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Chapter 1 

General Introduction 
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Lentiviruses such as the human 
immunodeficiency virus type 1 (HTV-1) 
are considered to be unique amongst the 
retroviruses due to their ability to replicate 
in non-dividing cells like macrophages. 
The studies described in this thesis focus 
on the ability of HIV-1 to replicate in 
primary macrophages and the cellular 
conditions, important for this process. 
In this introduction the current knowledge 
on retroviral replication and its 
requirement for cell cycle-related events is 
summarized, whereas HIV-1 variability 
and cellular tropism are described in the 
second part of this chapter. 

Retroviruses 

Retroviruses are enveloped RNA viruses 
containing a diploid RNA molecule 
surrounded by a cone-shaped core. The 
ability to transcribe the viral genomic 
RNA into a double stranded DNA by the 
retroviral enzyme reverse transcriptase 
(RT) and the ability of this double 
stranded proviral DNA to integrate into 
the host cell genome mediated by the viral 
enzyme integrase (IN) are common 
features of retroviruses ',2. The viral RNA 
genome encodes for three structural 
proteins gag, pol and env. The coding 
region is flanked by two long terminal 
repeats (LTR) which are important for 
integration, regulation of transcription and 
polyadenylation of mRNA. The core 
proteins capsid (CA), matrix (MA) and 
nucleocapsid (NC), are encoded by gag 
and are generated by proteolytic cleavage 
of the gag precursor protein. The pol 
region encodes for the viral enzymes 
protease (PR), reverse transcriptase (RT) 
and integrase (IN), which are derived form 
the gag-pol precursor. The env 
glycoproteins contain a surface (SU) and a 
transmembrane (TM) domain u . Based on 

their pathogenesis, retroviruses can be 
divided into three subfamilies: 
oncoviruses, spumaviruses and 
lentiviruses '. 
The largest subfamily is represented by the 
oncoviruses that are capable of inducing 
tumors. For classical oncoviruses, the viral 
genome encodes only the structural genes 
gag, pol and env. In addition, the presence 
of oncogenes has been demonstrated for 
many isolates, such as Rous sarcoma virus 
(RSV) and murine leukemia virus (MLV) 
' . The human oncoviruses, human T cell 

leukemia virus (HTLV) type 1 and 2, are 
associated with human T cell malignancies 
and degenerative neurological disorders 4" 
7. Besides the structural genes, HTLV 
encodes two regulatory proteins. These are 
tax, which is a transactivator of viral and 
some cellular genes, and rex, which 
regulates viral expression 89. 
Members of the spumavirus family, the 
so-called "foamy" viruses, induce large 
vacuolation of cells, but are not of medical 
importance since these viruses are not 
related to any known disease in human or 
animals 10. In addition to the structural 
proteins, the human foamy virus (HFV) 
encodes several open reading frames 
(ORFs). Only two of these are known to 
encode proteins, tas (bell) which activates 
viral transcription and bet, the 
function of which is still unclear '5. Bel2 
and bel3 are ORFs for which a protein 
product has not been demonstrated. HFV 
has a broad host range and can replicate 
efficiently in fibroblasts and in different 
cells of the hematopoietic lineage, like 
primary lymphocytes, monocytes and 
microglia '617. 
The lentivirus subfamily members cause a 
slow progressive disease in humans and 
animals. Human immunodeficiency virus 
type 1 and 2 (HIV-1 and 2), and simian 
immunodeficiency virus (SIV) cause the 
acquired immunodeficiency syndrome 
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(AIDS) or AIDS-like symptoms in 
humans and rhesus macaques, respectively 
'8'23. Visna virus is associated with a 
slowly progressing disease of the central 
nerve system in sheep 24. T helper cells 
and cells of the macrophage lineage are 
the major target cells for lentivirus 
infection in vivo. Beside the structural 
genes, lentiviruses encode at least 6 
additional accessory viral proteins, which 
are being studied extensively for HIV-1. 
Tat induces transactivation of viral 
transcription 25"28; Rev regulates nuclear 
export of unspliced RNA 
involved in virion assembly 
facilitates nuclear transport 

29.30. Vif is 
'; Vpr 
0 and 

induces G2-arrest of the host cell 
thereby enhancing viral transcription; Vpu 
and Nef'are involved in downregulation of 
the HIV-1 receptor CD4 and HLA class 1 
molecules 47*55. Nef also influences the 
infectivity of the virus and absence of 
functional nef in vivo has been associated 
with long term asymptomatic infection in 
both humans and macaques56"58. 

Retroviral replication and host cell 
factors 

With a relatively small genome, 
retroviruses rely on host cell support for 
their replication. Inside the host cell, the 
viral reverse transcriptase transcribes the 
viral RNA into DNA, which will integrate 
into the host genome. Subsequently, viral 
RNA is transcribed, and translated into 
viral proteins. New viral particles are 
assembled in the cytoplasm and bud from 
the plasma membrane (figure 1). 

Reverse transcription 
After entering the cell, the viral RNA is 
reverse transcribed into proviral DNA 
(figure 2). The tRNA primer binds to the 
primer binding site (PBS) of the 5' LTR 
and serves to prime the minus strand DNA 
synthesis of the R/U5 region of the LTR. 
The upstream RNA is degraded by the 
RNaseH activity of RT 59. Before the first 
template switch has occurred, the R/U5 
DNA hybridizes to the R region in the 

CYTOPLASM 

MEMBRANE 

F i g u r e 1. The retroviral replication cycle. 
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3'LTR, and the minus strand DNA is 
formed. The polypurine tract (PPT) region 
of the RNA template at the 5' end of the 
U3 region is not digested by the RNase H 
activity of RT and will serve as a primer to 
initiate the plus strand DNA synthesis. 
After a second template switch, the PBS 
region of the plus strand DNA hybridizes 
with the PBS of the minus strand DNA 
and subsequently, full-length double 
stranded DNA is formed ^61. 
Proviral DNA synthesis for oncoviruses 
has been demonstrated to depend on 
passage through G,/S phase of the cell 
cycle. Stationary cells, or cells arrested 
early in Gi phase of the cell cycle, do not 
support reverse transcription 62_67. This has 
also been observed for HIV-1 and SIV 
infection in quiescent T lymphocytes. In 
these cells the process of reverse 
transcription is inefficient and only 

R,U5,PBS GAG POL ENV PPT,U3, R 

completed upon stimulation 61,68,69 
Since 

reverse transcription is dependent on 
cellular dNTP levels, low dNTP pools 
might explain the incomplete reverse 
transcription in non-dividing cells70"72. 

Integration of proviral DNA 
The preintegration complex consists of 
proviral DNA and viral proteins like NC, 
RT and IN. After reverse transcription, this 
preintegration complex is transported to 
the nucleus and the proviral DNA is 
integrated into the host cell genome. IN 
mediates the joining of the viral DNA and 
the host cell DNA. During this process 
two nucleotides are lost on the ends of 
both LTR's and the cellular DNA repair 
mechanism duplicates 4 to 6 bases in the 
flanking sequences of the host cell DNA 
73,74 

For oncoviruses, proviral integration 
occurs only in cycling cells. It has long 
been assumed that the host cell DNA only 
supported integration during mitosis. 
However, the nuclear transport of the 

R U5 

IRNA 

, PBS GAG POL ENV PPT.U3, R 

i PBS GAG POL ENV PPT,U3,R 

PBS GAG POL ENV PPT U3 R U5 ç J L - J 

'-'iRNA 

PPT,U3,R,U51PBS 
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U3 R U5 
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U3 R U5 PBS GAG ENV PPT U3 R U5 

Figure 2. The process of reverse transcription "'•'''. 
Thin lines depict RNA, thick lines depict DNA. 

preintegration complex rather than the 
actual integration turned out to be the 
critical step dependent on mitosis of the 
host cell. Nuclear transport of the pre
integration complex is facilitated during 
mitosis as result of increased permeability 
of the nuclear membrane656775-76. 
Foamy viruses also require host cell 
proliferation for productive infection. The 
HFV is unable to replicate in Gi/S phase-
arrested cells 77,78 despite efficient nuclear 
targeting due to the nuclear localization 
function of the nuclear capsid domain of 

gag ' ' . 
Nuclear transport of the preintegration 
complex of lentiviruses has been shown 
not to be restricted to cycling cells. Due to 
the presence of nuclear localization signals 
in the viral proteins MA, IN and Vpr, the 
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preintegration complex can cross the 
nuclear membrane in an ATP dependent 
process 35-36.38'81"84. The ability to replicate 
relatively independent of cell proliferation 
discriminates lentiviruses from 

j c _ • 35,76,77,85,86 

oncoviruses and foamy viruses . 

Transcription and translation 
Retroviral transcription is mediated by 
cellular RNA polymerase II and controlled 
by viral and host cell regulatory proteins. 
These regulatory proteins act through the 
long terminal repeat (LTR). Cellular 
transcription factors such as NF-KB, SP-1, 
AP-1, NFAT-1, TCF-la and USF, 
regulate LTR-driven gene expression 87"91. 
Upon cellular activation, cellular as well as 
viral transcription will be enhanced. The 
HIV-1 encoded protein Vpr also enhances 
viral transcription by the induction of a G2-
arrest of the host cell 41"46. Furthermore, 
lentiviruses, HTLV and HFV encode viral 
proteins {Tat, Tax and Tas respectively) 
which enhance viral transcription 8'91 " ' 
28. The Tat protein binds to a cellular 
protein kinase complex, and subsequently 
RNA polymerase II is phosphorylated, 
thereby enhancing initiation and 
elongation of transcription " . 
Viral precursor proteins are produced in 
the endoplasmic reticulum (ER) of the 
host cell. The env glycoproteins, Gag and 
Gag-pol precursors are transported to the 
plasma membrane. Myristilated Gag-pol 
and Gag precursors assemble together 
with two copies of viral RNA and this 
complex buds through the plasma 

membrane 97-102 During budding, env 
glycoproteins are incorporated into the 
viral membrane 100'103-105. m the newly 
formed virion, protease (PR) is activated, 
and gag and gag-pol precursors are 
subsequently processed 104'106-108. 
Foamy viruses share some characteristics 
with hepadnaviruses, like hepatitis B virus 
(HBV), which are RT-encoding DNA 

viruses. Similar to HBV, the HFV env TM 
domain contains an endoplasmic reticulum 
sorting signal, which allows HFV particles 
to bud from intracellular membranes, and 
the majority of the infectious virions are 
therefore cell associated ' . 
Furthermore, HFV virions contain both 
viral RNA and full length proviral DNA. 
In contrast to other retroviruses, HFV pol 
is not synthesized as a gag-pol protein, but 
requires a unique mRNA, which accounts 
for activation of reverse transcription as a 
late event in the replication cycle '"•"2. 
Initiation of reverse transcription during 
assembly has also been demonstrated for 
HIV-1, SIV and MLV 

113-116 , but unlike 
HFV, complete reverse transcription is not 
achieved until the virus gets into the 
plasma of the newly infected cell. Partial 
reverse transcription may occur late in the 
virus replication cycle due to the low RT 
activity of the immature gag-pol precursor 
protein 117"119. Furthermore, intravirion 
reverse transcription may occur, and 
limiting dNTP levels in the virion may 
prevent completion of the proviral DNA 
synthesis U5'120-122. 

HIV-1 

The best studied lentivirus is HIV-1. HTV-
1 infection causes a slow progressive 
disease in humans, which eventually leads 
to severe immunodeficiency and AIDS. 
Transmission of HIV-1 infection can 
occur horizontally, through sexual contact, 
contaminated blood products or needle 
sharing, or vertically from mother to child. 
Primary infection with HIV-1 can be 
asymptomatic or associated with an acute 
mononucleosis l23124. The asymptomatic 
phase of the disease ranges from a few 
months to more then 15 years. This period 
is characterized by a slow decline in the 
number of the circulating CD4+ T 
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lymphocytes and increasing immune 
abnormalities, whereas the viral load is 
increasing slowly. The quantitative and 
qualitative loss of T cell function during 
the course of infection results in impaired 
cellular and humoral immune responses 
125-131 and leads to a severe 
immunodeficiency and AIDS. 

HIV-1 variability and cellular tropism 

During the process of reverse 
transcription, pointmutations in the viral 
genome of approximately one per 
replication cycle may occur due to the lack 
of proofreading activity of the viral 
enzyme reverse transcriptase 132'133 

Accumulation of mutations in the viral 
genome may result in changes in the 
biological phenotype of the virus. Indeed, 
HIV-1 variants have been shown to differ 
in cellular tropism, cytopathicity 
(syncytium-inducing capacity) and 
replication rate These different 
virus variants have significant biological 
relevance in the pathogenesis of HIV-1 
disease. In the asymptomatic stage of 
HIV-1 disease, only slowly replicating, 
merely macrophage-T cell dualtropic non-
syncytium inducing (NSI) variants are 
present. During progression to disease, 
virus variants become more exclusively T-
cell tropic, which in 50% of the subjects, 
coincides with the emergence of 
syncytium-inducing (SI) variants l39"141. 
Cellular tropism of HIV-1 is determined 
by the primary receptor CD4, used by all 
HIV-1 variants, and the secondary 
receptor, a member of the chemokine 
receptor family, used by phenotypically 
different HIV-1 variants. NSI variants, 
which are able to replicate efficiently in 
primary T cells and macrophages, 
predominantly use the ß-chemokine 
receptor-5 (CCR5). Primary SI variants 

can alternatively or in addition use the cc-
chemokine receptor-4 (CXCR4) and are 
able to replicate in primary T cells as well 
as in established T cell-lines \ The 
expression of CCR2b and CCR3 on, 
respectively, macrophages and microglia, 
suggest a role for these chemokine 
receptors in HIV-1 infection 150"152, but the 
use of these entry cofactors by primary 
HIV-1 isolates is very restricted 145-151-157. 
Chemokine receptors BOB (GPR15), 
Bonzo (STRL33, TYMSTR), GPR1, 
CCR8, US28, V28 (CX3CR1) and APJ 
have also been described to support HIV-1 
entry in vitro, but no biological relevance 
for the use of these chemokine receptors 
has been demonstrated 158"'°7. 

Cells of the T lymphocyte lineage 
Continuous high virus replication has been 
observed throughout the course of HIV-1 
infection 168"170. CD4+ T lymphocytes are 
the major target cells for HIV-1, and the 
number of productively infected cells is 
directly correlated with disease 
progression ,71"173. CCR5 and CXCR4 are 
expressed on a proportion of the memory 
subpopulation of CD4+ T lymphocytes 
154,174,175̂  an£j these ceils a r e the 

predominant targets for both NSI and SI 
variants 174. Naïve CD4+ T cells, which 
express high levels of CXCR4 and only 
very low levels of CCR5 154174175 are 
preferentially infected by SI variants 174. 
Virus entry and reverse transcription of SI 
variants appeared to be equally efficient in 
memory versus naïve CD4+ T 
lymphocytes, but naïve CD4+ T 
lymphocytes do not support efficient virus 
replication upon CD3/CD28 costimulation 
176-178 Therefor it remains possible that 
resting naïve CD4+ T lymphocytes harbor 
HIV-1 intermediates, which will become 
replication competent upon antigen 
stimulation and transition into memory 

Moreover, naive cells may cells 6U79"182 
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have been infected in the thymocyte stage. 
The majority of thymocytes express 
CXCR4 during most stages of maturation, 
whereas only a small subpopulation 
expresses low levels of CCR5 
Efficient infection of thymocytes with SI 
variants could be demonstrated 

183,187 , but 
virus replication was predominantly 
observed in the mature CD69+ population, 
thus indicating that cellular factors related 
to activation and maturation facilitate 
HIV-1 replication 183 

Cells of the macrophage lineage 
HIV-1 variants of the NSI phenotype have 
in general the capacity to replicate in 
primary macrophages A selective 
transmission of macrophage-tropic HIV-1 
variants during primary infection suggests 
that macrophages present in mucosa might 
function as early target cells for HIV-1 
infection 188"191. Moreover, the presence of 
only NSI variants during the 
asymptomatic stage of HIV-1 infection 
suggests a role for macrophage tropic 
HIV-1 variants in persistence and 
,. • .. e • c .- 138,139,188,192-194 

dissemination of infection 
Monocytes in the peripheral blood are 
resistant to HIV-1 infection. During 
differentiation CCR5 expression is upregulated 195,196 and macrophages 
become susceptible for HIV-1 infection 
and can produce high levels of infectious 
virus 19?. Terminally differentiated 
macrophages are resistant to HIV-1 
infection, due to inefficient reverse 
transcription 19?. Monocytes and 
macrophages also express high levels of 
CXCR4. CXCR4 on macrophages is 
expressed predominantly in a multimeric 
from which cannot associate with CD4 
and thus is unable to serve as a coreceptor 
for HIV-1 l98. This indicates that virus 
entry in macrophages is mediated 
exclusively by CCR5 . Although primary 
SI variants using CCR5 are able to enter 

macrophages efficiently, virus replication 
is still very inefficient and blocked at an 
early level of the replication cycle 199"201. 
Controversial results have been published 
on infection of dendritic cells and 
Langerhans cells Infection with 
only macrophage-tropic NSI variants 
204,206,210,2.2 ^ w e U ffi M e c ü o n w i t h b o t h 

S I a n d N S I 202,203,207,208,213 y i r u s v a r i a n t s 

has been reported. Dendritic cells and 
Langerhans cells express CCR3 and 
CCR5, whereas CXCR4 is only expressed 
on immature dendritic cells 214 and on 
cultured Langerhans cells 212. Most likely, 
dendritic cells and Langerhans cells are 
differentially susceptible for SI and NSI 
virus variants during differentiation208, but 
virus replication is very inefficient as 
compared to primary macrophages. 
However, efficient transmission to CD4+ 
T cells of HIV-1 trapped on the membrane 
of Langerhans cells and dendritic cells, has 
been observed and may play a role in 
j . . .• r-., • „ 205,209,211,213,215 
dissemination or the virus 
In the CNS, macrophages and microglia 
are the major target cells 216. Microglia 
express high levels of CCR5 and low 
levels of CCR3 and CXCR4, but can only 
be infected by macrophagetropic HIV-1 
variants, which can use either CCR5 or 
CCR3 as a coreceptor '^'52,2.7-2,9. 
Furthermore, infection of terminally 
differentiated astrocytes has been 
demonstrated. Infection of these cells 
results only in low levels of viral progeny 
due to diminished expression of structural 
proteins 216'220"222. Although infection of 
astrocytes is very inefficient, efficient 
transmission of HIV-1 to macrophages 
and microglia is likely to occur. 
The low incidence of infected cells from 
the macrophage lineage in tissues of HIV-
1 infected individuals 215-223'224 and the 
observation that infection of non-lymphoid 
tissue is a late event in the course of the 
disease 225"227, suggest that there is no real 
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reservoir for HIV-1 in non-lymphoid light of the use of HIV-1 based vectors for 
tissue. Dissemination of virus to the CNS gene delivery in non-dividing cells 
has been demonstrated to be an early event (chapter 9). 
of infection, since virus variants present in 
the CNS are distinct from variants present 
in PBMC and lymphoid tissue 227'235. This 
suggests that microglia and macrophages 
in the CNS function as a reservoir for 
HIV-1. 

Scope of this thesis: 

Cellular tropism of HIV-1 is 
predominantly determined by coreceptor 
expression of the target. During 
maturation, cells from the T lymphocyte 
lineage differentially express CXCR4 and 
CCR5, which explains the susceptibility 
for NSI and SI variants of the different 
cellular subsets. Macrophage-tropism has 
been assumed to be also determined by 
coreceptor use of the HIV-1 variant. 
However, despite coreceptor expression, 
macrophages as well as dendritic cells 
only support HIV-1 infection during a 
certain stage of differentiation, which 
indicates that HIV-1 replication in cells of 
the macrophage lineage also depends on 
cellular cofactors present during 
differentiation and proliferation. 
The studies presented in this thesis focus 
on cellular requirements for HIV-1 
replication in primary macrophages. The 
effect of differentiation inducing cytokines 
on HIV-1 replication in primary 
macrophages is described in chapter 2 and 
3. The ability of HIV-1 variants of 
different origin, to replicate in various 
subpopulations of primary macrophages in 
relation to cell proliferation is studied in 
chapter 4 and 5. In chapter 6, 7 and 8 
cellular and viral requirements for HIV-1 
replication in primary macrophages were 
investigated. The cell cycle dependent 
HIV-1 replication will be discussed in 



18 HIV-1 replication in macrophages 

References 

1. Coffin, J. M. Retroviridae and their replication. 
Fields, B. N. and Knipe, D. M. Fields Virology. 
2[51], 1437-1500. 1990. New York, Raven Press. 
2. Varmus, H. E. and Swanstrom, R. Replication of 
retroviruses. Weiss, R. A., Teich, H, Coffin, J., and 
Varmus, H. RNA Tumor viruses. 2. 1985. Cold 
Spring Harbor. 
3. Coffin, J. Structure of the retroviral genome. Weiss, 
R. A., Teich, N., Varmus, H., and Coffin, J. RNA 
tumor viruses. 1984. Cold Spring Harbor, Cold 
Spring Harbor Laboratory. 
4. Blayney, D. W., Jaffe, E. S. et.al. The human T-cell 
leukemia/lymphoma virus associated with american 
adult T-cell leukemia/lymphoma. Blood. 62, 401-405 
(1983). 
5. Kalyanaraman, V. S., Sarngadharan, M. G. et.al. A 
new subtype of human T-cell leukemia virus (HTLV-
II) associated with a T-cell variant of hairy cell 
leukemia. Science. 218, 571-573 (1982). 
6. Poiesz, B. J., Ruscetti, F. W. et.al. Isolation of a 
new type C retrovirus (HTLV) in primary uncultured 
cells of a patient with Sezary T-cell leukaemia. 
Nature. 294,263-271(1981). 
7. Rosenblatt, J. D., Golde, D. W. et.al. A second 
isolate of HTLV-II associated with atypical hairy-cell 
leukemia. N.Engl.J.Med 313,372-377 (1986). 
8.Cann, A. J. and Chen, I. S. Y. Human T-cell 
leukemia virus type I and II. Fields, A. P. and Knipe, 
D. M. Fields Virology. 2[52], 1501-1528. 1990. New 
York, Raven Press. 
9. Uchiyama, T. Human T cell leukaemia virus type I 
(HTLV-I) and human disease. Annual reviews in 
immunology. 15, 15-37 (1997). 
10. Weiss, R. A. Foamy retroviruses: a virus in search 
of a disease. Nature. 333,497-480 (1988). 
11. Keller, A., Partin, K. M. et.al. Characterization of 
the transcriptional trans activator of human foamy 
retrovirus. J. Virol. 65,2589-2594 (1991). 
12. Rethwilm, A., Darai, G. et.al. Molecular cloning 
of the genome of the human spumaretrovirus. Gene. 
59,19-28 (1987). 
13. Rethwilm, A., Erlwein, O. et.al. The 
transcriptional transactivator of human foamy virus 
maps to the bel 1 genomic region. 
Proc.Natl.Acad.Sci.USA. 88,941-945 (1991). 
14. Maurer, B, Serfling, E. et.al. Transcription factor 
AP-1 modulates the activity of the human foamy 
virus long terminal repeat. J.Virol. 65, 6353-6357 
(1991). 
15. Muranyi, W. and Flügel, R. M. Analysis of 
splicing patterns of human spumaretrovirus by 
polymerase chain reaction reveals complex RNA 
structures. J. Virol. 65, 727-735 (1991). 
16. Yu, S. F., Stone, J. et.al. Productive persistent 
infection of hematopoietic cells by human foamy 
virus. J.Virol. 70, 1250-1254 (1996). 

17. Mikovits, J. A., Hoffman, P. M. et.al. In vitro 
infection of primary and retrovirus-infected human 
leukocytes by human foamy virus. J. Virol. 70, 2774-
2780 (1996). 
18. Daniel, M. D., Letvin, N. L. et.al. Isolation of T-
cell tropic HTLV-III-like retrovirus from macaques. 
Science. 228, 1201-1204 (1985). 
19. Kanki, P. J., McLane, M. F. et.al. Serologic 
identification and characterization of a macaque T-
lymphotropic retrovirus from macaques. Science. 228, 
1199-1201(1985). 
20. Barre-Sinoussi, F., Chermann, J. C. et.al. Isolation 
of a T-lymphotropic retrovirus from a patient at risk 
for acquired immune deficiency syndrome. Science. 
220,868-871(1983). 
21. Gavel, F., Guetard, D. et.al. Isolation of a new 
retrovirus from West African patients with AIDS. 
Science. 233, 343-346 (1986). 
22. Gallo, R. C, Salahuddin, S. Z. et.al. Frequent 
detection and isolation of cytopathic retroviruses 
(HTLV III) from patients with AIDS and at risk of 
AIDS. Science. 224, 500-503 (1984). 
23. Levy, J. A., Hoffman, A. D. et.al. Isolation of 
lymphadenopathic retroviruses from San Francisco 
patients with AIDS. Science. 225, 840-842 (1984). 
24. Harris, J. D., Blum, H. et.al. Slow virus visna: 
Reproduction in vitro of virus from 
extrachromosomal DNA. Proc.Natl.AcadSci.USA. 
81,7212-7215(1984). 
25. Dayton, A., Sodroski, J. et.al. The trans-
activation gene of the human T cell lymphotropic 
virus type III is required for replication. Cell. 44,941-
947 (1986). 
26. Fisher, A. G, Feinberg, M. B. et.al. The trans-
activator gene of HTLV-III is essential for virus 
replication. Nature. 320, 367-371 (1986). 
27. Rosen, C. A., Sodroski, J. G. et.al. Post-
transcriptional activation accounts for the the trans-
activation of human T cell lymphotropic virus type 
III. Nature. 319, 555-559 (1986). 
28. Sodroski, J., Patarca, R. et.al. Location of the 
trans-activating region on the genome of human T-
cell lymphotropic virus type III. Science. 229, 74-77 
(1985). 
29. Chang, D. D. and Sharp, P. A. Regulation by HTV 
rev depends upon recognition of splice sites. Cell. 59, 
789-795 (1989). 
30. Malim, M. H, Hauber, J. et.al. 
Immunodeficiency virus rev frans-activator 
modulates the expression of the viral regulatory 
genes. Nature. 335,181-183 (1988). 
31. Fan, L. and Peden, K. Cell-free transmission of vif 
mutants of HIV-1. Virology. 190,19-29(1992). 
32. Sakai, H., Shibata, R. et.al. Cell-dependent 
requirement of human immunodeficiency virus type 1 
Vif protein for maturation of virus particles. J. Virol. 
1994). 
33. Strebel, K., Daughtery, D. et.al. The HIV 

http://Proc.Natl.Acad.Sci.USA


Chapter 1 19 

'A'(sor)gene product is essential for virus infectivity. 
Nature. 328, 728-730 (1987). 
34. Von Schwedler, U., Song, J. et.al. Vif is crucial 
for human immunodeficiency virus type 1 proviral 
DNA synthesis in infected cells. J.Virol. 67, 4945-
4955 (1993). 
35. Bukrinsky, M. I , Sharova, N. et.al. Active nuclear 
import of human immunodeficiency virus type 1 
preintegration complexes. Proc.Natl.Acad.Sci.USA. 
89,6580-6584(1992). 
36. Bukrinsky, M. I , Haggerty, S. et.al. A nuclear 
localization signal within HIV-1 matrix protein that 
governs infection of non-dividing cells. Nature. 365, 
666-669 (1993). 
37. Heinzinger, N. K., Bukrinsky, M. I. et.al. The vpr 
protein of human immunodeficiency virus type 1 
influences nuclear localization of viral nucleic acids 
in nondividing cells. Proc.Natl.Acad.Sci.USA. 91, 
7311-7315(1994). 
38. Li, G, Simm, M. et.al. Human Immunodeficiency 
virus type 1 DNA synthesis, integration, and efficient 
viral replication in growth-arrested T cells. J.Virol. 
67,3969-3977(1993). 
39. Fouchier, R. A. M., Meyer, B. E. et.al. Interaction 
of the human immunodeficiency virus type 1 Vpr 
protein with the nuclear pore complex. J.Virol. 72, 
6004-6039 (1998). 
40. Vodicka, M. A., Koepp, D. M. et.al. HIV-1 Vpr 
interacts with the nuclear transport pathway to 
promote macrophage infection. Genes Dev. 12, 175-
185(1998). 
41.Rogel, M. E., Wu, L. I. et.al. The human 
immunodeficiency virus type 1 vpr gene prevents cell 
proliferation during chronic infection. J.Virol. 69, 
882-888(1995). 
42. He, J., Choe, S. et.al. Human Immunodeficiency 
Virus Type 1 Viral protein R (Vpr) arrests cells in the 
G2 phase of the cell cycle by inhibiting p34/cdc2 
activity. J. Virol. 69, 6705-6711 (1995). 
43. Re, F., Braaten, D. et.al. Human 
Immunodeficiency Virus Type 1 Vpr arrests the cell 
cycle in G2 by inhibiting the activation of p34/cdc2-
cyclin B. J. Virol. 69, 6859-6864 (1995). 
44. Jowett, J. B. M., Planelles, V. et.al. The human 
immunodeficiency virus type 1 Vpr gene arrests 
infected T cells in the G2 + M phase of the cell cycle. 
J. Virol. 69,6304-6313 ( 1995). 
45. Di Marzio, P., Choe, S. et.al. Mutational analysis 
of cell cycle arrest, nuclear localization, and virion 
packaging of HIV-1 Vpr. J.Virol. 69, 7909-7916 
(1995). 
46. Mahalingam, S., Ayyavoo, V. et.al. HIV-1 Vpr 
interacts with a human 34-kDa mov34 homologue, a 
cellular factor linked to the G2/M phase transition of 
the mammalian cell cycle. Proc.Natl.Acad.Sci.USA. 
95,3419-3424(1998). 
47. Aiken, C, Konner, J. et.al. Nef induces CD4 
endocytosis: requirement for a critical dileucine motif 

in the membrane-proximal CD4 cytoplasmic domain. 
Cell. 76, 853-864 (1994). 
48. Chen, M.-Y., Maldarelli, F. et.al. Human 
immunodeficiency virus type 1 Vpu protein induces 
degradation of CD4 in vitro: The cytoplasmic 
domain of CD4 contributes to Vpu sensitivity. J. Virol. 
67,3877-3884(1993). 
49. Garcia, J. V., Alfano, J. et.al. The negative effect 
of human immunodeficiency virus type 1 Nef on cell 
surface CD4 expression is not species specific and 
requires the cytoplasmic domain of CD4. J.Virol. 66, 
1511-1516(1993). 
50. Lenburg, M. E. and Landau, N. R. Vpu induced 
degradation of CD4: requirement for specific amino 
acid residues in the cytoplasmic domain of CD4. 
J. Virol. 67, 7238-7245 (1993). 
51. Willey, R. L, Maldarelli, F. et.al. Human 
immunodeficiency virus type 1 Vpu protein regulates 
the formation of intracellular gpl60-CD4 complexes. 
J.Virol. 66,226-234(1992). 
52. Willey, R. L., Maldarelli, F. et.al. Human 
immunodeficiency virus type 1 Vpu protein induces 
rapid degradation of CD4. J.Virol. 66, 7193-7200 
(1992). 
53. Kerkau, T., Bacik, I. et.al. The human 
immunodeficiency virus type 1 (HIV-1) Vpu protein 
interferes with an early step in the biosynthesis of 
major histocompatibility complex (MHC) class I 
molecules. J.Exp.Med. 185, 1295-1305 (1997). 
54. Schwartz, O., Maréchal, V. et.al. Endocytosis of 
major histocompatibility complex class I molecules is 
induced by the HIV-1 Nef protein. Nature Med 2, 
338-342 (1996). 
55. Collins, K. L., Chen, B. K. et.al. HIV-1 Nef 
protein protects infected primary cells against killing 
by cytotoxic T lymphocytes. Nature. 391, 397-401 
(1998). 
56. Kirchhoff, F., Greenough, T. C. et.al. Absence of 
intact nef sequences in a long-term survivor with 
nonprogressive HIV-1 infection. N.EngU.Med. 332 , 
228-232 (1995). 
57. Daniel, M. D., Kirchhoff, F. et.al. Protective 
effects of a live attenuated SIV vaccine with a 
deletion in the nef gene. Science. 258, 1938-1941 
(1992). 
58. Deacon, N. J., Tsykin, A. et.al. Genomic structure 
of an attenuated quasi species of HTV-1 from a blood 
transfusion donor and recipients. Science. 270, 988-
991 (1995). 
59. Peliska, J. A. and Benkovic, S. J. A handy enzyme 
for transcription. Curr.Biol. 10, 521-523 (1992). 
60. Hu, W. S. and Temin, H. M. Retroviral 
recombination and reverse transcription. Science. 250, 
1227-1233 (1990). 
61. Zack, J. A., Arrigo, S. J. et.al. HIV-1 Entry into 
quiescent primary lymphocytes: Molecular analysis 
reveals a labile, latent viral structure. Cell. 61, 213-
222 (1990). 

http://Proc.Natl.Acad.Sci.USA


20 HIV-1 replication in macrophages 

62. Chen, I. S. Y. and Temin, H. M. Establishment of 
infection by spleen necrosis virus: Inhibition in 
stationary cells and the role of secondary infection. 
J.Virol. 41, 183-191(1982). 
63. Fritsch, E. F. and Temin, H. M. Inhibition of viral 
DNA synthesis in stationary chicken embryo 
fibroblasts infected with avian retroviruses. J.Virol. 
24,461-469(1977). 
64. Humphries, E. H. and Temin, H. M. Requirement 
for cell division for initiation of transcription of Rous 
sarcoma virus RNA. J. Virol. 14,531-546 (1974). 
65. Hsu, T. W. and Taylor, J. M. Effect of aphidicolin 
on Avian sarcoma virus replication. J. Virol. 44, 493-
498 (1982). 
66. Harel, J., Rassart, E. et.al. Cell cycle dependence 
of synthesis of unintegrated viral DNA in mouse cells 
newly infected with murine leukemia virus. Virology. 
110,202-207(1981). 
67. Varmus, H. E., Padgett, T. et.al. Cellular functions 
are required for synthesis and integration of avian 
sarcoma virus-specific DNA. Cell. 11, 307-319 
(1977). 
68. Zack, J. A., Haislip, A. M. et.al. Incompletely 
reverse-transcribed human immunodeficiency virus 
type 1 genomes in quiescent cells can function as 
intermediates in the retroviral life cycle. J. Virol. 66, 
1717-1725(1992). 
69. Polacino, P. S., Liang, H. A. et.al. T-cell 
activation influences initial DNA synthesis of simian 
immunodeficiency virus in resting T lymphocytes 
from macaques. J. Virol. 67, 7008-7016 (1993). 
70.Gao, W.-Y, Cara, A. et.al. Low levels of 
deoxynucleotides in peripheral blood lymphocytes: a 
strategy to inhibit human immunodeficiency virus 
type 1 replication. Proc.Natl.Acad.Sci.USA. 90, 8925-
8928 (1993). 
71.Gao, W.-Y., Shirasaka, T. et.al. Differential 
phosphorylation of azidothymidine, dideoxycytidine, 
and dideoxyinosine in resting and activated peripheral 
blood mononuclear cells. J.Clin.Invest. 91,2326-2333 
(1993). 
72. Gao, W.-Y., Agbaria, R. et.al. Divergent anti-
human immunodeficiency virus activity and anabolic 
phosphorylation of 2',3'-dideoxynucleoside analogs in 
resting and activated human cells. J.Biol.Chem. 269, 
12633-12638(1994). 
73. Fujiwara, T. and Mizuuchi, K. Retroviral DNA 
integration: structure of an integration intermediate. 
Cell. 54,497-504(1988). 
74. Vink, C, Groenink, M. et.al. Analysis of the 
junctions between human immunodeficiency virus 
type 1 proviral DNA and human DNA. J. Virol. 64, 
5626-5627 (1990). 
75. Roe, T. Y., Reynolds, T. C. et.al. Integration of 
murine leukemia virus DNA depends on mitosis. 
EMBOJ. 12,2099-2108 (1993). 
76. Lewis, P., Hensel, M. et.al. Human 
immunodeficiency virus infection of cells arrested in 

the cell cycle. EMBOJ. 11,3053-3058 (1992). 
77. Bieniasz, P. D., Weiss, R. A. et.al. Cell cycle 
dependence of foamy retrovirus infection. J. Virol. 69, 
7295-7299 (1995). 
78. Saib, A., Puvion-Dutilleul, F. et.al. Nuclear 
targeting of incoming human foamy virus Gag 
proteins involves a centriolar step. J.Virol. 71, 1155-
1161(1997). 
79. Yu, S. F., Edelmann, K. et.al. The carboxyl 
terminus of the human foamy virus Gag protein 
contains separable nucleic acid binding and nuclear 
transport domains. J. Virol. 70, 8255-8562 (1996). 
80. Schliephake, A. W. and Rethwilm, A. Nuclear 
localization of foamy virus Gag precursor protein. 
J. Virol. 68,4946^1954 (1994). 
81. Gallay, P., Stitt, V. et.al. Role of the karyopherin 
pathway in FflV-1 nuclear import. J.Virol. 70, 1027-
1032(1996). 
82. Popov, S., Rexach, M. et.al. Viral protein R 
regulates nuclear import of the HIV-I pre-integration 
complex. EMBOJ. 17,909-917 (1998). 
83. Gallay, P., Hope, T. et.al. HTV-1 infection of 
nondividing cells through the recognition of integrase 
by the importin/karyopherin pathway. 
Proc.Natl.Acad.Sci. USA. 94, 9825-9830 (1997). 
84. Gallay, P., Swingler, S. et.al. HIV nuclear import 
is governed by the phosphotyrosine-mediated binding 
of matrix to the core domain of integrase. Cell. 83, 
569-576 (1995). 
85. Weinberg, J. B., Matthews, T. J. et.al. Productive 
human immunodeficiency virus type 1 (HTV-1) 
infection of nonproliferating human monocytes. 
J.Exp.Med. 174, 1477-1482 (1991). 
86. List, J. and Haase, A. T. Integration of Visna virus 
DNA occurs and may be necessary for productive 
infection. Virology. 237, 189-197 (1997). 
87. Bachelerie, F., Alcami, J. et.al. HIV enhancer 
activity perpetuated by NF-kB induction on infection 
of monocytes. Nature. 350, 709-712 (1991). 
88. Garcia, J. A., Wu, F. K. et.al. Interaction of 
cellular proteins involved in the transcriptional 
regulation of the human immunodeficiency virus. 
EMBOJ. 6,3761-3770 (1987). 
89. Lu, Y., Touzjian, N. et.al. Identification of ex
acting repressive sequences within the negative 
regulatory element of human immunodeficiency virus 
type 1. J. Virol. 64, 5226-5229 (1990). 
90. Nabel, G and Baltimore, D. An inducible 
transcription factor activates expression of human 
immunodeficiency virus in T cells. Nature. 326, 711-
713 (1987). 
91. Smith, M. R. and Greene, W. C. The same 50-
kDa cellular binds to the negative regulatory elements 
of the interleukin 2 receptor Alpha-chain gene and the 
human immunodeficiency virus type 1 long terminal 
repeat. Proc.Natl.Acad.Sci.USA. 86, 8526-8530 
(1989). 
92. Cullen, B. R. trans-Activation of human 

http://Proc.Natl.Acad.Sci


Chapter 1 21 

immunodeficiency virus occurs via a bimodal 
mechanism. Cell. 46,973-982 (1986). 
93. Kao, S. Y., Caiman, A. F. et.al. Anti-termination 
of transcription within the long terminal repeat of 
HIV-1 by tat gene product. Nature. 330, 489^»93 
(1987). 
94. Laspia, M. F., Rice, A. P. et.al. HTV-1 tat protein 
increases transcriptional initiation and stabilizes 
elongation. Cell. 59,283-292 (1989). 
95. Marciniak, R. A., Calnan, B. J. et.al. HIV-1 Tat 
protein frarcs-activates transcription in vitro. Cell. 63, 
791-802(1990). 
96. Muesing, M. A., Smith, D. H. et.al. Regulation of 
mRNA accumulation by a human immunodeficiency 
virus trans-activator protein. Cell. 48, 691-701 (1987). 
97. Hockley, D. J., Wood, R. D. et.al. Electron 
microscopy of human immunodeficiency virus. 
J.Gen. Virol. 69, 2455-2469 (1988). 
98. Mervis, R. J., Ahmad, N. et.al. The gag gene 
products of human immunodeficiency virus type 1 : 
Alignment within the gag open reading frame, 
identification of posttranslational modifications, and 
evidence for alternative gag precursors. J. Virol. 62, 
3993-4002(1988). 
99. Massiah, M. A., Starich, M. R. et.al. Three-
dimensional structure of the human 
immunodeficiency virus type 1 matrix protein. 
J.Mol.Biol. 244, 198-223 (1994). 
100. Hill, C. P., Worthylake, D. et.al. Crystal 
structures of the trimeric human immunodeficiency 
virus type 1 matrix protein: Implications for 
membrane association and assembly. 
Proc.Natl.Acad.Sci.lJSA. 93,3099-3104 (1996). 
101. Yuan, X., Yu, X. et.al. Mutations in the N-
terminal region of human immunodeficiency virus 
type 1 matrix protein block intracellular transport of 
the Gag precursor. J. Virol. 67,6394-1993). 
102. Zhou, W., Parent, L. J. et.al. Identification of a 
membrane-binding domain within the amino-terminal 
region of human immunodeficiency virus type 1 Gag 
protein which interacts with acidic phospholipids. 
J. Virol. 68, 2556-2569 (1994). 
103. Arthur, L. O., Bess, J. W. et.al. Cellular proteins 
bound to immunodeficiency viruses: implications for 
pathogenesis and vaccines. Science. 258, 1935-1938 
(1992). 
104. Gelderblom, H. R., Hausmann, E. H. S. et.al. 
Fine structure of human immunodeficiency virus 
(HIV) and immunolocalization of structural proteins. 
Virology. 156, 171-176(1987). 
105. Dorfrnan, T., Mammano, F. et.al Role of matrix 
protein in the virion association of the human 
immunodeficiency virus type 1 envelope 
glycoprotein. J. Virol. 68, 1689-1696 (1994). 
106. Kohl, N. E., Emini, E. A. et.al. Active human 
immunodeficiency virus protease is required for viral 
infectivity. Proc.Natl.Acad.Sci.USA. 85, 4686-4690 
(1988). 

107. Lightfoote, M. M., Coligan, J. E. et.al. Structural 
characterization of reverse transcriptase and 
endonuclease polypeptides of the acquired 
immunodeficiency syndrome retrovirus. J.Virol. 60, 
771-775 (1986). 
108. Mous, J., Heimer, E. P. et.al. Processing 
protease and reverse transcriptase from human 
immunodeficiency virus type I polyprotein in 
Escherichia coli. J. Virol. 62, 1433-1436 (1988). 
109. Zemba, M., Wilk, T. et.al. The carboxy-terminal 
'pia't domain of the human foamy virus Gag 
precursor is required for efficient virus infectivity. 
Virology. 247,7-13(1998). 
110. Goepfert, P. A., Shaw, K. L. et.al. A sorting 
motif localizes the foamy virus glycoprotein to the 
endoplasmic reticulum. J. Virol. 71, 778-784 (1997). 
111. Moebes, A., Enssle, J. et.al. Human foamy virus 
reverse transcription that occurs late in the viral 
replication cycle. J. Virol. 71, 7305-7311 (1997). 
112. Yu, S. F., Baldwin, D. N. et.al. Human foamy 
virus replication: A pathway distinct from that of 
retroviruses and hepadnaviruses. Science. 27114, 
1579-1582(1996). 
113. Trono, D. Partial reverse transcripts in virions 
from human immunodeficiency and murine leukemia 
viruses. J. Virol. 66,4893-4900 (1992). 
114. Zhang, H, Bagasra, O. et.al. Intravirion reverse 
transcripts in the peripheral blood plasma of human 
immunodeficiency virus type 1-infected individuals. 
J.Virol. 68, 7591-7597 (1994). 
115. Dornadula, G, Zhang, H. et.al. Natural 
endogenous reverse transcription of simian 
immunodeficiency virus. Virology. 227, 260-267 
(1997). 
116. Borroto-Esoda, K. and Boone, L. R. Equine 
infectious anemia virus and human 
immunodeficiency virus DNA synthesis in vitro: 
Characterization of the endogenous reverse 
transcriptase reaction. J. Virol. 65, 1952-1959(1991). 
117. Lori, F., Scovassi, A. I. et.al. Enzymatically 
active forms of reverse transcriptase of the human 
immunodeficiency virus. AIDS 
Res.Hum.Retroviruses. 4,393-398 (1988). 
118. Goff, S. P. Retroviral reverse transcriptase: 
synthesis, structure, and function. 
J.Acquir.Immune.Defic.Syndr. 3, 817-831 (1990). 
119. Lori, F., Di Marzo Veronese, F. et.al. Viral DNA 
carried by human immunodeficiency virus type 1 
virions. J. Virol. 66, 5067-5074 (1992). 
120. Zhang, H, Dornadula, G et.al. Endogenous 
reverse transcription of human immunodeficiency 
virus type 1 in physiological microenvironments: an 
important stage for viral infection of nondividing 
cells. J. Virol. 70,2809-2824 (1996). 
121. Zhang, H, Zhang, Y. et.al. Reverse transcription 
takes place within extracellular HIV-1 virions: 
Potential biological significance. AIDS 
Res.Hum.Retroviruses. 9, 1287-1296 (1993). 

http://Proc.Natl.Acad.Sci.lJSA


22 HIV-1 replication in macrophages 

122. Zhang, H., Dornadula, G. et.al. Kinetic analysis 
of intravirion reverse transcription in the blood 
plasma of human immunodeficiency virus type 1-
infected individuals: Direct assessment of resistance 
to reverse transcriptase inhibitors in vivo. J. Virol. 70, 
628-634 (1996). 
123. Tindall, B., Barker, S. et.al. Characterization of 
the acute clinical illness associated with human 
immunodeficiency virus infection. Arch.Intem.Med 
148,945-949 (1988). 
124. Tindall, B. and Cooper, D. A. Primary HIV 
infection: host responses and intervention strategies. 
^/DS. 5,1-14(1991). 
125. Schellekens, P. Th. A, Roos, M. Th. L. et.al. 
Low T-cell responsiveness to activation via 
CD3/TCR is a prognostic marker for AIDS in HTV-1 
infected men. J. Clin.lmmimol. 10, 121-127(1990). 
126. Roos, M. Th. L., Miedema, F. et.al. T-cell 
function in vitro is an independent progression marker 
for AIDS in human immunodeficiency virus (HIV)-
infected asymptomatic individuals. J.InfectDis. 171, 
531-536(1995). 
127. Polk, B. F., Fox, R. et.al. Predictors of the 
acquired immunodeficiency syndrome developing in 
a cohort of seropositive homosexual men. 
N.EngU.Med. 316,61-66 (1987). 
128. Eyster, M. E., Gail, M. H. et.al. Natura! history 
of human immunodeficiency virus infections in 
hemophiliacs: Effects of T-cell subsets, platelet 
counts, and age. Ann.Intem.Med 107, 1-6 (1987). 
129. Goedert, J. J., Kessler, C. M. et.al. A prospective 
study of human immunodeficiency virus type 1 
infection and the development of AIDS in subjects 
with hemophilia. N.EngU.Med. 321, 1141-1148 
(1989). 
130. De Wolf, F., Lange, J. M. A. et.al. Numbers of 
CD4+ cells and the levels of core antigens of and 
antibodies to the human immunodeficiency virus as 
predictors of AIDS among seropositive homosexual 
men. J.InfectDis. 158, 615-622 (1988). 
131. Koot, M., Keet, I. P. M. et.al. Prognostic value 
of human immunodeficiency virus type 1 biological 
phenotype for rate of CD4+ cell depletion and 
progression to AIDS. Ann.Intern.Med. 118, 681-688 
(1993). 
132. Preston, B. D, Poiesz, B. J. et.al. Fidelity of 
HIV-1 reverse transcriptase. Science. 242, 1168-1171 
(1988). 
133. Roberts, J. D., Bebenek, K. et.al. The accuracy 
of reverse transcriptase from HTV-l. Science. 242, 
1171-1173(1988). 
134. Tersmette, M, De Goede, R. E. Y. et.al. 
Differential syncytium-inducing capacity of human 
immunodeficiency virus isolates: frequent detection 
of syncytium-inducing isolates in patients with 
acquired immunodeficiency syndrome (AIDS) and 
AIDS-related complex. J.Virol. 62, 2026-2032 
(1988). 

135. Cheng-Mayer, C, Seto, D. et.al. Biologic 
features of HIV-1 that correlate with virulence in the 
host. Science. 240, 80-82 (1988). 
136. Tersmette, M., Gruters, R. A. et.al. Evidence for 
a role of virulent human immunodeficiency virus 
(HIV) variants in the pathogenesis of acquired 
immunodeficiency syndrome: studies on sequential 
HIV isolates. J. Virol. 63,2118-2125 (1989). 
137. Asjo, B., Albert, J. et.al. Replicative capacity of 
human immunodeficiency virus from patients with 
varying severity of HIV infection. Lancet, ii, 660-662 
(1986). 
138. Schuitemaker, H., Kootstra, N. A. et.al. 
Monocytotropic human immunodeficiency virus 1 
(HIV-1) variants detectable in all stages of HIV 
infection lack T-cell line tropism and syncytium-
inducing ability in primary T-cell culture. J. Virol. 65, 
356-363 (1991). 
139. Schuitemaker, H., Koot, M. et.al. Biological 
phenotype of human immunodeficiency virus type 1 
clones at different stages of infection: progression of 
disease is associated with a shift from monocytotropic 
to T-cell-tropic virus populations. J.Virol. 66, 1354-
1360 (1992). 
140. Koot, M., Schellekens, P. Th. A. et.al. Viral 
phenotype and T-cell reactivity in human 
immunodeficiency virus type 1-infected 
asymptomatic men treated with zidovudine. 
J.InfectDis. 168, 733-736 (1993). 
141. Koot, M., Van 't Wout, A. B. et.al. Relation 
between changes in cellular load, evolution of viral 
phenotype, and the clonal composition of virus 
populations in the course of human 
immunodeficiency virus type 1 infection. J.Infect.Dis. 
173,349-354 (1996). 
142. Deng, H. K„ Liu, R. et.al. Identification of the 
major co-receptor for primary isolates of HIV-1. 
Nature. 381, 661-666 (1996). 
143.Dragic, T., Litwin, V. et.al. HIV-1 entry into 
CD4+ cells is mediated by the chemokine receptor 
CC-CKR-5. Nature. 381,667-673 (1996). 
144. Alkhatib, G, Combadiere, C. et.al. CC CKR5: A 
RANTES, MlP-la, MIP-lß receptor as a fusion 
cofactor for macrophage-tropic HIV-1. Science. 272, 
1955-1958(1996). 
145. Choe, H, Farzan, M. et.al. The ß-chemokine 
receptors CCR3 and CCR5 facilitate infection by 
primary HTV-1 isolates. Cell. 85,1135-1148 (1996). 
146. Doranz, B. J., Rucker, J. et.al. A dual-tropic 
primary HTV-1 isolate that uses fusin and the ß-
chemokine receptors CKR-5, CKR-3 and CKR-2b as 
fusion cofactors. Cell. 85, 1149-1158 (1996). 
147. Feng, Y., Broder, C. C et.al. HIV-1 entry 
cofactor: functional cDNA cloning of a seven-
transmembrane, G protein-coupled receptor. Science. 
272, 872-877 (1996). 
148. Zhang, L., Huang, Y. et.al. HIV-1 subtype and 
second-receptor use. Nature. 383, 768-1996). 

http://Arch.Intem.Med
http://Ann.Intem.Med


Chapter 1 23 

149. Simmons, G., Wilkinson, D. et.al. Primary, 
syncytium-inducing human immunodeficiency virus 
type 1 isolates are dual-tropic and most can use either 
LESTR or CCR5 as co-receptors for virus entry. 
J. Virol. 70,8355-8360(1996). 
150. Frade, J. M. R, Mellado, M. et.al. 
Characterization of the CCR2 chemokine receptor: 
Functional CCR2 receptor expression in B cells. 
J.lmmunol. 159, 5576-5584 (1997). 
151. He, J., Chen, Y. et.al. CCR3 and CCR5 are co-
receptors for HIV-1 infection of microglia. Nature. 
385,645-649(1997). 
152. Albright, A. V., Shieh, J. T. C. et.al. Microglia 
express CCR5, CXCR4, and CCR3 but of these, 
CCR5 is the principal coreceptor for HTV-1 dementia 
isolates. J. Virol. 73,205-213 (1999). 
153. Zhang, L., He, T. et.al. Chemokine coreceptor 
usage by diverse primary isolates of human 
immunodeficiency virus type 1. J.Virol. 72, 9307-
9312(1998). 
154. Zhang, Y-J, Dragic, T. et.al. Use of coreceptors 
other than CCR5 by non-syncytium-inducing adult 
and pediatric isolates of human immunodeficiency 
virus type 1 is rare in vitro. J.Virol. 72, 9337-9344 
(1998). 
155. Scarlatti, G., Tresoldi, E. et.al. In vivo evolution 
of HTV-1 co-receptor usage and sensitivity to 
chemokine mediated suppression. Nature Medicine. 
3,1259-1265 (1997). 
156. Connor, R. I., Sheridan, K. E. et.al. Change in 
coreceptor use correlates with disease progression in 
HIV-1 -infected individuals. J.Exp.Med. 185, 621-628 
(1997). 
157. Xiao, L., Rudolph, D. L. et.al. Adaptation to 
promiscuous usage of CC and CXC-chemokine 
coreceptors in vivo correlates with HIV-1 disease 
progression. AIDS. 12,F137-F143 (1998). 
158. Deng, H. K.., Unutmaz, D. et.al. Expression 
cloning of new receptors used by simian and human 
immunodeficiency viruses. Nature. 388, 296-300 
(1997). 
159. Rucker, J., Edinger, A. L. et.al. Utilization of 
chemokine receptors, orphan receptors, and 
herpesvirus-encoded receptors by diverse human and 
simian immunodeficiency viruses. J.Virol. 71, 8999-
9007 (1997). 
160. Farzan, M, Choe, H. et.al. Two orphan seven-
transmembrane segment receptors which are 
expressed in CD4-positive cells support simian 
immunodeficiency virus infection. J.Exp.Med. 186, 
405-411 (8-4-1997). 
lól.Liao, F., Alkhatib, G. et.al. STRL33, a novel 
chemokine receptor-like protein, functions as fusion 
cofactor for both macrophage-tropic and T cell line-
tropic HIV-1. J.Exp.Med. 185,2015-2023 (1997). 
162. Loetscher, M, Amara, A. et.al. TYMSTR a 
putative chemokine receptor selectively expressed in 
activated T cells, exhibits HTV-1 coreceptor function. 

Curr.Biol. 7, 652-660 (1997). 
163.Horuk, R„ Hesselgesser, J. et.al. The CC 
chemokine 1-309 inhibits CCR8-dependent infection 
by diverse HIV-1 strains. J.Biol.Chem. 273, 386-391 
(1998). 
164. Pleskoff, O., Treboute, C. et.al. Identification of 
a chemokine receptor encoded by human 
cytomegalovirus as a cofactor for HIV-1 entry. 
Science. 276, 1874-1878 (1997). 
165. Reeves, J. D. and Schulz, T. F. The CD4-
independent tropism of human immunodeficiency 
virus type 2 involves several regions of the envelop 
protein and correlates with a reduced activation 
threshold for envelope-mediated fusion. J.Virol. 71, 
1453-1465 (1997). 
166. Choe, H, Farzan, M. et.al. The orphan seven-
transmembrane receptor Apj supports the entry of 
primary T-cell-line-tropic and dualtropic human 
immunodeficiency virus type 1. J.Virol. 72, 6113-
6118(1998). 
167. Edinger, A. L., Hoffman, T. L. et.al. Use of 
GPR1, GPR15, and STRL33 as coreceptors by 
diverse human immunodeficiency virus type 1 and 
simian immunodeficiency virus envelope proteins. 
Virology. 249,367-378 (1998). 
168. Perelson, A. S., Neumann, A. U. et.al. HIV-1 
dynamics in vivo: Virion clearance rate, infected cell 
life-span, and viral generation time. Science. 271, 
1582-1586(1996). 
169. Wei, X., Ghosh, S. K. et.al. Viral dynamics in 
human immunodeficiency virus type 1 infection. 
Nature. 373, 117-122(1995). 
170. Ho, D. D., Neumann, A. U. et.al. Rapid turnover 
of plasma virions and CD4 lymphocytes in HIV-1 
infection. Nature. 373, 123-126(1995). 
171. Connor, R I., Mohri, H. et.al. Increased viral 
burden and cytopathicity correlate temporally with 
CD4+ T-lymphocyte decline and clinical progression 
in human immunodeficiency virus type 1 infected 
individuals. J. Virol. 67, 1772-1777 (1993). 
172. Ho, D. D., Moudgil, T. et.al. Quantitation of 
human immunodeficiency virus type 1 in the blood of 
infected persons. N.Engl.J.Med. 321, 1621-1625 
(1989). 
173.Schnittman, S. M, Lane, H. C. et.al. Direct 
polyclonal activation of human B lymphocytes by the 
acquired immunodeficiency syndrome virus. Science. 
233,1084-1086 (1986). 
174. Blaak, H, Van 't Wout, A. B. etal. Accelerated 
CD4+ T cell decline in the presence of syncytium 
inducing (SI) HTV-1 correlates with in vivo infection 
ofCD45RA+CD4+T cells, submitted. 1999). 
175. Bleul, C. C, Wu, L. et.al. The HIV coreceptors 
CXCR4 and CCR5 are differentially expressed and 
regulated on human T lymphocytes. 
Proc.Natl.Acad.Sci.USA. 94, 1925-1930(1997). 
176. Roederer, M, Raju, P. A. et.al. HIV does not 
replicate in naive CD4 T cells stimulated with 

http://Proc.Natl.Acad.Sci.USA


24 HIV-1 replication in macrophages 

CD3/CD28. J.ClinJnvest. 99,1555-1564(1997). 
177. Woods, T. C, Roberts, B. D. et.al. Loss of 
inducible virus in CD45RA naive cells after human 
immunodeficiency virus-1 entry accounts for 
preferential viral replication in CD45RO memory 
cells. Blood. 89, 1635-1641 (1997). 
178. Spina, C. A., Prince, H. E. et.al. Preferential 
replication of HIV-1 in the CD45RO memory cell 
subset of primary CD4 lymphocytes in vitro. 
J.Clinlnvest. 99, 1774-1785 (1997). 
179. Spina, C. A., Guatelli, J. C. et.al. Establishment 
of a stable, inducible form of human 
immunodeficiency virus type 1 DNA in quiescent 
CD4 lymphocytes in vitro. J.Virol. 69, 2977-2988 
(1995). 
180. Stevenson, M., Stanwick, T. L. et.al. HIV-1 
replication is controlled at the level of T cell 
activation and proviral integration. EMBOJ. 9, 1551-
1560(1990). 
181.Bukrinsky, M. I., Stanwick, T. L. et.al. 
Quiescent T lymphocytes as an inducible virus 
reservoir in HIV-1 infection. Science. 254, 423-427 
(1991). 
182. Hadida, F., Parrot, A. et.al. Carboxyl-terminal 
and central regions of human immunodeficiency 
virus-1 NEF recognized by cytotoxic T lymphocytes 
from lymphoid organs. An in vitro limiting dilution 
analysis. J.ClinJnvest. 89, 53-60 (1992). 
183. Pedroza-Martin, L., Gumey, K. B. et.al. 
Differential tropism and replication kinetics of human 
immunodeficiency virus type 1 isolates in 
thymocytes: Coreceptor expression allows viral entry, 
but productive infection of distinct subsets is 
determined at the postentry level. J.Virol. 72, 9441-
9452(1998). 
184. Zaitseva, M. B., Lee, S. et.al. CXCR4 and CCR5 
on human thymocytes: Biological function and role in 
HIV-1 infection. J.lmmunol. 161,3103-3113(1998). 
185. Berkowitz, R. D., Beckerman, K. P. et.al. 
CXCR4 and CCR5 expression delineates targets for 
HIV-1 disruption of T cell differentiation. J.lmmunol. 
161,3702-3710(1998). 
186. Kitchen, S. G. and Zack, J. A. CXCR4 
expression during lymphopoiesis: Implications for 
human immunodeficiency virus type 1 infection of 
the thymus. J. Virol. 71,6928-6934 (1997). 
187. Berkowitz, R. D., Alexander, S. et.al. CCR5-
and CXCR4-utilizing strains of human 
immunodeficiency virus type 1 exhibit differential 
tropism and pathogenesis in vivo. J. Virol. 72, 10108-
10117(1998). 
188. Braathen, L. R., Ramirez, G. et.al. Langerhans 
cells as primary target cells for HIV infection. 
Lancet. 1094-1987). 
189. Van 't Wout, A. B„ Kootstra, N. A. et.al. 
Macrophage-tropic variants initiate human 
immunodeficiency virus type 1 infection after sexual, 
parenteral and vertical transmission. J.Clinlnvest. 94, 

2060-2067 (1994). 
190. Zhu, T., Wang, N. et.al Genetic characterization 
of human immunodeficiency virus type I in blood 
and genital secretions: evidence for viral 
compartimentalization and selection during sexual 
transmission. J. Virol. 70,3098-3107 (1996). 
191.Ariyoshi, K., Weber, J. et.al. Contribution of 
maternal viral load to HIV-1 transmission. Lancet. 
340,435-435 (1992). 
192. Patterson, S. and Knight, S. C. Susceptibility of 
human peripheral blood dendritic cells to infection by 
human immunodeficiency virus. J.Gen. Virol. 68, 
1177-1181(1987). 
193. Skidmore, S. J. and Mawson, S. J. Langerhans 
cell as primary target and vehicle for transmission of 
HIV. Lancet. 519-520 (1987). 
194. Haase, A. T. Pathogenesis of lentiviral 
infections. Nature, "ill, 130-136 (1986). 
195. Turtle, D. L., Harrison, J. K. et.al. Expression of 
CCR5 increases during monocyte differentiation and 
directly mediates macrophage susceptibility to 
infection by human immunodeficiency virus type 1. 
J. Virol. 72,49624969 (1998). 
196. Naif, H. M, Shan, L. et.al. CCR5 expression 
correlates with susceptibility of maturing monocytes 
to human immunodeficiency virus type 1 infection. 
J. Virol. 72,830-836(1998). 
197. Sonza, S., Maerz, A. et.al. Human 
immunodeficiency virus type 1 replication is blocked 
prior to reverse transcription and integration in freshly 
isolated peripheral blood monocytes. J.Virol. 70, 
3863-3869(1996). 
198. Lapham, C. K, Zaitseva, M. B. et.al. Fusion of 
monocytes and macrophages with HIV-1 correlates 
with biochemical properties of CXCR4 and CCR5. 
Nature Medicine. 5,303-308(1999). 
199. Fouchier, R. A. M., Brouwer, M. et.al. HIV-1 
macrophage-tropism is determined at multiple steps 
of the viral replication cycle. J.ClinJnvest. 94, 1806-
1814(1994). 
200. Yi, Y., Rana, S. et.al. CXCR-4 is expressed by 
primary macrophages and supports CCR5-
independent infection by dual-tropic but not T-tropic 
isolates of human immunodeficiency virus type 1. 
J.Virol. 72, 772-777(1998). 
201. Schmidtmayerova, H, Alfano, M. et.al. Human 
immunodeficiency virus type 1 T-lymphotropic 
strains enter macrophages via a CD4- and CXCR4-
mediated pathway: Replication is restricted at a 
postentry level. J. Virol. 72,46334642 (1998). 
202. Ramazzotti, E., Marconi, A. et.al. In vitro 
infection of human Langerhans' cells with HIV-1. 
Immunology. 85, 94-98 (1995). 
203. Ludewig, B., Gelderblom, H. et.al. Transmission 
of HIV-1 from productively infected mature 
Langerhans cells to primary CD4+ T lymphocytes 
results in altered T cell responses with enhanced 
production of IFN-y and IL-10. Virology. 215, 51-60 



Chapter 1 25 

(1996). 
204. Soto-Ramirez, L. E., Renjifo, B. et.al. HTV-1 
Langerhans' cell tropism associated with heterosexual 
transmission of HIV. Science. 271,1291-1293 (1996). 
205. Ayehunie, S., Groves, R. W. et.al. Acutely 
infected Langerhans cells are more efficient than T 
cells in disseminating HTV type 1 to activate T cells 
following a short cell-cell contact. AIDS 
Res.Hum.Retroviruses. 11, 877-884 (1995). 
206. Cameron, P. U., Lowe, M. G. et.al. The 
interaction of macrophage and non-macrophage 
tropic isolates of HIV-1 with thymic and tonsillar 
dendritic cells in vitro. J.Exp.Med. 183, 1851-1856 
(1996). 
207. Tsunoda, R, Hashimoto, K. et.al. Follicular 
dendritic cells in vitro are not susceptible to infection 
by FflV-l. AIDS. 10, 595-602 (1996). 
208. Weissman, D, Li, Y. et.al. Three population of 
cells with dendritic morphology exist in peripheral 
blood, only one of which is infectable with human 
immunodeficiency virus type 1. 
Proc.Natl.Acad.Sci. USA. 92, 826-830 (1995). 
209. Pope, M., Betjes, M. G. H. et.al. Conjugates of 
dendritic cells and memory T lymphocytes from skin 
facilitate productive infection with HIV-1. Cell. 78, 
389-398 (1994). 
210. Granelli-Pipemo, A., Moser, B. et.al. Efficient 
interaction of HTV-1 with purified dendritic cells via 
multiple chemokine coreceptors. J.Exp.Med. 184, 
2433-2438(1996). 
211. Cameron, P. U., Freudenthal, P. S. et.al. 
Dendritic cells exposed to human immunodeficiency 
virus type-1 transmit a vigorous cytopathic infection 
to CD4+ T cells. Science. 257, 383-387 (1992). 
212. Zaitseva, M., Blauvelt, A. et.al. Expression and 
function of CCR5 and CXCR4 on human Langerhans 
cells and macrophages: Implications for HIV primary 
infection. Nature Medicine. 3, 1369-1375 (1997). 
213. Pope, M., Gezelter, S. et.al. Low level of HIV-1 
infection in cutaneous dendritic cells promote 
extensive viral replication upon binding to memory 
CD4+ T cells. J.Exp.Med. 182,2045-2056 (1995). 
214. Rubbert, A., Combadiere, C. et.al. Dendritic 
cells express multiple chemokine receptors used as 
coreceptors for HIV entry. J.Immunol. 160, 3933-
3941 (1998). 
215. Frankel, S. S., Wenig, B. M. et.al. Replication of 
HIV-1 in dendritic cell-derived syncytia at the 
mucosal surface of the adenoid. Science. 272 115-
117(1996). 
216. Bagasra, O., Lavi, E. et.al. Cellular reservoirs of 
HIV-1 in the central nervous system of infected 
individuals: identification by the combination of in 
situ polymerase chain reaction and 
immunohistochemistry. AIDS. 10, 573-585 (1996). 
217. Ghorpade, A., Qi Xia, M. et.al. Role of the ß-
chemokine receptors CCR3 and CCR5 in human 
immunodeficiency virus type 1 infection of 

monocytes and microglia. J.Virol. 72, 3351-3361 
(1998). 
218. Ghorpade, A., Nukuna, A. et.al. Human 
immunodeficiency virus neurotropism: an analysis of 
viral replication and cytopathicity for divergent strains 
in monocytes and microglia. J. Virol. 72, 3340-3350 
(1998). 
219. Shieh, J. T. C, Albright, A. V. et.al. Chemokine 
receptor utilization by human immunodeficiency 
virus type 1 isolates that replicate in microglia 
J. Virol. 72,42434249 (1998). 
220. Erfle, V, Stoeckbauer, P et.al. Target cells for 
HIV in the central nervous system: macrophages or 
glial cells? Research Virology. 142, 139-144 (1991). 
221.Gea-Banacloche, J. C, Weiskopf, E. E. et.al. 
Progression of human immunodeficiency virus 
disease is associated with increasing disruptions 
within the CD4+ T cell receptor repertoire. 
J.Infect.Dis. Ill, 579-585 (1998). 
222. Kleinschmidt, A., Neumann, M. et.al. Restricted 
expression of HIV-1 in human astrocytes: Molecular 
basis for viral persistence in the CNS. Research 
Virology. 145,147-153 (1994). 
223. Cameron, P. U., Forsum, U. et.al. During HTV-1 
infection most blood dendritic cells are not 
productively infected and can induce allogeneic 
CD4+ T cells clonal expansion. Clin.Exp.Immunol 
88,226-236(1992). 
224. Cameron, P., Pope, M. et.al. Dentritic cells and 
the replication of HIV-1. J.Leukocyte Biol. 59, 158-
171 (1996). 
225. Donaldson, Y. K, Bell, J. E. et.al. In vivo 
distribution and cytopathology of variants of human 
immunodeficiency virus type 1 showing restricted 
sequence variability in the V3 loop. J. Virol 68 5991-
6005(1994). 
226. Donaldson, Y. K., Bell, J. E. et.al. Redistribution 
of HIV outside the lymphoid system with the onset of 
AIDS. Lancet. 343,382-385 (1994). 
227. Van 't Wout, A. B., Ran, L. I. et.al. Analysis of 
the temporal relationship between human 
immunodeficiency virus type 1 quasispecies in 
sequential blood samples and various organs obtained 
at autopsy. J. Virol. 72,488496 (1998). 
228. Westervelt, P., Gendelman, H. E. et.al. 
Identification of a determinant within the human 
immunodeficiency virus 1 surface envelope 
glycoprotein critical for productive infection of 
primary monocytes. Proc.Natl.Acad.Sci.USA. 88 
3097-3101 (1991). 
229. Korber, B. T. M., Kunstman, K. I. et.al. Genetic 
differences between blood and brain derived viral 
sequences from human immunodeficiency virus type 
1 infected patients: evidence of conserved elements in 
the V3 region of the envelope protein of brain derived 
sequences. J. Virol. 68, 7467-7481 (1994). 
230. Chiodi, F., Valentin, A. et.al. Biological 
characterization of paired human immunodeficiency 

http://Proc.Natl.Acad.Sci


26 HIV-1 replication in macrophages 

virus type 1 isolates from blood and cerebrospinal 
fluid. Virology. 173, 178-187 (1989). 
231.Steuler, H., Storch-Hagenlocher, B. et.al. 
Distinct populations of human immunodeficiency 
virus type 1 in blood and cerebrospinal fluid. AIDS 
Res.Hum.Retroviruses. 8, 53-59 (1992). 
232. Pang, S., Vinters, H. V. et.al. HIV-1 env 
sequence variation in brain tissue of patients with 
AIDS-related neurologic disease. 
J.Acquir.Immune.Defic.Syndr. 4, 1082-1092(1991). 
233. Ball, J. K., Holmes, E. C. et.al. Genomic 
variation of human immunodeficiency virus type 1 
(HIV-1): molecular analyses of HIV-1 in sequential 
blood samples and various organs obtained at 
autopsy. J.Gen. Virol. 75, 867-879 (1994). 
234. Wong, J. K., Ignacio, C. C. et.al. In vivo 
compartmentalization of human immunodeficiency 
virus: evidence from the examination of pol 
sequences from autopsy tissues. J.Virol. 71, 2059-
2071 (1997). 
235. Hughes, E. S., Bell, J. E. et.al. Investigation of 
the dynamics of the spread of human 
immunodeficiency virus to brain and other tissues by 
evolutionary analysis of sequences from the pl7gag 
and env genes. J. Virol. 71, 1272-1280 (1997). 


