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Chapter 9 

General Discussion. 
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Host cell factors are essential for the 
replication of HIV-1. The expression of 
CD4 and co-receptors determine virus 
entry. In addition, cellular factors 
support the successful traversing through 
different stages of the HIV-1 replication 
cycle. The studies described in this thesis 
focus on cellular conditions involved in 
HIV-1 replication in primary 
macrophages. In this chapter, we will 
summarize the current knowledge on the 
cellular requirements for HIV-1 
replication and discuss this in the light of 
HIV-1 tropism, AIDS pathogenesis and 
the potential of HIV-1 based vectors for 
use in gene therapy. 

Viral and cellular determinants for 
HIV-1 replication 
HIV-1 cellular tropism is predominantly 
determined at the level of virus entry. 
Differential expression of the primary 
receptor CD4 and the secondary 
receptors, members of the chemokine 
receptor family, together with the ability 
of the HIV-1 envelope to use the 
different coreceptors 1_8, determine 
cellular tropism. Macrophages express 
high levels of CCR5 and CXCR4 9"12. 
However, CXCR4 on macrophages is 
predominantly expressed in a multimeric 
form, which cannot associate efficiently 
with CD4 13. Therefore, CD4 and CCR5 
predominantly mediate virus entry in 
macrophages. This explains why 
macrophage-tropism is a feature in 
general of CCR5 restricted, NSI HIV-1 
variants '4 and a rare phenomenon for SI 
HIV-1 variants, which in general use 
CXCR4. 

The essence of cellular factors also for 
subsequent steps of the viral replication 
cycle was first demonstrated in quiescent 
T cells. Despite efficient viral entry, no 
HIV-1 replication could be demonstrated 

in these resting cells. In agreement with 
classical publications on retroviruses, 
one study revealed the presence of only 
incomplete proviral DNA species, 
indicative of inefficient reverse 
transcription. Induction of cell 
proliferation resulted in completion of 
reverse transcription and establishment 
of a productive infection 1516. Another 
study showed in quiescent T cells the 
presence of full-length proviral DNA 
arrested in the cytoplasm. Here, cell 
activation coincided with nuclear 
transport of the preintegration complex 
and subsequent completion of the virus 
replication cycle 1718. 
The cell proliferation dependent 
replication of HIV-1 as reported in these 
studies seemed in contrast with the 
successful replication of HIV-1 in 
primary macrophages since these cells in 
general are considered to be terminally 
differentiated and non-dividing. This 
apparent discrepancy was subsequently 
explained by a function of viral protein R 
(Vpr) and by nuclear localization signals 
(NLS) in matrix-gag and integrase of 
HIV-1 ,919"29. These signals allow 
nuclear transport of HIV-1 even in the 
absence of proliferation. However, the 
process is ATP dependent, explaining the 
cytoplasmic arrest of the pre-integration 
complex in quiescent T cells I7,18. 
Growth arrested T cell lines, but also 
growth arrested activated primary T 
cells, efficiently support the nuclear 
transport of HIV-1 variants with 
functional Vpr and NLS in matrix-gag 
(MA-NLS). It was reported that only 
HIV-1 variants with mutations in Vpr 
and MA-NLS show cytoplasmic arrest in 
growth arrested T cells and primary 
macrophages. Several groups have 
however been unable to confirm the NLS 
function of the specific matrix-gag 
sequence 30'31. 
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In contrast to the general believe, we and 
others recognized that a small fraction of 
macrophages does proliferate 32'33. We 
observed that HIV-1 replication in non-
proliferating macrophages is disturbed at 
the level of reverse transcription, 
resulting in only incomplete proviral 
DNA species. Full-length proviral DNA 
species were only present in the 
subpopulation of macrophages that had 
proliferated during inoculation. 
Although in complete analogy with the 
observations by Zack et al. in quiescent 
T cells '516, our findings were difficult to 
match with the suggestion that nuclear 
localization signals allowed HIV-1 to 
replicate in non-dividing cells, especially 
considering the fact that nuclear 
transport takes place after reverse 
transcription. 
We first hypothesized that the 
macrophage cultures, in which MA-NLS 
deleted viruses were unable to replicate, 
lacked proliferating cells. However, in 
our hands this would also result in absent 
replication of MA-NLS wild type 
viruses, because of the dependency of 
the reverse transcription process on 
cellular factors that coincide with cell 
proliferation. From our studies with MA-
NLS mutant viruses we concluded that 
these viruses replicate with lower 
efficiency than wild type viruses (chapter 
6). As a consequence, in a culture system 
with very low numbers of proliferating 
macrophages, the MA-NLS mutant 
viruses will be unable to establish a 
productive infection, whereas MA-NLS 
wild type viruses will replicate. 
Productive infection of macrophages 
with a MA-NLS mutant HIV-1 variant 
was indeed observed occasionally in 
approximately 1 out of 5 experiments, 
dependent on the macrophage donor 
used (D. Trono, personal 
communication). These macrophage 

cultures probably had higher numbers of 
proliferating cells. 
Transient growth arrest of macrophages 
in Gj/S phase of cell cycle with 
aphidicolin had no effect on virus 
replication, not only indicating that 
nuclear transport but also reverse 
transcription of HIV-1 is independent of 
mitosis. Factors that coincide with cell 
cycle are required for efficient reverse 
transcription. When macrophages were 
y-irradiated, reverse transcription was 
efficient but nuclear transport was absent 
(chapter 7). This suggests that cellular 
requirements for nuclear import and 
reverse transcription are not identical and 
that circumstances exist under which 
full-length proviral DNA is synthesized 
that is subsequently arrested in the 
cytoplasm. 
Since only macrophages with 
proliferative capacity seem to support 
reverse transcription and HIV-1 
replication, one has to assume the 
existence of a non-proliferating target 
cell population that does support reverse 
transcription and subsequent steps of the 
replication cycle, to understand the 
conserved NLS phenotype in HIV-1. 
Such cells could be from the dendritic 
cell (DC) lineage, since these are non-
proliferating and considered targets for 
HIV-1. Although different observations 
have been made for different DC 
populations, most studies have revealed 
that DC are not productively infected and 
that these cells only serve as a vehicle to 
transfer HIV-1 very efficiently to T cells 
34"38. In DC where HIV-1 had entered, 
only incomplete proviral DNA species 
were observed 39'40, which suggests that 
in analogy to the observations in 
quiescent T cells and non-proliferating 
macrophages, these terminally 
differentiated DC lack the cellular 
factors to support reverse transcription. 
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Another target cell in which proliferation 
independent infection would be 
advantageous could be the resting T 
lymphocyte population. This cell type 
was recently recognized as a very 
important latent reservoir for HIV-1 18,4I~ 

. Moreover, the group of Haasse 
demonstrated with in situ hybridization 
that a high frequency of T cells that 
lacked CD69 and HLA-DR expression 
carried HIV-1 RNA It cannot be 
excluded that cellular conditions in these 
resting lymphocytes are optimal for 
reverse transcription and nuclear 
transport. Under those circumstances, the 
unique capacity to migrate the pre-
integration complex to the nucleus 
independent of host cell proliferation, as 
has been attributed to HIV-1, would 
allow the virus to persist in a non-
proliferating target cell population. 

Characterization of cellular factors 
involved in reverse transcription 
Insufficient nucleotide pools in non-
proliferating cells 45"47 may in part 
explain the disturbed reverse 
transcription. Addition of extra-cellular 
nucleosides indeed enhanced proviral 
DNA synthesis 48. However, at the same 
time the pool of proliferating cells was 
enlarged (chapter 7) and elongated 
proviral DNA species were still 
restricted to the proliferating cell 
population. Considering that nucleosides 
are taken up a-specifically and 
consequently equally well by 
proliferating and non-proliferating cells, 
we concluded that increased nucleoside 
concentrations in non-proliferating cells 
were insufficient to overcome the block 
in reverse transcription. These results 
indicated that cellular factors that 
coincide with cell proliferation other 
than dNTP pools, are required for 
efficient reverse transcription. 

Recently, NFATc activation has been 
demonstrated to regulate reverse 
transcription of T cell-tropic and 
macrophage-tropic HIV-1 variants in T 
lymphocytes without the induction of 
cell proliferation 49. Although low levels 
of NFAT expression have been 
demonstrated in macrophages 50, NFAT 
activation is not involved in reverse 
transcription of macrophage-tropic HIV-
1 variants in these cells. However, 
reverse transcription of a T- tropic HIV-1 
variant pseudotyped with a macrophage-
tropic envelop, was efficiently inhibited 
by blocking of NFAT activation in 
macrophages from 1 out of 3 donors. 
This suggests that reverse transcription 
of T-tropic HIV-1 variants in primary 
macrophages can be dependent on NFAT 
activation (chapter 8). These 
observations led to the idea that HIV-1 
variants in macrophages depend on a 
factor other than, but maybe functionally 
similar to NFAT. Since macrophages are 
susceptible to HIV-1 infection only 
during a certain window period during 
which the cells differentiate and 
proliferate 5 '(chapter 2 and 6), a 
macrophage specific cellular factor 
might be involved in the regulation of 
reverse transcription in these cells. A 
candidate could be nuclear factor Sp-1 
which is indeed activated during 
macrophage differentiation. The role of 
Sp-1 in the regulation of reverse 
transcription in macrophages needs 
further investigation. 
Based on our findings we postulate the 
following model for HIV-1 phenotype 
evolution. HIV-1 infection initiates with 
a homogeneous virus population 
consisting of CCR5 restricted HIV-1 
variants that preferentially replicate in 
macrophages but also in primary T cells. 
For reverse transcription, these variants 
are adapted to the direct or indirect effect 
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of both NFAT and an analogous factor in 
macrophages that could be a factor such 
as Sp-1. The preferential replication in 
macrophages in this stage of infection 
may be beneficial with respect to escape 
from immune surveillance. 
In previous studies we have 
demonstrated that with decreasing 
immune control, a shift occurs in the 
virus population from preferential 
macrophage-tropic variants to 
preferential T lymphocyte-tropic variants 
52. This shift in preferential tropism is 
observed among NSI HIV-1 variants and 
not associated with a shift in co-receptor 
usage. Irrespective the preferential 
tropism, both types of NSI variants are 
restricted to CCR5. In line with our 
results discussed here, we now 
hypothesize that the shift to preferential 
T lymphocyte tropism is associated with 
a decreased dependency on the 
macrophage factor and an increased 
dependency on NFAT. This will result in 
impaired or no replication in 
macrophages but more efficient 
replication in T lymphocytes. Lack of 
virus replication due to a block in reverse 
transcription has indeed been observed in 
primary macrophages from some donors 
when inoculated with preferentially T 
tropic HIV-1 variants53. 

Replication intermediates as a latent 
reservoir 
To escape from immune surveillance, 
low expression of HIV-1 may be 
beneficial to achieve viral persistence. In 
addition, it is generally assumed that a 
host cell will eventually die from 
productive HIV-1 infection. Long 
latency of HIV-1 would therefore require 
a target cell that is resistant to immune 
control or to the cytopathic effects of the 

virus. Alternatively, replication 
intermediates of HIV-1 could serve as a 
reservoir. 
The partial reverse transcripts as 
observed in quiescent T lymphocytes 
turned out to be relatively stable in vitro 
and reverse transcription could be 
completed even when cell activation was 
delayed for more than 14 days 1516. 
However, cells carrying these incomplete 
proviral DNA species of replication 
competent virus are rare in vivo. In 
addition it is unclear how stable these 
intermediate proviral DNA species are in 
vivo and thus whether they would be 
able to serve as a true reservoir. 
Another intermediate product of HIV-1 
replication could be full-length proviral 
DNA arrested in the cytoplasm. Cellular 
conditions supporting reverse 
transcription may be present in quiescent 
T lymphocytes, whereas an additional 
cofactor is essential for nuclear transport 
(chapter 7). Indeed, cytoplasmic arrest of 
the preintegration complex was observed 
in quiescent T cells in vivo 17'18. Ex vivo 
activation of these cells resulted in 
nuclear transport and completion of the 
viral replication cycle. 
Finally, quiescent T lymphocytes 
harboring transcriptionally silent 
integrated proviral DNA could serve as a 
reservoir 18'41-54. These cells probably 
have been activated at the time of 
infection but have reverted to a quiescent 
phenotype. The frequency of resting T 
lymphocytes harboring integrated 
proviral DNA is very low and does not 
accumulate during the course of 
infection, which suggests that there is a 
high turnover of these cells. 

The use of HIV-1 based vectors in gene 
therapy 
The major goal of gene therapy is to 
deliver a therapeutic gene into the host 
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cell. Viral vectors have been developed 
to achieve stable delivery and prolonged 
expression of the gene, without inducing 
an immune response. Since retroviruses 
have the ability to deliver their genetic 
information permanently into the host 
genome, retroviral-based vectors are 
widely used in gene therapy studies. A 
major problem in the use of retroviral 
vectors is that nuclear transport of the 
preintegration complex can only occur in 
proliferating cells 55"58, thus limiting the 
use of these vectors. The assumed 
capacity of HIV-1 to establish a 
productive infection independent of host 
cell proliferation has made this virus a 
favorite candidate to serve as retroviral 
vector in gene therapy for gene delivery 
in non-dividing cells. 
However, HIV-1 reverse transcription 
still depends on cellular conditions 
coinciding with late Gx phase of the cell 
cycle (chapter 7). Although, stable gene 
delivery and long-term expression was 
obtained by using HIV-1 based vectors 
9' °, transduction of non-dividing cells 

like neurons and retinal cells was indeed 
greatly hampered by insufficient reverse 
transcription 60"62. 

The current observation that NFATc 
expression is essential for efficient 
reverse transcription in primary T 
lymphocytes confirms that a certain 
stage of activation is essential for HIV-1 
replication 49 and thus for HIV-1 based 
vectors. However, macrophage-tropic 
HIV-1 variants are able to complete 
reverse transcription in the absence of 
NFAT activation in primary 
macrophages (chapter 8). The actual 
cofactor involved in the regulation of 
reverse transcription in macrophages is 
still unknown but as hypothesized above 
could very well be Sp-1. The 
identification of this cellular factor may 
be of great importance for the use of 

HIV-1 based vectors in gene therapy. 
Differential expression in non-dividing 
target cells of cellular factors that 
normally coincide with cellular 
activation may explain the observed 
differences in transduction efficiency. 
Furthermore, the use of the 5' fragment 
from phenotypically different HIV-1 
variants for the generation of HIV-1 
based vectors might improve the 
interaction with cell type specific factors 
and consequently increase efficiency of 
transduction of non-dividing cells. 
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