

efficient capacity to replicate in macrophages has been shown to depend on both the amino-

terminal and the second extracellular loop of CCR5 for cell entry, while SIVmac with a 

preference to replicate in T cells require only CCR5 extracellular loop-2 (55). Comparable to 

HIV-1 and 2, SIV strains have been shown to use a wide set of alternative coreceptors, 
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including CCR1 (116), CCR2b (147), CCR3 (116), CCR8 (200), CX3CR1 (192), gpr1 (57, 

61), APJ (58), ChemR23 (205) and RDC1 (223) but the relevance of these receptors is still 

unknown.

Cell tropism 

The distribution of the viral receptors on different cell types renders many cells, normally 

involved in the immune system, permissive to infection by HIV and SIV (Table 1). The major 

cell types infected by HIV and SIV are T cells, macrophages and dendritic cells. The ability 

of HIV-2 and SIV to infect cells independently of CD4 increases the number of putative target 

cells.

T cells 

Primate lentiviruses are normally thought to infect CD4+ T cells. Indeed, virus replication of 

HIV is rapid and efficient in activated CD4+ T cells. Several studies suggest that HIV isolates 

obtained late in infection from patients with a progressive disease, regardless of coreceptor 

use, have a higher replication capacity and cytopathicity both in cell lines and peripheral 

blood mononuclear cells (PBMC) (7, 30, 39, 63, 109, 123, 194, 237, 238). In vitro infection 

of PBMC appear to require activated cells (33, 88, 197, 209, 231). Analysis of preferential 

integration sites in vitro in CD4+ T cells suggests that HIV-1 preferentially integrates into 

active genes (211). However, Nef may create conditions that allow the virus to enter quiescent 

non-activated cells (155, 230). In addition, cytokine signals may be sufficient for HIV-1 

infection of resting T cells (245) and ex vivo infection of lymphoid tissue with HIV-1 support 

infection of non-activated CD4+ T cells (53, 79). HIV-1 isolates from long-term non-

progressors have been shown to have lower replication. In addition, HIV-1 isolates from long-

term non-progressors had a reduced replicative fitness in PBMC compared to isolates from 

patients who progressed to AIDS (189, 241). 

By use of the SIV model it has been shown that both activated and a surprisingly high number 

of resting CD4+ T cells were productively infected shortly after infection (47, 91, 135, 149, 

232, 251, 261). At later stages most of the HIV-1 infected CD4+ T cells were activated (261). 

Major CD4+ T cell depletion occurs within a few days after transmission (47, 91, 135, 149, 

232, 251, 261). The viral envelope has been implicated as the determinant of cytopathicity in 
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vitro (126, 138, 229). However, uninfected CD4+ and CD8+ cells from infected individuals 

undergo spontaneous apoptosis indicating other mechanism of bystander apoptosis (235).

Macrophages

Macrophages are considered important viral reservoirs throughout the chronic infection in 

individuals infected by HIV (235). The amount of infected CD4+ T cells outnumber infected 

macrophages in an infected individual by 10-100 fold (59). However, the contribution of virus 

production from macrophages exceeds the frequency at which macrophages are represented in 

the infected cell reservoir (54). Nevertheless, the importance of the capacity of HIV and SIV 

to replicate in macrophages has been debated. Early reports showed that shortly after 

seroconversion, HIV-1 variants able to readily infect macrophages, termed macrophage-tropic 

(M-tropic) variants, can usually be detected (212). With progression to AIDS, HIV-1 isolates 

were reported to lose the capacity to infect macrophages. More recent studies showed that 

macrophage tropism of HIV-1 isolates from patients with advanced immunodeficiency was 

enhanced over-time (136, 243). Enhanced M-tropism of R5 HIV-1 may result from adaptive 

viral evolution, resulting in HIV-1 variants that have increased ability to utilize relatively low 

levels of CD4 and CCR5 expressed on macrophages (9, 80). Nevertheless, it must be 

remembered that a strict correlation between CCR5 use and macrophage tropism cannot 

always be found (29) and primary X4 HIV-1 isolates are also capable of replication in 

macrophages (226, 233, 247, 248, 254).  

Varying results of the importance of macrophage-tropism have been reported in the SIV 

model in macaques over the years. Infection of rhesus monkeys with highly pathogenic SHIV 

results in a depletion of the majority of CD4+ T cells and plasma viremia is maintained by 

infected tissue macrophages (99). Infection of rhesus monkeys with the non-M-tropic 

molecular clone SIVmac239 resulted in either evolution of M-tropic variants or lack of 

appearance of M-tropic virus regardless of whether the animals developed AIDS (49, 214). 

Stephens et al. suggested that all SIV reisolates are both M-tropic and T-tropic but viruses 

may vary in the efficiency of infection in macrophage lineage cells (234). An experimental 

pathogenesis study using the molecular clone SIVMneCL8 showed that late variants 

reisolated from the monkeys were more cytopathic in human T cell lines, and less efficient in 

infecting macrophages compared to the early reisolates and the inoculum virus (201). 
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Dendritic cells 

Dendritic cells (DC) may be infected by HIV and SIV and are important for the transport of 

the virus from the site of infection to local lymph nodes where the viruses are transmitted to 

CD4+ T cells. However, the viruses can also exploit a route not leading to infection of DCs 

but rather a mean for transmission to T cells (Figure 5). By the use of C-type lectins, DC-

SIGN being the most studied, viruses are captured and internalized by DC, subsequently 

transmitted to T cells in trans (76). Internalized virus can retain infectivity for more than 4 

days (76), or may be rapidly degraded (within hours), likely in the lysosomal compartments 

(160, 242). Moreover, the compartment where viruses are captured by DC after DC-SIGN 

uptake appears to be a non-lysosomal compartment (74, 124) and transfer of HIV from DC to 

T cells has been shown to occur through an infectious synapse that locally concentrates virus 

and receptors between infected and uninfected cells (73, 151). Viruses transferred by the 

infectious synapse are poorly accessible to neutralizing antibodies (73). Interestingly, the 

infectious or virological synapse has similarities with the immunological synapse that is 

formed between antigen presenting cells and T cells at peptide presentation through MHC and 

the T cell receptor (177). For example, adhesion molecules like ICAM-1 and LFA-1 as well 

as CD4 are recruited to the infectious synapse.  

Other C-type lectins that have been shown to be important in HIV infections include the 

mannose-receptor, heparans, and LFA-1/ICAM-1 (40, 128, 156, 173). None of the C-type 

lectins have been shown to induce the conformational changes needed for entry. However, 

cells can be infected after virus binding to C-type lectins, known as transmission and infection 

in cis (129, 167). In this case attachment of virus to C-type lectins may concentrate virus on 

the plasma membrane for sequential binding to CD4 and coreceptors on the same cell. 

The immune response to HIV 

In the host, the invading virus must overcome the host defenses against infections. The first 

shields to cross are physical and chemical barriers: the skin, mucous secretions, tears, low pH 

and surface cleansing mechanisms (102). When viruses have overcome the first hindrance the 

immune responses are encountered, consisting of the innate and the adaptive defense. The 

adaptive immune response has two arms, the humoral response and the cellular response. All 

three, the innate, humoral and cellular immune responses interact between helper and effector 
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cells. In HIV and SIV the situation is complex since the actual target cells also are cells 

involved in the immune defense.  

It is not known why the immune system cannot control HIV infection, when SIV is 

apathogenic in its natural host, the African monkeys. It has been suggested, that SIV infection 

in sooty mangabeys or African green monkeys lacks intense immune activation and apoptosis, 

and maintain T lymphocyte populations, the opposite to what is characteristic of pathogenic 

HIV and SIV infections (25, 224). Unfortunately, models suggesting immune tolerance to SIV 

in natural infections are too simplistic to explain the lack of disease (89). It is clear that sooty 

mangabeys and African green monkeys mount both cellular and humoral immune responses 

to the virus.  

Innate immune response 

The innate immune system is governed by cytokines, complement, and effector cells like 

phagocytic cells (i.e macrophages and neutrophils) and natural killer (NK) cells (102). This 

early defense is activated rapidly, within hours after an infection. The innate immune response 

also instructs the adaptive immune system to respond to different microbes. The most 

powerful antiviral cytokines are the interferons (IFN-  and IFN- ) that are released by virus 

infected cells and induce an anti-viral state of the infected and neighboring cells. The anti-

viral state of a cell seems to involve many different mechanisms and may lead to upregulation 

of MHC genes and apoptosis. IFN production in infected individuals has physiological 

consequences and gives fever, chills, nausea and malaise. The complement system has various 

functions that involve cytolysis of lipid membranes by the membrane attack complex, 

activation of inflammation and opsonization. NK cells can kill infected cells directly or by 

antibody dependent cellular cytotoxity (ADCC). 

Humoral immune response 

Antibodies to HIV can be detected shortly after acute infection, sometimes already after a few 

days, but generally within one to three months. B cells produce antibodies after a first 

encounter of the antigen and further activation by cytokines and via interactions of MHC class 

II on B cells and T cell receptors (TCR) on CD4+ T helper (Th) cells (102). The most 

important antibodies in virus infections are antibodies that upon binding to the virus can 

inhibit infection of cells. These antibodies are called neutralizing antibodies and are used as 
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markers of protective immunity in many virus infections. The importance of the humoral 

immune response in primate lentivirus infection has been investigated by depleting the B cells 

from macaques before exposure to SIV. Depletion of B cells results in less immunological 

control and much higher viral loads, suggesting an importance of neutralizing antibodies at 

the early infection and in the post-acute phases of infection (107, 208). Passive immunization 

of macaques with high titer neutralizing antibodies before virus challenge protects animals 

from disease or from virus infection (8, 148, 166, 186, 252).  

Various studies suggests an association between neutralizing antibody responses and disease 

progression in HIV-1 and infections (21, 157, 172, 178, 258). Serum from asymptomatic 

long-term non-progressor patients contain antibodies capable of neutralizing both 

heterologous and autologous virus-isolates compared to serum from fast progressor with 

weakly neutralizing properties. Autologous HIV-1 neutralizing antibodies may evolve already 

after two to four weeks after infection but not surprisingly this restricted immune response 

leads to the selection of neutralization resistant variants (1, 6, 196, 253). Escape from 

neutralization has not been demonstrated in HIV-2 infected individuals (14, 218) and HIV-2 

reisolates obtained from HIV-2 infected macaques remained neutralization sensitive during 

the entire course of the non-pathogenic infection (260). 

In SIV, the ability to produce autologous neutralizing antibodies in experimental SIVsm 

infections correlated with the progression of disease (20, 259). Viruses resistant to 

neutralization by autologous sera emerged during the entire course of infection. Neutralizing 

antibodies was showed against the challenge virus SIVsmE660 already at seven weeks after 

infection (202). The timing of neutralizing antibodies in these macaques correlated with an 

increase in the number of envelope gene variants within the host, suggesting an escape from 

the antibody response.

Laboratory adapted HIV-1 variants have been shown to be more neutralization sensitive than 

primary isolates. These laboratory adapted viruses have been shown to have a stable exposure 

of the coreceptor binding site (93) and are capable of CD4-independent infections (52, 93, 95, 

127). Neutralization sensitivity of SIVmac envelopes have been correlated to CD4-

independent entry into target cells as well as to enhanced macrophage tropism (153, 184).  
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A few different epitopes on the HIV envelope are considered to induce neutralizing 

antibodies. These epitopes have been mapped with different human monoclonal antibodies 

and are both in variable and conserved regions of the envelope (262). Antibodies that can 

neutralize isolates of different strains and subtypes are known as broadly neutralizing 

antibodies. V2 and V3 loops are highly immunogenic, but antibodies are virus strain specific. 

The CD4 binding domain of gp120 can induce neutralizing antibodies. However, only one 

monoclonal antibody has been found that elicit broad neutralizing activity. Antibody 

fragments may bind to the CD4-induced domain of gp120, unfortunately this epitope is not 

accessed by intact IgG molecules. The transmembrane protein gp41 has an immuno-dominant 

region which induces high levels of antibodies, most are not neutralizing, but might mediate 

other important functions after binding. The region of gp41 that is proximal to the membrane 

is mostly covered and is exposed during a limited time, nevertheless antibodies to this region 

are broadly neutralizing. The envelope proteins are heavily glycosylated and carbohydrates 

are normally not recognized by antibodies, interestingly one neutralizing monoclonal antibody 

is known to target a cluster of carbohydrates in gp120. 

Cellular immune response 

The cell-mediated immune response includes actions of cytotoxic T cells and Th cells (102). 

Th cell activities include stimulation and activation of both B cells and cytotoxic T 

lymphocytes (CTL). The majority of CTL are CD8+, and their role in viral infections is 

recognition of MHC class I presented peptides on infected cells followed by lysis of the 

presenting cell. CD4+ Th cells recognize MHC class II molecules presenting peptides on 

specialized antigen presenting cells like dendritic cells and macrophages. After binding to 

MHC II, the Th cells produce cytokines that either activates maturation of CTLs (Th1 

response: IL-2, IL-12 and IFN- ) or stimulate B cells development (Th2 response: IL-4, IL-5, 

IL-6 and IL-10). The human MHC molecules are also known as HLA (human leukocyte 

antigen). 

Many groups emphasise the importance of the cellular adaptive immune response in primate 

lentivirus infections. The appearance of CTL in HIV and SIV infections correlates with the 

decline and control of viral load from peak levels (104, 121, 207). Strong CTL responses have 

been reported in a cohort of prostitutes in Nairobi who have been exposed to HIV but remain 

uninfected (67, 112, 199). However the CTL immune responses were not combined with a 
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memory since reduction in sex work resulted in loss of HIV-specific CD8+ responses and was 

followed by HIV infection (113). The protective role of CTL in infection have been shown in 

macaque studies (104, 207). Depletion of CD8+ cells by monoclonal antibodies resulted in 

dramatic increases in viral load. Viremia was suppressed coincident with the reappearance of 

SIV-specific CD8+ T cells. Nevertheless, like in the humoral immune response where viruses 

resistant to neutralization by autologous sera emerge during the entire course of infection, 

HIV- and SIV-specific CTL responses select for viral escape variants during chronic infection 

(3, 82, 169, 182, 250). 

Beside from the normal role of cell lysis by CTL in infection, CD8+ cell have a non-cytotoxic 

innate antiviral response. This response have been shown to be mediated by one or more 

secreted soluble factors, known as the CD8+ cell antiviral factor (CAF) (133). A large number 

of interleukins, interferons, chemokines, granzymes, growth factors and other cytokines with 

anti-HIV activity have been evaluated as possible CAF candidates. However, none of these 

candidates fulfilled the property of CAF. The natural ligands to CCR5, MIP-1 , MIP-1 ,

RANTES are produced by transformed CD8+ T cells and have been shown to inhibit HIV 

activity in cell culture (37) and spontaneous and antigen-induced production of these -

chemokines are associated with a more favorable outcome of HIV-1 infection (75). 

Certain HLA class I alleles (HLA-B27 and B-57) have been associated with slow disease 

progression in HIV disease (23). In contrast, the presence of another HLA allele (HLA-B35) 

was more frequent in rapid progressing patients. Genetic associations between HIV disease 

and HLA class II have not been as strong as for those observed for class I. The repertoires of 

MHC class I and II have been studied rather thoroughly in rhesus monkeys (22). MHC class I 

allele, Mamu-A26 have been shown to protect from infection and the Mamu-A*01 molecule 

is considered to control slow progression. 

Host factors in virus infection 

Differences in disease progression may be related to route of infection. Comparisons of 

disease progression in HIV-1 infection between injecting drug users (IDU) and homosexual 

men, have shown that homosexual men had a significantly accelerated progression rate, when 

adjusting for non-AIDS mortality in the IDU group (174). On the other hand others found 

little evidence for different disease progression between IDU and homosexual men (183). 
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HIV is transmitted to women primarily via heterosexual contact, and the virus must therefore 

penetrate the mucosal barrier to establish a systemic infection. Physiologically, women are 

more susceptible to HIV infection than are men (188). Increased susceptibility among women 

has been linked to specific cofactors, including the use of hormonal contraceptives and the 

increased presence of sexually transmitted diseases. Several studies have shown that women 

have lower viral loads compared with men, however, the risk to develop AIDS was similar 

among men and women (77). Comparisons of viral loads between male and female monkeys 

have not been performed, and one retrospective analysis showed that gender and age at 

experimental infection with SIV could not be correlated to survival time (65).  

A 32 base-pair deletion within the exon of the CCR5 gene (CCR5- 32) results in almost 

complete protection against HIV-1 infection and a slower progression to AIDS in individuals 

homozygous for the allele (44, 97, 140, 206). The phenotype of another chemokine receptor 

(CCR2-64I) is also associated with slower progression to AIDS (120, 227). The beneficial 

effect on HIV-1 infection by CCR2 V64I has been proposed to be mediated by down-

regulation of CCR5 (164). However, there are also genes that may accelerate AIDS 

progression. For example, point mutations within the promoter sequence of the CCR5 gene 

increase the expression of CCR5 and cause an accelerated AIDS progression (145). The roles 

of similar defects in infection of non-human primate species have not been documented, 

although mutations influencing the expression of functional CCR5 have been found in 

mangabey monkeys (27, 171). SIV isolated from one red-capped mangabey monkey with 

homozygous 24-bp deletion in the CCR5 gene was not R5-tropic, but used CCR2b as its 

major coreceptor (27). 
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MATERIALS AND METHODS 

Cynomolgus macaques 

Thirty cynomolgus macaques were intravenously (IV) or intrarectally (IR) inoculated with 10 MID50

of cell free virus stocks of SIVsm (strain SMM-3) isolated from a naturally infected sooty mangabey 

(70). The monkeys were monitored for general clinical status, virus isolation, viral load and CD4+ T-

cell count and kept until development of AIDS, or if asymptomatic, until the end of the study period, 

when they were euthanized. When observing the rate of change of the CD4+ lymphocytes, values 

obtained before infection were set to 100% for each animal and following values were calculated in 

relation to these set-point values. The rate of change as percentage of the CD4+ lymphocyte 

population was fitted by linear regression analysis.  

Monkeys were divided into three groups based on the rate of disease progression, CD4 decline, time 

of death and, whenever available, viral load (Table 2 and paper I). The three groups were named 

progressor (P), slow progressor (SP) and long-term non-progressor (LTNP). As expected, CD4 

decline was more pronounced in the first three months of infection, while the decline of CD4+ T-

cells was less thereafter. There was no difference in either the CD4 decline or viral load when 

comparing monkeys inoculated by different routes of infection. For the majority of animals the 

patterns of viral load was consistent with the observations by Ten Haaft et al. in that a threshold 

plasma virus load which was greater than 105 RNA equivalents/ml of plasma 6 to 12 weeks after 

inoculation could predict a faster disease progression (236). The progressor monkeys showed the 

most evident decline in CD4+ T-cell count and all animals developed simian AIDS or AIDS-related 

symptoms. All progressor animals had to be euthanized within 27 months after infection due to 

disease symptoms and the median time to AIDS in this group was 18 months. Four out of five 

monkeys in the slow progressor group did not show disease symptoms during the study period 

(median 43 months), while one monkey developed lymphoma 47 months post infection. The other 

monkeys, although without signs of disease, showed a higher rate of CD4 cell decline (Table 2) and 

had a higher virus isolation frequency (median 75%) than the monkeys in the LTNP group. With one 

exception, the monkeys in the LTNP group did not show any symptoms of disease over the 

observation period of 34 to 60 months. Overall, relative number of CD4+ cells in this group 

remained for a long time close to the CD4 values before infection. Virus isolation from LTNPs was 

unsuccessful at many time points and virus isolation frequencies varied between 10 and 72 % for 

individual monkeys. 



31

T
a
b

le
 2

. 
D

is
e

a
s
e

 p
ro

g
re

s
s
io

n
. 

 M
o

n
k
e

y 
 

G
ro

u
p

a
R

o
u

te
 o

f 
in

o
c

u
la

ti
o

n
b

E
n

d
 o

f 
s

tu
d

y 
C

D
4

+
 T

-c
e

ll
 d

e
c

li
n

e
 d

V
ir

a
l 

lo
a

d
 8

-1
2
 w

e
e

k
s
 p

o
s

t-
in

fe
c

ti
o

n
e

 
D

is
e

a
s

e
c
 

T
im

e
 (

m
o

n
th

s
) 

 
(%

C
D

4
/m

o
n

th
) 

(m
e

a
n

 m
R

N
A

 c
o

p
ie

s
/m

l 
p

la
s
m

a
) 

D
2

4
 

P
 

IR
 

 
s
A

ID
S

 
1

2
 

 
-8

.1
 

1
.1

 ×
1
0

6

C
8

7
 

P
 

IR
 

 
s
A

ID
S

 
1

2
 

 
-7

.4
 

9
.9

 ×
1
0

5

D
2

3
 

P
 

IR
 

 
s
A

ID
S

 
1

2
 

 
-7

.0
 

9
.5

 ×
1
0

4

B
1

7
4

 
P

 
IV

 
s
A

ID
S

 
1

5
 

 
-5

.3
 

N
D

C
8

3
 

P
 

IR
 

 
s
A

ID
S

 
1

5
 

 
-4

.5
 

N
D

D
2

7
 

P
 

IR
 

 
s
A

ID
S

 
1

8
 

 
-4

.5
 

N
D

C
4

5
 

P
 

IR
 

 
s
A

ID
S

 
2

4
 

 
-3

.9
 

4
.4

 ×
1
0

5
 *

 

C
2

 
P

 
IR

 
 

s
A

ID
S

 
1

5
 

 
-3

.6
 

2
.1

 ×
1
0

4
 *

 

C
7

3
 

P
 

IR
 

 
s
A

ID
S

 
1

8
 

 
-3

.3
 

N
D

C
3

8
 

P
 

IR
 

 
ly

m
p

h
o
m

a
, 
s
A

ID
S

 
2

4
 

 
-3

.3
 

2
.1

 ×
1
0

5

C
3

7
 

P
 

IR
 

 
s
A

ID
S

 
1

5
 

 
-3

.3
 

7
.5

 ×
1
0

5
 *

 

C
8

6
 

P
 

IR
 

 
s
A

ID
S

 
2

4
 

 
-3

.1
 

7
.8

 ×
1
0

4
 *

 

D
2

6
 

P
 

IR
 

 
s
A

ID
S

 
1

8
 

 
-2

.9
 

N
D

C
2

7
 

P
 

IV
 

w
e

ig
h

t 
lo

s
s
, 
d

ia
rr

e
a

 
1

8
 

 
-2

.8
 

5
.5

 ×
1
0

2
*

C
2

6
 

P
 

IV
 

s
A

ID
S

 
2

1
 

 
-2

.7
 

1
.2

 ×
1
0

5

C
3

9
 

P
 

IR
 

 
ly

m
p

h
o
m

a
, 
s
A

ID
S

 
1

8
 

 
-2

.6
 

7
.0

 ×
1
0

4
 (

1
.4

 ×
1
0

5
; 

<
1

.0
 ×

1
0

2
)

5
6

-3
 

S
P

 
IV

 
n

o
n

e
 

3
8

 
 

-1
.9

 
1

.1
 ×

1
0

3
*

C
2

0
 

P
 

IV
 

s
A

ID
S

 
1

8
 

 
-1

.8
 

<
1

.0
 ×

1
0

2
 *

 

C
2

4
 

S
P

 
IV

 
n

o
n

e
 

3
8

 
 

-1
.0

 
N

D

C
6

8
 

S
P

 
IR

 
 

n
o

n
e

 
5

3
 

 
-1

.0
 

N
D

C
5

4
 

S
P

 
IR

 
 

ly
m

p
h

o
m

a
, 
s
A

ID
S

 
4

7
 

 
-0

.9
 

1
.7

 ×
1
0

3
*

5
9

-3
 

S
P

 
IV

 
n

o
n

e
 

3
6

 
 

-0
.9

 
N

D

B
1

7
3

 
L

T
N

P
 

IV
 

n
o

n
e

 
3

9
 

 
-0

.8
 

N
D

C
4

4
 

P
 

IR
 

 
s
A

ID
S

 
2

7
 

 
-0

.7
 

4
.6

 ×
1
0

6
(9

.1
 ×

1
0

6
;3

.4
 ×

1
0

3
)

C
8

2
 

L
T

N
P

 
IR

 
 

n
o

n
e

 
3

5
 

 
-0

.5
 

N
D

C
9

3
 

L
T

N
P

 
IR

 
 

n
o

n
e

 
5

0
 

 
-0

.4
 

3
.5

 ×
1
0

3
*

D
2

5
 

L
T

N
P

 
IR

 
 

n
o

n
e

 
3

9
 

 
-0

.3
 

<
1

.0
 ×

1
0

2
*

C
1

 
L

T
N

P
 

IR
 

 
ly

m
p

h
o

p
e

n
ia

, 
w

e
ig

h
t 
lo

s
s
 

6
0

 
 

-0
.2

 
N

D

C
3

5
 

L
T

N
P

 
IR

 
 

n
o

n
e

 
3

4
 

 
-0

.0
4

 
N

D

D
2

8
 

L
T

N
P

 
IR

 
 

n
o

n
e

 
3

9
 

 
0

.5
 

1
.6

 ×
1
0

3
*



32

Foot notes to Table 2: 
a
 P, progressors; SP, slow progressors; LTNP, long-term nonprogressors. 

b
IR, intrarectal; IV, intravenous.  

c
Symptoms of disease at the end of study; sAIDS, simian AIDS.  

d
 CD4+ cell decline is presented as regression coefficient of linear regression analysis, taking into 

account 10-27 determinations per monkey. 
e
 Viral load was measured at 8 and 12 weeks post infection for the majority of monkeys, values are 

expressed as means. Monkeys indicated with * denote measurements only at one occasion. For 
monkeys C39 and C44 values at 8 and 12 weeks were at high variance and therefore both values are 
indicated in parenthesis. For the majority of cases the pattern of viral load was consistent with the 
previous observation that a threshold plasma virus load greater than 10

5
 RNA equivalents/ml of 

plasma 6 to 12 weeks after inoculation could predict a faster disease progression (236). ND, not 
determined. 

Virus isolates 

Two to four isolates were available from each monkey, depending on virus isolation 

frequency and the length of the monkey’s survival time. Virus isolation was performed by 

cocultivation of peripheral cynomolgus macaque PBMC (mPBMC) with mPBMC or with 

human PBMC (hPBMC) stimulated by phytophaemagglutinin (PHA-P) (165). The first 

isolate was usually obtained as early as two weeks post infection, the second isolate analyzed 

was obtained by three or four months, the third isolate was chosen at a time in between the 

second and the last isolate and the last (fourth) isolate was collected by the time of 

euthanization.  

Serum

Sera from 16 animals, collected prior to infection, two weeks, one, two, and three months 

after infection, was available to study the kinetics of mounting a neutralizing antibody 

response. A late serum obtained shortly before the end of the study was also used from each 

monkey. The positive control serum (H55:16) was obtained from an infected monkey that 

remained asymptomatic and had high neutralizing titers towards SIVsm. Monkey H55 was 

one of four monkeys that remained healthy in an earlier study on disease progression of 33 

cynomolgus macaques infected with SIVsm (185). All sera were heat inactivated (30 min at 

56°C) to remove complement activity before tested in the neutralization assay. 

Characterization of coreceptor use 

Coreceptor use was determined using the human osteosarcoma cell line GHOST(3) and the 

human glioma cell line U87.CD4. The cell lines have been engineered to stably express the 
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CD4 receptor alone or together with one of the chemokine receptors CCR3, CCR5, CXCR4, 

CXCR6 or the orphan receptor gpr15 (46, 161). Chimera between CCR5 and CXCR4 

previously described and expressed in U87.CD4 cells were used to characterize the mode of 

CCR5 use (5). GHOST(3) cell lines are known to express a low but detectable level of 

endogenous CXCR4, therefore the CXCR4-antagonist AMD3100 was included in a set of 

experiments. Infection of GHOST cells was analyzed by FACS analysis since the GHOST(3) 

cells have been modified to express green fluorescent protein upon infection by HIV and SIV. 

Microscopic read-out of syncytia formation was used to analyze infection of U87.CD4 cells. 

Infection in both assays was confirmed by ELISA for p26 antigen production (239). 

Infection of macrophages and PBMC 

Infection of PBMC from seronegative human or cynomolgus macaque blood donors, 

stimulated for four days with PHA-P, was analyzed seven days after infection. Monocyte 

derived macrophages (MDM) were obtained by plastic adherence of PBMC for five or six 

days in RPMI medium with 10% human serum and 20% fetal bovine serum (FBS) as 

previously described (247). The cells were then rinsed extensively to remove non-adherent 

cells and infected one or two days later. Virus production was analyzed at day 1, 3, 7, 11 and 

15 after infection. Cavidi HS-kit Lenti RT (Cavidi Tech, Sweden) was used to evaluate 

productive infection by the amount of active reverse transcriptase (RT) in cell culture 

supernatants of both PBMC and MDM. 

Virus titrations and neutralization assay on GHOST(3) cells 

We adopted a neutralization assay based on plaque reduction in the GHOST(3) cell line from 

the previously published U87.CD4 plaque reduction assay (217). The GHOST(3) cell line-

based plaque assay is a single cycle infectivity assay for HIV and SIV, where GFP expression 

is used for read-out (168) and paper II). The assay was adapted to 96-well microtiter plates 

and the readout was optimally performed by fluorescence microscopy. Infected single cells or 

syncytia appearing as distinct fluorescent plaques were counted and infectious virus titers 

were expressed as plaque-forming units (PFU). The neutralizing property of a serum was 

determined by its ability to reduce the number of plaques as compared to infection without 

serum. The intra-assay variation with microscopic reading showed good reproducibility, with 

a standard deviation of 9.9%. The GHOST(3) plaque assay was also adopted for reading by 
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flow cytometry (168), however, in this case the virus dose had to be at least five times higher 

and therefore we routinely used microscopic evaluations. 

CD4-independent infections 

NP-2 cells expressing CD4 and CCR5 or CCR5 alone were used to determine if the isolates 

could establish infection independently of CD4. NP-2 is human glioma cell line and has been 

engineered to stably express human CD4 and/or human CCR5 (139, 221, 228). Infection of 

NP-2 cells was measured by amount of reverse transcriptase in cell culture supernatants. In 

addition, infection of NP-2 cells expressing only CCR5 was analyzed by four other means. 

The first method was coculture of infected NP-2/CCR5 cells with PBMC, starting one week 

after infection. Additional methods to evaluate infections were to infect PBMC with cell 

culture supernatants or cell lysates from infected NP-2/CCR5 cells. Infection was also 

confirmed with PCR for proviral gag (249).
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RESULTS AND DISCUSSION 

Coreceptor use of SIVsm  

Coreceptor use was studied in SIVsm reisolates from eighteen progressor monkeys, five slow 

progressor animals and seven LTNP animals (paper I). The inoculum virus SIVsm strain 

SMM-3 used CCR5, CXCR6 and gpr15 for entry. Human PBMC (hPBMC) was used in 

isolations of 105 of the virus isolates and in eleven cases we also isolated viruses using 

macaque PBMC (mPBMC). CCR5 was the most common coreceptor, regardless of disease 

progression, used by 99 of the 105 reisolates obtained by virus isolation on hPBMC (Table 3). 

CXCR6 and gpr15 were commonly used in parallel with CCR5 by 63 and 59 hPBMC virus 

isolates, respectively. Interestingly, as many as 20 isolates derived by cocultivation with 

hPBMC could infect cells by the CXCR4 coreceptor. In earlier studies, CXCR4 use of SIV 

has rarely been encountered and was in at least two cases shown with virus isolated and/or 

passaged on hPBMC (170, 210, 255). Also, SIV adaptation to human cells has been described 

and was associated with a shorter form of gp41 (gp31) (90). Therefore it was important to 

compare viruses isolated on hPBMC and mPBMC, respectively. A comparison of exact 

matches of isolates derived on hPBMC and mPBMC showed that CCR5 and CXCR6 use was 

similar and CCR3 use was more frequently present than among hPBMC isolates, while gpr15 

use was rare (paper I). The fact that, we could isolate CXCR4-using viruses on hPBMC but 

not on mPBMC, suggested that hPBMC may select for variants with CXCR4 use. 

Comparisons of IV-infected versus IR-infected monkeys could not link coreceptor use to 

route of transmission.  

CCR5 has been shown to be the major coreceptor for SIV and is essential for cell entry in 

combination with CD4 (28, 55, 143). In addition, CXCR6 and gpr15 have been shown to be 

common coreceptors for SIV (2, 46, 61). Our results are in agreement with previous studies 

on sequential SIV isolates where CCR5 has been shown to be an important coreceptor for 

both early and late SIVsm and SIVmne variants (114, 255). In vivo studies have shown that 

gpr15 plays a minor role in pathogenicity (180) and this is further supported by the rare 

isolation of gpr15-using viruses on mPBMC in our material.  
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Table 3. Summary of coreceptor use of viruses isolated on hPBMC from 30 animals. 

Coreceptor use on cells expressing CD4 
Group Total number Weaka Unknownb CCR3 CXCR4 CCR5 CXCR6 gpr15
         
P – 18 animals         
early isolates

c
 36 0 3 5 6 36 24 23 

late isolates
c
 30 1 0 1 5 28 15 17 

         

SP – 5 animals         

early isolates 10 1 2 4 4 9 8 8 

late isolates 10 0 2 2 2 10 7 5 

         

LTNP – 7 animals         

early isolates 13 2 1 3 3 11 8 5 

late isolates 6 1 0 0 0 5 1 1 

         

Summary 105 5 8 15 20 99 63 59 
a
 Isolates gave indeterminate results on GHOST(3)-CCR5 cells. 

b
 Infection of the parental cell line and GHOST(3)-CXCR4 could not be inhibited by AMD3100, 

suggesting use of an unknown receptor. 
c
Early isolates were obtained two weeks and three or four months post infection and late isolates were 

usually obtained at twelve months or later (by the time of euthanization).  

Isolates from both mPBMC and hPBMC could infect GHOST(3)-parental and GHOST(3)-

CXCR4 cells in the presence of the CXCR4-antagonist AMD3100 (paper I). Interestingly, 

this unknown way of infection of GHOST(3) cells was observed frequently with isolates 

obtained by cocultivation with mPBMC (six isolates out of eleven) but only with a minority 

of hPBMC isolates (eight isolates out of 105). Incomplete inhibition by AMD3100 of SIVsm 

infection of CXCR4-expressing GHOST(3) cells have previously been observed and was 

suggested to be the result of an additional unknown coreceptor also present on the GHOST(3) 

cells (255). We hypothesize that this unknown coreceptor may be similar to CXCR4, and that 

use of this receptor can promote evolution of SIV to CXCR4 use when replicating in human 

cells. Another possibility is that the interaction of the SIV envelope with CXCR4 is different 

from the interaction of the HIV-1 envelope and CXCR4 (170). Accordingly, when SIV 

replicates in hPBMC, there may be a selection towards interactions more similar to the  

HIV-1/CXCR4 interactions. 

Replication capacity in macrophages and PBMC 

Replication capacity in macrophages and PBMC was monitored with sequential isolates from 

all 30 animals. PBMC and MDM could be readily infected with reisolates from all animals 

(paper III). We infected macrophage and PBMC cultures of both human and macaque origin. 
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Only a few reports have evaluated the capacity of SIV isolates to infect human macrophages 

(18, 84, 179). Grimm et al. showed that 12 out of 16 SIV isolates from five different species 

could infect human macrophages (84). However, the capacity of the isolates to infect 

macrophages of primate origin was not tested. Our results indicate that viruses isolated on 

mPBMC or hPBMC have the same replication capacity in macrophages from macaque 

(mMDM) and in PBMC of both human and macaque origin. Performing the same experiment 

on macrophages from human blood donors (hMDM) showed that isolates obtained from 

mPBMC tended to replicate to lower levels relative to isolates obtained by cocultivation with 

hPBMC. However, the relative differences in replication capacity between isolates were the 

same. Based on these results and the limited availability of blood from macaques, we decided 

to work with cells of human origin. 

The experiments involved macrophages from thirteen different blood donors and every isolate 

was tested on 2 to 4 donors in independent experiments (paper III). The M-tropic SIVmac251 

isolate was included in all experiments as a positive control and productive infection of 

macrophage cultures with SIVmac251 varied up to 22-fold among different blood donors at 

peak level (day 15 after infection). SIVsm strain SMM-3, the inoculum virus, was tested on 

four hMDM donors and replication was found to be similar to the SIVmac251 control. To 

account for the variation in virus replication between macrophages from different blood 

donors, RT production of infected macrophage cultures of interest was divided by the RT 

production of SIVmac251 infected macrophages at day 15. Peak replication for reisolates was 

the same as for SIVmac251. 

Evolution of virus tropism in disease progression 

Our results indicate that SIV evolves to a less pathogenic virus in LTNP monkeys using 

decreasing numbers of receptors and replicates less efficiently over time (paper I). Virus 

could usually be isolated at early time-points from LTNP monkeys, while isolation was 

unsuccessful later in infection in many of the LTNP animals, resulting in few late isolates 

from LTNP monkeys to be analyzed. Coreceptor use of isolates from LTNP monkeys was less 

promiscuous than isolates from progressors and slow progressors. In six out of seven cases the 

pattern of coreceptor use either narrowed and included use of lower number of coreceptors or 

was stable CCR5 use (Table 4). The same pattern was seen in three out of five slow 
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progressor animals, while a minority of progressor monkeys showed the narrowing pattern. 

On the contrary, progressors showed broadening of coreceptor use, stable use of several 

coreceptors or fluctuation between these different coreceptor usage patterns.  

Table 4. Summary of the different patterns of evolution of coreceptor use in SIVsm infected 
macaques. 

 Evolution of coreceptor use 
 Narrow a Fluctuating b Broad c

    
Progressors    
No CXCR4 use 6 3 1 
Early CXCR4 use 1 2 0 
Late CXCR4 use

d
 0 3 2 

Summary 7 8 3 
    
Slow progressors    
No CXCR4 use 2 0 1 
Early CXCR4 use 1 0 0 
Late CXCR4 use 0 0 1 
Summary 3 0 2 
    
LTNP    
No CXCR4 use 3 1 0 
Early CXCR4 use 3 0 0 
Late CXCR4 use 0 0 0 
Summary 6 1 0 
a
 narrowed to include use of lower number of receptors or was stable CCR5 use 

b
 fluctuation between the different coreceptor usage patterns, changing from the capacity to use many 

coreceptors to use of less coreceptors and late isolates using several coreceptors again. 
c
 broadening of coreceptor use to include capacity to use several coreceptors or stable coreceptor use 

of more than two coreceptors.
d
 Includes monkeys with early and late CXCR4 use 

In spite of the rare detection of CXCR4-using SIV isolates reported, we could recover 

CXCR4-using viruses from 13 monkeys, when isolated on hPBMC (paper I). Two patterns of 

CXCR4 use were demonstrated. CXCR4 use either appeared early during the acute phase of 

infection and disappeared later or, CXCR4 use only appeared late in infection during 

immunodeficiency. While the first pattern has been encountered in an earlier work (255, 256), 

late appearance of CXCR4 use has not previously been demonstrated in SIV infection. In our 

SIVsm material altogether five out of 18 monkeys in the progressor group yielded CXCR4-

using viruses. One animal (D24) evolved to a unique phenotype, X4X6, using CXCR4 as the 

major coreceptor and not at all CCR5. Viruses from three monkeys (C38, C86 and C87) 

showed evolution to include CXCR4 use, although use of CCR5 and CXCR6 was more 

efficient than CXCR4 use and one progressor monkey (C73) showed fluctuation in the 

evolution of CXCR4 use in that CXCR4-using virus was isolated early and late in infection, 

but not in between. When large populations of HIV-1 subtype B infected individuals are 
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considered, appearance of syncytium inducing virus (SI = CXCR4-using) has been estimated 

to involve 50% of AIDS cases (109, 213, 237, 238). Large variations between groups and also 

according to subtype have been reported. For example, in HIV-1 subtype C infections, the X4 

phenotype occurred less frequently (17% of the AIDS cases) (34). In our study of evolution of 

SIV coreceptor use, CXCR4-using virus variants appeared in later stages of disease in 28% of 

the animals. Our results indicate that SIVsm evolves to acquire a broader receptor use in 

progressive disease to include CXCR4 use or use of an unknown CXCR4-like coreceptor. 

This suggests that evolution of coreceptor use in SIV infections may be more similar to HIV 

infections than previously anticipated. 

A broad use of coreceptors could be linked to a more efficient replication in macrophages 

(Paper III). Faster disease progression in SIVsm infected monkeys was associated with 

maintained or fluctuating macrophage tropism of sequential isolates (Table 5). The capacity 

of isolates from progressor monkeys to replicate well in macrophages was in agreement with 

the replicative capacity in hPBMC (Table 6). In contrast, isolates from LTNP monkeys 

became less fit with decreasing replicative capacity in macrophages and to some extent in 

hPBMC. It must be remembered that the limited fitness of isolates from LTNP monkeys was 

also reflected by unsuccessful virus isolations. There was a significant difference in the 

evolution of the replicative capacity in macrophages between LTNP monkeys and monkeys 

with a more progressive disease (P+SP versus LTNP, p=0.0253, Fischer’s exact test). In 

hPBMC there was no apparent correlation between progressors and LTNP monkeys (P+SP 

versus LTNP, p=0.1432, Fischer’s exact test), since the isolates from LTNP monkeys 

replicated better in PBMC than in macrophages.

Table 5. Evolution of replication capacity in hMDM in experimentally SIVsm infected macaques
a
.

 Pattern of evolutionb

 Decreased Fluctuating Increased or no change 

Progressors (n=18) 7 4 7 

Slow progressors (n=5) 1 1 3 

Long-term non-progressors (n=7) 6 1 0 
a

Fisher’s exact test was used to analyze disease progression in relation to macrophage tropism, by 
comparing the number of monkeys in the two categories (P+SP versus LTNP) for decrease versus 
increase + fluctuation in macrophage tropism over time (p=0.0253). 
b
 Pattern of evolution: Increase or no change, productive infection was higher or equal to that of 

SIVmac251 or no change of productive infection over time of sequentially collected isolates; 
Decrease, productive infection decreased over-time relative to SIVmac251; Fluctuating, increase or 
decrease between two virus isolate time-points. 
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Table 6. Evolution of replication capacity in hPBMC in experimentally SIVsm infected macaques
a
.

 Pattern of evolutionb

 Decreased Fluctuating Increased or no change 

Progressors (n=18) 4 4 10 

Slow progressors (n=5) 2 1 2 

Long-term non-progressors (n=7) 4 0 3 
a
Fisher’s exact test on disease progression in relation to replication in PBMC (p=0.1432), se also table 

4,
b
 Pattern of evolution, see table 4. 

Over the last years macrophages have been recognized as important viral reservoirs for HIV-1 

throughout the chronic infection (235). Recent studies showed that macrophage tropism of 

HIV-1 isolates was enhanced if derived from patients with advanced immunodeficiency (136, 

243). Our results from a large cohort of infected macaques further support the notion that the 

capacity to replicate in macrophages is important to establish a progressive disease in the host. 

For many years it was assumed that shortly after seroconversion, HIV-1 variants able to 

readily infect macrophages dominate, while with progression to AIDS HIV-1 loses the 

capacity to infect macrophages (212). Similar results were obtained in the macaque model 

with the molecular clone SIVMneCL8 (201). Late variants reisolated from the monkeys were 

more cytopathic in human T cell lines, and less efficient in infecting macrophages compared 

to the early reisolates and the inoculum virus. However, as early as 1992, Mori et al. showed 

that even if a non-macrophage tropic molecular clone, SIVmac239, was inoculated into 

macaques, pathogenesis was associated with emergence of macrophage tropic virus (159). 

Similarly, in rhesus monkeys inoculated with a highly pathogenic SIV/HIV-1 chimera 

(SHIV), rapid depletion of CD4+ T cells was followed by the emergence of macrophage 

tropic viruses (99, 100). This implies that tissue macrophages are important reservoir of virus 

in vivo. SHIV infection is followed by increase in number of infected macrophages during the 

pathogenic process providing a high viral burden. Consequently, early suppression of viruses 

could lead to long-term non-progression. Indeed, our results demonstrate that suppression of 

the replicative capacity of SIVsm in macaques is related to a delayed disease progression and 

to failure of virus isolation. 

Kinetics of the neutralizing antibody response in the infected host 

Evolution of the neutralization response was evaluated in 16 monkeys: ten progressors; two 

slow progressors; and four LTNPs. All monkeys developed a neutralization response to the 

inoculum virus (paper II). There was no pathogenesis-related difference in the efficacy of 
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antibody response to the inoculum virus. One and two months after infection, a difference in 

the capacity to neutralize the inoculum virus was observed between IV-infected monkeys (six 

animals) and IR-infected monkeys (ten animals) (Figure 6). The IV-infected monkeys had a 

significantly earlier neutralization response than the IR-infected monkeys (p=0.002 and 

p=0.022, respectively, Mann-Whitney test). Later at three months after infection the IR-

infected animals had reached the same levels of neutralization to the inoculum virus. 

Likewise, others have shown that neutralizing antibodies could be detected at seven weeks 

after infection in IV-inoculated macaques when using SIVsmE660 as challenge virus, while, 

at this time, the IR-inoculated macaques did not have detectable neutralizing antibodies (202). 

In HIV-1 infection, antibody responses to HIV-1 antigens are higher in HIV-1 positive 

injecting drug users than in HIV-1 positive homosexual men (103). In addition, comparisons 

of disease progression in HIV-1 infection between injecting drug users and homosexual men 

have shown that homosexual men had a significantly accelerated progression rate, when 

adjusting for non-AIDS mortality in the drug user group (174). It is tempting to speculate that 

these results reflect differences in antigen presentation. The intravenous route may lead to a 

sooner transport to lymph nodes, followed by an early presentation to B cells, than what 

occurs after infection by the intrarectal route. Alternatively, the capacity or response of B 

cells or T-helper cells may differ according to the compartment of virus entry. 

Figure 6. The early kinetics of the neutralization response to the inoculum SIVsm strain SMM-3 with 

serum from IV-infected macaques (A) or IR-infected macaques (B). Each line represents individual 

macaques. Values are means of two independent neutralization assays.
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Evolution of neutralization resistant virus variants 

Neutralization resistant isolates could be recovered from both IV- and IR-inoculated monkeys 

already at three or four months after infection (paper II)). Notably, six out of ten progressor 

monkeys escaped neutralization by autologous sera, while neutralization resistant variants 

could not be observed at this early time-point for the SP and LTNP group of animals. Isolates 

obtained late in infection were all more or less resistant to neutralization with early sera. 

Our results suggest a role for neutralizing antibodies in controlling viremia. When the 

capacity of serum to neutralize autologous virus isolated three months post-infection was 

analyzed in relation to viral load, two progressor monkeys (C39 and C44) had low viral loads 

at early time points and had no neutralization escape variants at three months after infection. 

Progressor animal C27, also with a latency to develop neutralization resistant virus had low 

viral load throughout the study, similar to the LTNP animals. However, in most cases control 

was transient and was overridden by the emergence of neutralization resistant variants. 

Can heterologous sera neutralize virus? 

Our results indicate that the viruses resistant to autologous neutralizing activity were also 

resistant to neutralization in the heterologous reaction. All viruses were tested with a high-

titer neutralizing serum from a LTNP monkey (H55:16, paper II). This serum neutralized the 

inoculum virus and virus obtained two weeks after infection to over 80%. However, the 3- or 

4-month isolates from the IV-infected progressor monkeys (four animals) were completely or 

partially resistant to neutralization with this high-titer neutralizing serum, while the IR-

infected progressor monkeys (six animals) did not show the same pattern. The differences 

between neutralization of 2-week and 3- or 4-month isolates was significantly larger for IV 

infected than IR-infected progressors (p=0.001, Mann-Whitney test)). All late isolates, except 

one obtained from a LTNP monkey, were highly resistant to neutralization. The results 

indicate that a strong neutralization response, as the response from IV-infected monkeys with 

an earlier neutralization response to the inoculum virus, may select for neutralization resistant 

variants. Moreover, an early and effective humoral immune response may not serve as the 

sole explanation for the differences in progression rate between injecting drug users and 

homosexual men in HIV-1 infection, as discussed above(174). 



43

Heterologous neutralization was also tested in a checkerboard fashion with sera and virus 

isolates from the four progressor monkeys (B174, D23, C39 and C44). The virus isolates were 

chosen to represent two monkeys with neutralization escape variants at three months after 

infection and two monkeys with no detectable escape variants at three months. Similar to the 

autologous reaction, virus isolates from monkeys C39 and C44 were sensitive to 

neutralization with the heterologous sera. The 3-month viruses from monkeys B174 and D23 

were neutralization resistant, however these two monkeys elicited broadly neutralizing 

antibodies that could neutralize 3- or 4-months virus isolates from monkeys C39 and C44. 

These results indicate that monkeys B174 and D23 do have an efficient neutralization 

response but that the viruses evolve to escape neutralization. 

To further analyze the heterologous reaction, virus isolates from the same four progressor 

monkeys (B174, D23, C39 and C44) were tested for neutralization with a pool of late sera 

from LTNP progressor monkeys (B173, C82, C93 and D28). Interestingly the pooled sera 

could control the three or four months isolates from all four monkeys with neutralization close 

to or more than 90%. The results indicate that a serum pool, presumably containing a 

spectrum of neutralizing antibodies, is more potently neutralizing than one serum from a 

single animal. Neutralization resistance can thus be controlled by a reagent with broad 

neutralizing capacity. 

CD4-independence of SIVsm reisolates 

Sequential reisolates from 13 monkeys with different disease progression were monitored for 

CD4-independent use of CCR5. The majority of CCR5-using isolates were capable of CD4-

independent infection in NP-2/CCR5 cells, however CD4-independent infection was 

generally not apparent as measured by reverse transcriptase in supernatants or syncytia 

formation (paper IV and Table 7). Infection of NP-2 cells expressing CCR5 but not CD4 with 

viruses obtained by cocultivation with mPBMC was in most cases more efficient than virus 

isolated on hPBMC. The mPBMC isolates induced both syncytia and virus production in 

seven cases out of eleven, while only a few isolates obtained on hPBMC were able to induce 

syncytia or were positive for virus production after infection of NP-2/CCR5 cells. The more 

apparent infection of NP-2/CCR5 cells with isolates obtained on mPBMC indicates that SIV 

evolves to be more dependent on CD4 in human cells. However, cocultivation of infected NP-

2/CCR5 cells with hPBMC revealed successful CD4-independent infection with 93 % of the
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Table 7. Summary of infection of NP-2 cells with CCR5-using isolates. 

    
% of isolates positive for infection 
of NP-2/CCR5 cells 

    Syncytia RTa
both RT and 
syncytia 

% of isolates positive after 
cocultivation of NP-
2/CCR5 cells with hPBMCb

      

P hPBMC isolates (n=24)  17 35 17  96 

SP hPBMC isolates (n=8)  13 38 13  88 

LTNP hPBMC isolates (n=12)  25 58 25  92 

       

All hPBMC isolates (n=44)  18 43 19  93 

       

mPBMC isolates (n=11)   64
c
 64

 c
 64

c
  100 

a
 Virus production in supernatants as measured reverse transcriptase activity. 

b
 Measured by production of reverse transcriptase activity in supernatants of cocultures. 

c
 A portion of the isolates were infected with low virus doses that may have influenced the outcome of 

syncytia formation and productive infection 

Table 8. Summary of infection of hPBMC with lysates and supernatants of NP-2/CCR5 cultures. 

% of isolates positive for 
infection of NP-2/CCR5 cells  

% of isolates positive after 
infection of hPBMC withb

    Syncytia RTa DNA-PCRc
NP-2/CCR5 
lysates 

NP-2/CCR5 
supernatants 

hPBMC isolates (n=19)   16 32 89  95 100 

mPMC isolates (n=6)   50 50 100  83 67 
a
 and 

b
 see Table 6. 

c
 Nested PCR was performed on DNA from infected NP-2/CCR5 cells with gag specific primers. 

hPBMC isolates and all of the mPBMC isolates. In addition, a nested PCR performed on 

DNA from infected NP-2/CCR5 cells with gag-specific primers confirmed presence of 

provirus (Table 8). Infection of hPBMC with cell lysates or cell culture supernatants from 

infected NP-2/CCR5 cells revealed both intracellular and extracellular virus production.

Intracellular virus production has previously been observed in infected macrophages (175, 

190). Virus particles were observed within intra-cytoplasmic vesicles with characteristic 

multivesicular bodies known as late endosomes or major histocompability complex class II 

compartments. Sharova et al. demonstrated that virus may assemble and bud intracellularly 

into endosomal compartments in primary macrophages and that the viruses retain infectivity 

for at least 6 weeks (215). Macrophages may be infected in a CD4-independent manner since 

these cells express low levels of CD4 (9). It is possible that transfer of virus after intracellular 

budding to uninfected cells occurs through an infectious synapse, similar to what has been 

observed between dentritic cells and T cells (73, 151). Viruses transferred by the infectious 
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synapse are poorly accessible to neutralizing antibodies (73). Accordingly, this may be a 

means for the virus to transfer to uninfected cells and infect cells without encounter of the 

immune system. It is also important to note that CD4-independent infection may greatly 

enhance the number of cells that are permissive to infection. 

Does mode of CCR5-use explain CD4-independence of SIVsm isolates? 

Mode of CCR5 use was evaluated in U87.CD4 cell lines expressing chimeric receptors 

constructed of CCR5 and CXCR4 (5). In the present experiments we used three chimeras 

(FC-1, FC-2 and FC-4b), where CCR5 had been exchanged gradually, beginning with the N-

terminal, for corresponding parts of the CXCR4 molecule. Our results showed that the FC-1 

receptor was frequently used by SIVsm (93% of the hPBMC reisolates) and FC-2 and FC-4b 

were also used by a high number of isolates (Paper IV). However use of FC-2 and FC-4b was 

rarely as effective as FC-1 use. The majority of the hPBMC reisolates (29 out of 45) and most 

of the mPBMC reisolates (8 out of 11) could use all three chimeric receptors. It seems that the 

ability to use different variants, especially FC-1, of the CCR5 receptor may predispose the 

SIVsm isolates (tested in paper IV) for CD4-independence. This is in contrast to a previous 

report where it was shown that the N-terminal of CCR5 is the critical domain for CD4-

independent entry of SIVsm envelope clones (56). The N-terminal of CCR5 was also 

sufficient for entry of the M-tropic strain SIVmac316 and, by contrast, the strains SIVmac239 

and SIVmac251 required the presence of the second extracellular loop of CCR5 (55). In our 

hands, the N-terminal of CCR5 was usually not needed for infection. However, we could not 

estimate the importance of the CCR5 second extracellular loop since this loop was expressed 

by all of the chimeric receptors tested in our present study. 

HIV-1 primary isolates with R5 phenotype use FC-2 more often than FC-1. In fact FC-1 

appeared to be the most restrictively used chimeric receptor by HIV-1 isolates (110, 111). The 

results indicate that SIVsm uses CCR5 in a different mode than HIV-1. We decided to explore 

whether potential effects of the mode of CCR5 use and CD4-independence could be found in 

HIV-1 and HIV-2 isolates. For this purpose we chose 15 primary HIV-1 isolates previously 

tested for coreceptor use and mode of CCR5 use (110, 111) and seven primary HIV-2 isolates 

previously tested for coreceptor use (163). Ability to infect FC-1 was observed in six out 15 

of the HIV-1 isolates and in five out of seven HIV-2 isolates (Table 8). Interestingly, one 

HIV-1 primary isolate (1023:6761) could infect cells independent of CD4 as revealed by 
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cocultivation of NP-2/CCR5 with hPBMC. This isolate also induced the highest number of 

syncytia in FC-1 among all HIV-1 isolates tested. CD4-independence of CCR5-using HIV-2 

isolates was less prominent still, in four cases out of five these isolates efficiently used the 

FC-1 chimera.  

Table 8. HIV-1 and HIV-2 infection of U87.CD4 expressing wild type or chimeric receptors compared 
to CD4-independent infection of NP-2/CCR5 cells. 

Isolate U87.CD4  NP-2/CCR5 
Syncytia or RTa

    CCR5 CXCR4 FC-1 FC-2 FC-4b Syncytia or RTa

Cocultivation 
with hPBMCb

(RT pg/ml) 
        

HIV-1 1023:6761   +++ ++ ++ ++ ++   - >1000 

        
HIV-1 1276:962   +++ - - - -   - 0 
HIV-1 1276:3514  +++ - - ++ -  - 0 
HIV-1 1276:8112  +++ - - ++ -  - 0 

        
HIV-1 2242:477  +++ - - - -  - 0 
HIV-1 2242:1886  ++++ - + ++ -  - 0 
HIV-1 2242:3700  ++++ - - +++ -  - 0 
HIV-1 2242:4874  ++++ ++++ + + ++++  - 0 

        
HIV-1 2112:171  ++++ - - - -  - 0 
HIV-1 2112:2574  ++++ - - +++ +/-  - 0 
HIV-1 2112:3502  ++++ - +/- +++ +  - 0 
HIV-1 2112:5309  ++++ ++ +/- ++ +  - 0 

        
HIV-1 958:5229  +++ - - - -  - 0 
HIV-1 958:6789  ++++ - - - +/-  - 0 
HIV-1 958:8567  +++++ ++++ + ++ ++++  - 0 

        
HIV-2 1010   + +++ + ++ ++++   - 0 
HIV-2 6669  - +++ - + +++  - 0 
HIV-2 1808  +++ - ++ + +/-  - 194 
HIV-2 1812  +++ - ++ +++ +  - 86 
HIV-2 1816  ++++ - ++ +/- +/-  - 93 
HIV-2 1654  +++ - - + -  - 94 
HIV-2 1682   +++ +/- ++ + +/-   +/- >1000 
a

Induction of syncytia was observed in light microscope. Supernatant culture fluids were collected at 
day 7 and analyzed for production of RT. -, no syncytia; +/-, <10 syncytia per well or RT positive; +, 
10-20 syncytia per well; ++, syncytia covering  20-50% of the wells; +++, syncytia covering  50-90% of 
the wells; ++++, syncytia covering  >90% of the wells. 
b
 Virus production was by measured reverse transcriptase activity six days after start of cocultures with 

hPBMC. Supernatants were tested undiluted in the RT assay and therefore values above 1000 pg 
RT/ml cannot be separated. 
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HIV-2 isolate 6669 does not use CCR5 and as expected could not infect NP-2/CCR5 cells. 

CXCR4 use of HIV-2 isolate 1010 was more efficient than CCR5 use and this might explain 

why we did not observe infection NP-2/CCR5 cells. The results allow us the suggestion that 

mode of CCR5 use may influence CD4-independence. FC-1 and FC-2 differ in the first 

transmembrane region where FC-1 is CCR5, while FC-2 is CXCR4. The capacity to replicate 

in FC-1 and FC-2 indicates two different interactions with the CCR5 receptor, one that is used 

by isolates with an envelope conformation that allows CD4-independence and another 

confirmation that is strictly CD4-dependent. In addition, the rare observations of CD4-

independent HIV-1 isolates and the inefficient CD4-independent HIV-2 isolates indicate that 

HIV has evolved to be dependent on CD4 in humans. This is also supported by our notion that 

a majority of SIV isolates is CD4-independent and that isolation of SIV on human cells 

selects for more CD4-dependent SIV variants (Table 7 and 8). 

Is there a correlation between macrophage tropism, neutralization sensitivity 

and CD4-independence? 

Neutralization sensitivity of SIVmac envelopes has been correlated to CD4-independent entry 

into target cells as well as to enhanced macrophage tropism (153, 184). In addition, 

neutralization sensitive laboratory adapted HIV-1 viruses have been shown to have a stable 

exposure of the coreceptor binding site (93) and are capable of CD4-independent infections 

(52, 93, 95, 127). We chose to separate the P+SP and the LTNP groups when comparing 

CD4-independence and neutralization sensitivity. Neutralization sensitivity in the LTNP 

group correlated with a higher ability of CD4-independent use of CCR5, estimated by RT 

production in cocultures of NP-2/CCR5 with hPBMC (paper IV). No such correlation was 

found for isolates from progressor and slow progressor monkeys. It is tempting to speculate 

that in LTNP monkeys the overall immunity is more potently controlling the virus. However, 

since we did not find any correlations between CD4-independence and neutralization 

sensitivity in the P and SP groups it is less likely that our CD4-independent SIVsm isolates 

have an open envelope structure that may be exposed to neutralizing antibodies.

In our material, neutralization sensitivity did not correlate to replication capacity in MDM or 

PBMC (paper III). We further compared CD4-independent use of CCR5 and macrophage 

tropism separately in the two groups (P + SP and LTNP). There was no correlation between 

macrophage tropism and CD4-independence in the progressor and slow progressor monkeys 
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(paper IV). Virus from LTNP monkeys showed a trend towards a correlation between CD4-

independent use of CCR5 (as estimated from cocultures of NP-2/CCR5 cells with hPBMC) 

and relative replication capacity in macrophages. Nevertheless, even if we did not find any 

clear correlations between macrophage tropism and CD4-independence it must be 

remembered that hMDMs could be readily infected with reisolates from all animals and the 

majority of these isolates were CD4-independent. Therefore our results are in line with those 

suggesting that less dependence on CD4 of SIV and HIV leads to an increased ability to 

utilize relatively low levels of CD4 and CCR5 expressed on macrophages (9, 80, 153, 184). 

However, it appears that there is no clear relationship between disease progression and 

efficacy of CD4-independent infections, indicating that CD4-indepence is a means to broaden 

the tissue tropism, but do not necessarily make the virus more pathogenic.  
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CONCLUSIONS

CCR5, CXCR6 and gpr15 are common receptors used by primary SIVsm isolates. Isolates, 

especially viruses obtained by cocultivation on macaque PBMC, may use an unknown 

receptor expressed on the GHOST(3) cells. Alternatively they may use CXCR4, 

endogenously expressed and present on GHOST(3) cells, in a way that cannot be inhibited by 

the CXCR4-antagonist AMD3100. Furthermore, CXCR4-using SIVsm, sensitive to 

AMD3100, may be isolated on human PBMC, but not when isolating virus on macaque 

PBMC suggesting that human and monkey cells select for different virus variants. In addition, 

human cells may also select for more CD4-dependent virus variants, indicated by the fact that 

viruses isolated on mPBMC were in most cases more efficient in infecting NP-2 cells 

expressing CCR5 but not CD4 than viruses isolated on hPBMC. Comparisons of SIV and 

HIV-1, showed that the differences in mode of CCR5 use may be explained by the ability of 

SIVsm to use CCR5 independently of CD4 for infection. CD4-independent infections seem to 

result in both intracellular and extracellular virus production. Intracellular virus production 

may serve as an additional way for the virus to evade the immune system. 

All animals mounted a neutralizing antibody response to the inoculum virus. However, 

neutralizing antibodies appeared earlier in IV-infected animals than in IR-infected animals. 

This early humoral immune response might have induced faster neutralization resistance in 

the IV-infected progressor animals than in IR-infected animals, as evidenced by resistance to 

a heterologous high tire serum 

Evolution of virus occured in the infected macaques. The majority of sequential isolates from 

progressor monkeys gradually used more coreceptors, or showed stable use of multiple 

coreceptors or fluctuation between the different coreceptor usage patterns. In addition, in five 

animals out of 18, late isolates included CXCR4 use. Late isolates from progressor monkeys 

also maintained an effective replication capacity in macrophages and PBMC and evolved to 

escape neutralizing antibodies already at three months after infection. The majority of virus 

isolates from progressors used CCR5 independently of CD4. 

The LTNP animals seemed to control the virus evolution. Virus became less fit as shown by 

decreased frequency of successful virus isolations, coreceptor use generally narrowed to 

stable CCR5 use and late virus from LTNP monkeys was also less capable for replication in 
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macrophages. In addition, virus evolution to neutralization escape was delayed. Furthermore, 

there was a significant correlation between a higher neutralization sensitivity and more 

efficient CD4-independent use of CCR5, estimated by RT production in cocultures of NP-

2/CCR5 with hPBMC. Pooled sera from four LTNP monkeys showed a broad neutralizing 

capacity, including neutralization of escape variants. The results suggest an important role for 

neutralizing antibodies in controlling viremia. Although this control is transient in the infected 

host, neutralization resistance is relative and variant viruses may be neutralized by a broadly 

cross-neutralizing serum pool.  
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SAMMANFATTNING PÅ SVENSKA 

Sedan 1981, då de första fallen av AIDS1 beskrevs, har 25 miljoner människor dött på grund 

av att de har blivit smittade av immunbristviruset HIV2 . Det finns idag mer än 40 miljoner 

människor som lever med HIV eller AIDS. SIV3 är apsläktets variant på HIV och orsakar 

normalt ingen sjukdom hos sina värddjur som är olika afrikanska apor, men då asiatiska apor, 

t. ex. makaker, blir smittade av SIV utvecklar de en immunbristsjukdom som liknar AIDS hos 

människor. HIV tros ha uppstått genom att människor har jagat och ätit kött från afrikanska 

apor och att SIV har förändrats så att det kan smitta från människa till människa. SIV-

infektion hos makaker används som en modell för att förstå HIV så man kan utveckla nya 

mediciner och förhoppningsvis vaccin. Det finns idag inga botemedel för sjukdomen, däremot 

finns det ett antal bromsmediciner som förlänger livslängden och minskar symptomen för 

HIV-smittade. 

Virus består av en bit arvsmassa (DNA eller RNA) som omges av ett proteinhölje och alla 

virus kräver levande celler och cellernas förmåga att kopiera arvsmassa för att bli fler. När 

HIV har infekterat en cell kommer virusets arvsmassa att infogas i cellens DNA och cellen 

kan aldrig bli fri från virussmittan igen. För att ta sig in i och infektera en cell använder virus 

speciella proteinstrukturer på cellens utsida, så kallade receptorer. Receptorer används 

normalt för kommunikation mellan celler och är viktiga för normala kroppsfunktioner. HIV 

angriper immunförsvarets celler som bär på speciella receptorer. För att ta sig in i en cell 

kräver HIV två receptorer. Man har sedan länge känt till att den primära receptorn är CD4, 

medan den andra receptorn, coreceptorn, kan variera mellan ett tiotal olika receptorer. Av 

dessa coreceptorer använder HIV oftast två, CCR5 eller CXCR4, medan SIV oftast använder 

CCR5 och mycket sällan CXCR4. Ett problem med virus, speciellt HIV, är att när de kopieras 

och blir fler sker ofta små misstag, så kallade mutationer. Dessa mutationer ger upphov till att 

det finns en mängd olika varianter av HIV som kan infektera människor. Mutationer gör att 

virus kan variera användandet av coreceptorer samt att virus kan undvika immunförsvaret 

eftersom de nya varianterna inte känns igen. Mutationerna orsakar även resistens mot 

bromsmediciner. 

1 AIDS = ”förvärvat immunbristsyndrom” eller “acquired immunodeficiency syndrome” 
2  HIV = “humant immunbristvirus” eller “human immunodeficiency virus” 
3  SIV = “apimmunbrist virus” eller “simian immunodeficiency virus” 
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I denna avhandling jämförde vi virus (så kallade virus-isolat) från 30 krabbmakaker (Macaca 

fascicularis) som hade infekterats experimentellt med SIV. Åtta av aporna var smittade 

intravenöst via blodet och 22 av aporna var infekterade intrarektalt via slemhinnor. Aporna 

utvecklade sjukdom olika snabbt, 18 apor insjuknande snabbt, fem apor långsammare medan 

sju apor förblev friska länge. Virus hade isolerats från dessa apor olika dagar efter infektionen 

och vi ville jämföra om infektionsvägen och sjukdomsförloppet spelade någon roll för vilka 

receptorer och celltyper som virusen utnyttjade. Vi ville även studera hur immunförsvarets 

antikroppar utvecklades för att hindra att viruset kunde infektera celler (det neutraliserande 

antikroppssvaret) och när, och till vilken grad, virus muteras för att undvika neutralisation. 

Våra studier kommer att ge ökade kunskaper om hur SIV och HIV fungerar och främja 

möjligheterna för utveckling av effektiv behandling och vaccin. 

För att testa vilka celler och receptorer som var viktiga använde vi olika celltyper och mätte 

om cellerna kunde infekteras med de olika virus-isolaten. Vi kom fram till att det inte fanns 

någon skillnad mellan infektion via slemhinnor eller blod för infektion av olika celltyper eller 

på användandet av receptorer. Däremot fann vi att intravenöst smittade apor utvecklade 

neutraliserande antikroppar snabbare än intrarektalt smittade apor. Tyvärr gav detta inte något 

skydd mot sjukdom utan att det verkade snarare som om detta selekterade fram muterade 

virus som inte kunde kontrolleras av immunförsvaret. CCR5, CXCR6 och gpr15 var de mest 

använda coreceptorerna. Vi var förvånade över att kunna isolera virus som använde CXCR4. 

Det är möjligt att när vi odlade virus på humana celler så fick vi fram virus som använde 

CXCR4 och även virus som var mer beroende av CD4 receptorn. Allmänt var inte SIV-

isolaten särskilt beroende av CD4-receptorn utan de kunde även infektera celler som bara 

hade CCR5 på sin cellyta. Vi fann ett troligt samband mellan hur SIV eller HIV kunde 

interagera med CCR5 receptorn och hur beroende dessa virus var av CD4-receporn. HIV-1 är 

mycket beroende av CD4-receptorn och kanske har behovet att binda till CD4 har uppkommit 

hos människan. Att virus kan infektera celler som inte bär på CD4 gör att antalet målceller i 

en individ blir fler, och dessutom så verkar det som om nyproducerade viruspartiklar kan 

gömma sig från immunförsvaret inuti celler. 

Vid jämförelser mellan olika sjukdomsförlopp fann vi intressanta skillnader. Virus från apor 

som blev snabbt sjuka bibehöll en effektiv replikationskapacitet i makrofager och i T-celler. 

Dessa virus kunde även efter hand som sjukdomen utvecklades infektera celler med hjälp av 

flera olika coreceptorer och dessutom så förändrades virusen redan efter tre månader till att 
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vara resistent mot neutraliserande antikroppar. Apor som förblev friska länge kunde däremot 

kontrollera virusen bättre. Virus från dessa apor var ofta svårt att isolera eller så var det svårt 

att få det att växa i olika cellförsök. Speciellt sena virus från dessa apor replikerade dåligt i 

makrofager och T-celler och använde oftast bara CCR5 som coreceptor. Utöver detta, så 

muterade inte virus för att fly undan neutraliserande antikroppar lika snabbt hos friska apor 

som hos sjuka apor. Detta visar att utvecklandet av antikroppar kan vara viktigt för att 

kontrollera sjukdomsförloppet, men att antikroppar också kan selektera för nya virus 

varianter. 
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for all the nice and fun times together. 
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and for always believing in me. 

Ulrik, for your love and for sharing your life with me. For your unlimited patience and 

encouragement. I could never have done this without you! 
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