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Proliferation-Dependent Replication in Primary Macrophages 
of Macrophage-Tropic HIV Type 1 Variants 

NEELTJE A. KOOTSTRA and HANNEKE SCHUITEMAKER 

ABSTRACT 

We previously demonstrated that completion of reverse transcription in macrophages inoculated with the 
HIV-1 Ba-L variant was established only in the subpopulation of cells with proliferative capacity. In our pres
ent study we further extended this observation with three additional HIV-1 isolates, being the macrophage-
tropic ADA strain and two primary macrophage-tropic HIV-1 variants isolated from cerebrospinal fluid and 
from bronchoalveolar lavage from AIDS patients. On inoculation, irrespective of the virus variant used, elon
gated reverse transcription products could be demonstrated only in macrophages that had proliferated dur
ing inoculation as evidenced by the incorporation of bromodeoxyuridine (BrdU), a thymidine analog. The 
presence of newly synthesized early products of reverse transcription also in the BrdU-negative fraction in
dicated that viral entry is not disturbed in nondividing cells. Our data indicate that the process of reverse 
transcription is dependent on cellular conditions that coincide with cell proliferation, and therefore that HIV-
1 replication is restricted to cells with proliferative potential. 

INTRODUCTION 

ON CELL ENTRY, the HIV-1 RNA genome is translated into 

proviral DNA, and subsequently migrates to the nucleus to 
integrate in the host genome. Integration of the provirus is fol
lowed by mRNA transcription and translation, resulting in the 
production of viral proteins. Reverse transcription (RT) and nu
clear transport are two steps in the replication cycle of 
HIV-1 that were described to be highly dependent on cellular 
conditions that coincide with cell proliferation and or activation. 
Nuclear transport for other retroviruses was demonstrated to oc
cur only during mitosis because in this phase of the cell cycle 
permeabilization of the nuclear membrane allows the large prein-
tegration complex to enter the nucleus.'-3 HIV-1 in this respect 
was demonstrated to be an exceptional retrovirus owing to the 
presence of nuclear localization signals (NLSs) in the matrix 
(MA) protein and viral protein R (VPR).4-6 These NLSs pre
sumably allow HIV-1 to replicate in activated nonproliferating 
(growth-arrested) T cells.7 Viruses that were mutated in both their 
MA NLSs and VPR showed impaired nuclear localization in 
growth-arrested cells and primary macrophages.4-7 

Quiescent T cells inoculated with HIV-1 contain only in
complete proviral DNA species, indicative of impaired RT.8 On 

cellular activation, which in these studies always coincided with 
cell proliferation, RT was completed.9 In agreement, in primary 
macrophages elongated products of RT were present only in the 
subpopulation of cells that had proliferative potential as evi
denced by bromodeoxyuridine (BrdU) incorporation and a AN 
DNA content.10 Growth arrest of cells in the Gl/S phase of the 
cell cycle did not interfere with establishment of productive in
fection, whereas growth arrest in the Gl phase did. This indi
cated not only that the process of RT depends on cellular fac
tors that coincide with the Gl/S phase, but also confirms that 
nuclear transport can successfully occur in nonmitotic cells. 

The presence of NLSs in HIV-1 has made this virus a po
tential candidate for use as a retroviral vector, to transduce non-
dividing cells, such as neural cells. ' ' The dependence of its RT 
on factors that coincide only with the Gl/S phase of cell cycle, 
would, however, be a disadvantage. Indeed, a low efficiency of 
transduction by an HIV-1 vector in nonproliferating neural cells 
as a consequence of impaired RT was reported." This could 
be increased, however, by preincubation of virions in a mixture 
of nucleotides and polyamines, which enhances intravirion RT, 
thus by-passing the limiting step in nonproliferating cells.12-13 

Despite this accumulating evidence, proliferation-dependent 
RT of HIV-1 is still considered a controversial issue. In our 
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previous study we used the extensively in Wrrtf-passaged Ba-L 
strain to show that RT of HIV-1 was restricted to proliferating 
macrophages.10 Here, therefore, we analyzed whether the RT 
process of HIV-1 was also restricted to a proliferating subpop
ulation of primary macrophages for two limited-passage pri
mary macrophage-tropic HIV-1 variants: one isolated from 
cerebrospinal fluid and one isolated from bronchoalveolar 
lavage from AIDS patients. For comparison, the frequently pas
saged macrophage-tropic ADA strain and the originally used 
Ba-L strain were used. 

MATERIALS AND METHODS 

Isolation and culture of primary macrophages 

Monocytes were obtained from peripheral blood mononu
clear cells (PBMCs) of HIV-1-seronegative blood donors by 
centrifugal elutriation as described previously.14 To obtain 
monocyte-derived macrophages (MDMs), monocytes were cul
tured for 5 days at a cell concentration of lOfyml in endotoxin-
free Iscove's modified Dulbecco's medium (IMDM) supple
mented with 10% pooled human serum, penicillin (100 U/ml) 
and streptomycin (100 mg/ml) and maintained at 37°C in a hu
midified atmosphere supplemented with 5% CO2. The medium 
was changed once a week. 

Virus 

Virus stocks of HIV-1 Ba-L,15 ADA,16 ACH172.Ba-L, and 
HIVAMS198.CSF were grown on 5-day cultured MDMs. 
ACH172.Ba-L was originally isolated by coculture of patient 
cells isolated from bronchoalveolar lavage on MDMs.17 

HIVAMS198.CSF was isolated on primary macrophages from 
cerebrospinal fluid from an AIDS patient.18 Infectious titers of 
virus stocks were quantified by determination of 50% tissue 
culture infectious doses (TCID50) in phytohemagglutinin 
(PHA)-stimulated PBMCs. 

Virus production was measured in a p24 antigen capture en
zyme-linked immunosorbent assay (ELISA).19 

FACS analysis 

The proliferative capacity of MDMs was monitored by bro-
modeoxyuridine (BrdU, 20 mM; Sigma, St. Louis, MO) incor
poration for 48 hr during inoculation. Cells were harvested and 
subsequently fixed with paraformaldehyde (2%, 10 min, 0°C) 
and ethanol (70%, 30 min, 0°C). DNA was denatured with HCl 
(4N, 30 min, 0°C) and incorporated BrdU was visualized by 
staining with a fluorescein isothiocyanate (FTTC)-labeled mon
oclonal antibody specific for BrdU (Becton Dickinson, Moun
tain View, CA) as described previously.10 BrdU-negative and 
BrdU-positive cell fractions were separated by fluorescence ac
tivated cell sorting (FACS) 

DNA isolation and PCR analysis 

For cell-free inoculation of MDMs, virus stocks were treated 
with DNase (200 ng/ml) (RQ1; Promega, Madison, WI) for 45 
min in medium supplemented with 6 mM MgCl2, and filtered 
through a 0.22-jtm (pore size) filter. Total DNA was isolated 
with a QIAamp blood kit (Qiagen, Chatsworth, CA) and sub

jected to polymerase chain reaction (PCR) analysis. HIV-l 
DNA standards were prepared by serial dilutions of 8E5 cells20 

in uninfected PBMCs. DNA standards for amplification of a 
part of the /3-globin gene were prepared by serial dilutions of 
PBMCs in carrier DNA. 

For all PCR primer sets, MgCi2 concentration and thermocy-
cling were optimized. A two-step nested PCR amplifying a con
served 125-bp sequence of the pol region was used to detect provi
ral pol DNA in DNA samples obtained from the FACS cell 
fraction. HIV-1 pol region was amplified in the presence of 3 mM 
MgCh; primer pairpo/-D andpo/-F was used in the first step and 
primer pair pol-E and pol-B was used in the second step.21 The 
HTV-1 R/U5 region, an early product in RT, was amplified in the 
presence of 2 mM MgCh with primers M667 and AA55.8 As a 
control for the general efficiency of PCR amplification, primer 
set PC03 of PC04, amplifying part of the human ß-globin gene22 

in the presence of 3 mM MgCi2, was used. For all PCRs the fol
lowing PCR amplification cycles were used: 5 min at 95°C once, 
1 min 30 sec at 95°C, 2 min at 50°C, 2 min at 72°C, repeated 30 
times, followed by an extra 5-min extension at 72°C and subse
quent cooling to 4°C. PCR products were separated on 1 % agarose 
gels, blotted on GeneScreen membranes, and hybridized with [a-
32P]dATP end-labeled oligonucleotide pol-C2[ for nested pol am
plified fragments, LTR-B (5' GCACTCAAGGCAAGCTT-
TATTGAGGC 3') for M667-AA55-amplified and RS0622 for 
PC03-PC04-amplified fragments. Depending on the specific ac
tivity of the probes, exposure to X-ray films was performed 1-24 
hr at —70°C with intensifying screens. 

RESULTS 

Replication kinetics of HIV-1 isolates in primary 
macrophages 

HIV-1 isolates Ba-L, ADA, ACH172.Ba-L, and 
HIV AMS198.CSF were studied for their replication kinetics in 
primary macrophages obtained from three different donors. To 
obtain MDMs, monocytes were cultured for 5 days before in
oculation. During culture, monocytes differentiated to more ma
ture MDMs and, in addition to CD14, more than 80% of MDMs 
expressed CD16 on the membrane (data not shown), a known 
characteristic of tissue macrophages and in vitro maturation (re
viewed in Ref. 23). MDMs from three different donors were 
inoculated with the different macrophage-tropic HIV-1 strains 
(1000 TCŒWIO6 MDMs in 1 ml). MDMs from all three donors 
used in this experiment showed low levels of proliferation 5 
days after isolation as reflected by [3H]thymidine incorporation 
(data not shown). The replication kinetics of the different 
macrophage-tropic HIV-1 isolates in MDMs from three differ
ent donors are shown in Figure 1. All four macrophage-tropic 
HIV-1 isolates replicated in MDMs from all three donors. Pro
ductive infection was detectable 6 days after inoculation in 
MDMs from donors A and B, whereas MDMs from donor C 
did not show p24 production until 18 days after inoculation. 

Proliferation-dependent RT of HIV-1 isolates in 
primary macrophages 

Proliferation-dependent HIV-1 infection in primary 
macrophages has been demonstrated for the HIV-1 Ba-L 
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FIG. 1. Replication kinetics of macrophage-tropic HJV-1 iso
lates (Ba-L [A], ADA [•] , ACH172.Ba-L [•] , and 
HIVAMS198.CSF [T]) in MDMs from three different donors. 

strain.10 Here we analyzed whether RT of three additional HIV-
1 isolates, ADA, ACH172.Ba-L, and HIVAMS198.CSF, also de
pends on cellular conditions that coincide with cell prolifera
tion. To analyze whether the MDM subpopulation with 
proliferative capacity was the cell fraction susceptible to HIV-
1, MDMs were cultured for either 6 days (donor D) or 9 days 
(donor E) and exposed to an HIV-1 inoculum for 48 hr. Dur
ing and after inoculation, proliferation was monitored by BrdU 
incorporation. Cells were harvested and subsequently fixed, 
DNA was denatured with HCl, and incorporated BrdU was vi
sualized by staining with an FTTC-labeled monoclonal antibody 
specific for BrdU. MDMs from donor D were inoculated with 
1000 TCID5O/106 MDMs of the four viruses under study. Two 
days after inoculation cells were stained for BrdU incorpora
tion. FACS analysis revealed that only 3.0% of the MDMs had 
traversed the S phase in the 48 hr during which proliferation 
had been monitored (Fig. 2A). The same fraction of cells had 
incorporated BrdU in cultures that had not been inoculated with 

HIV-1, excluding the possibility that BrdU incorporation is due 
to proviral DNA synthesis (data not shown). FACS sorting re
sulted in a >99.9% pure BrdU-negative and a >53% BrdU-
positive cell fraction (Fig. 2A). MDMs from donor E were in
oculated 9 days after isolation, with 2500 TCID50/1 X 106 

MDMs of the Ba-L isolate or 250 TCID50/1 X 106 MDMs of 
the ADA, ACH172.Ba-L, or HIVAMS198.CSF isolate. Incor
porated BrdU was visualized 6 days after inoculation and FACS 
analysis revealed that 25.5% of the MDMs had traversed the S 
phase during this period (Fig. 2A). FACS sorting resulted in a 
>99.9% pure BrdU-negative and an 89.5% pure BrdU-positive 
MDM fraction (Fig. 2A). 

Fixation with HCl, which is required for visualization of 
BrdU incorporation, strongly reduces cell numbers obtained af
ter FACS sorting. To improve DNA isolation from these low 
cell numbers. BrdU-negative as well as BrdU-positive cell frac
tions were mixed with HIV-1-negative donor PBMCs. DNA 
cell equivalents of 4 X ï03 for the BrdU-positive and 27 X 103 

for the BrdU-negative MDMs from donor D, and 25 X 103 of 
the BrdU-positive and BrdU-negative MDMs from donor E, 
were used for PCR analysis. 

To analyze the RT process, we used a PCR amplifying the 
R/U5 region of the LTR and HIV-1 pol region, relatively early 
and late products of RT, respectively. The sensitivity of the 
R/U5 PCR reached 50 copies and that of the nested pol PCR 
reached 5 copies. To be able to distinguish between newly in-
tracellularly synthesized proviral DNA and proviral DNA syn
thesized in the virion,24-25 a control experiment was performed. 
The absence of proviral DNA in the DNase-treated inoculum 
was then demonstrated by PCR analysis (Fig. 3A). As addi
tional controls, inoculation of MDMs from an additional donor 
with the different HIV-1 variants was performed in the pres
ence of increasing doses of zidovudine (added 30 min before 
inoculation), at 4°C, or after heat inactivation of the inoculum. 
Two hours after inoculation, no proviral R/U5 or pol DNA 
could be demonstrated in any of the samples (Fig. 3B). After 
72 hr, a positive PCR signal for R/U5 was seen for all viruses 
under study, even in the presence of high-dose zidovudine. The 
complete absence of proviral DNA 2 hr after inoculation, how
ever, indicated that the proviral DNA present after 72 hr is 
newly synthesized despite the presence of zidovudine. As re
flected by the absence of a product in the nested pol PCR, a zi
dovudine concentration of 10 pM was sufficient to inhibit elon
gation of RT of Ba-L and ACH172.Ba-L whereas for ADA 50 
/itM zidovudine was required. No pol DNA of H I V A ^ ^ - C S F 
could be detected in MDMs from this donor after 72 hr, in
dicative of delayed kinetics. In all BrdU-negative MDM and 
the BrdU-positive MDM fractions inoculated with Ba-L and 
HIVAMS198.CSF from donor D, as well as in the BrdU-nega
tive and BrdU-positive MDM fraction from donor E, irrespec
tive of the virus variant used for inoculation, the presence of 
proviral DNA corresponding to the R/U5 region could be 
demonstrated (Fig. 2B), indicating normal virus entry and ini
tiation of RT by all macrophage-tropic HIV-1 variants tested 
irrespective of the proliferative potential of MDMs. In contrast, 
the presence of proviral pol DNA was restricted to the BrdU-
positive MDM fraction independent of the macrophage-tropic 
HIV-1 variant used (Fig. 2B). The absence of proviral pol DNA 
in the BrdU-negative MDM fraction but the presence of early 
proviral DNA species indicated that these cells do not support 
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FIG. 2. (A) Identification of the proliferating subpopulation of 
MDMs on the basis of the incorporation of BrdU as analyzed by 
FACS. In the two left graphs the scatter pattern and the BrdU fluo
rescence of the total MDM population are given. The subpopulation 
of proliferating cells is marked by margin M2. Donors D and E 
showed, respectively, 3.0 and 25.5% BrdU-positive MDMs. The two 
graphs on the right show the purity of the BrdU-positive and BrdU-
negative cell populations after celi sorting. BrdU-negative cell frac
tions of both donors were >99.9% pure, and the BrdU-positive cell 
fractions of donors D and E contained 53.0 and 89.5% BrdU-positive 
cells, respectively. FACS analysis of MDMs from both donors shown 

•
here are representative for the inoculation with all four viruses. (B) 

PCR analysis for the presence of proviral DNA in the BrdU-negative 
and BrdU-positive MDM fractions. The HIV-1 pol signal corresponds 
to a 125-bp fragment of the pol gene. Incomplete DNA species are 

f • represented by the amplification of a 140-bp fragment corresponding 
to the R/U5 region of the HIV-1 LTR. 

3 3 
11 

3 3 3 3 3 3 

•V -D -a "O "a v 

RT of HIV-1. The apparent discrepancy in R/U5 PCR and 
nested pol PCR analysis of the BrdU-positive cell fraction ob
tained after sorting of MDMs from donor D inoculated with 
ADA and ACH172.Ba-L can be explained by the detection limit 
of our PCR assays, which for nested pol PCR analysis is 5 
copies as compared with 50 copies for the R/U5 PCR (Fig. 3C). 

DISCUSSION 

We have shown here that our previous observation on pro
liferation-dependent HIV-1 infection in primary macrophages 
is not specific for the Ba-L strain but is a general feature also 
of primary macrophage-tropic HIV-1 isolates. With all viruses 
studied, in noncycling cells only incomplete proviral DNA 
species could be detected. This again indicated that despite the 

presence of NLSs that govern nuclear transport in nondividing 
but activated cells, HIV-1 replication is dependent on host cell 
proliferation, because the RT step requires cellular conditions 
that apparently do coincide only with the cell cycle. 

One could argue that RT was completed in nondividing cells 
but that proviral DNA was subsequently degraded owing to, for 
instance, a block at the level of integration. However, in all 
studies performed thus far, in which we looked for elongated 
proviral DNA species at different time points between 1 and 7 
days after inoculation, we have never observed elongated provi
ral DNA species in the nonproliferating cell fraction, which 
makes degradation of proviral DNA species as an explanation 
for the absence of pol proviral DNA highly unlikely. It has been 
reported that macrophages require an activated phenotype to 
support HIV-1 infection.2627 In our experiments, during inoc
ulation 80% of the macrophages expressed both CD 14 and 



Chapter 5 65 

B en 
u 

i m 
< 
< 

Ï > 
X 

I u < 

CD 
O 
fcE 
e = 
«1 3 
ID Ü 
Z O 
as 

i i 

u. 
W _ l 

4 4 
oom 
°>oi 
%>r^ 

m < i < 

2 hour« after 
Inoculation 

72 hour« after 
Inoculation 

po/ 

B-Blobln 

R/U5 

pol 

pal 

&-0obln 

** I s s l > i I 5 s ?> i ! 5 S 1 > ! io f l l f f u ë t l l f o s l l l ï o 
<J.-U>.-X* <J.-ißr-I<f O ^ i o " ! * < j " i > " ï 

5. 

8 

> 

I 
! 
s 

00882 
O «-IO «-LO v-IO r 

obobô 
O.-•-«-«->-

FIG. 3. Analysis of proviral DNA species directly in the 
DNase-treated inocula of the macrophage-tropic HIV-1 isolates 
(Ba-L, ADA, ACH172.Ba-L, and HIVAMSIÇS.CSF) (A) or in 
MDMs 2 and 72 hr after inoculation (B). To distinguish newly 
synthesized proviral DNA, MDMs were treated with zidovu
dine (10, 50, and 100 fiM) beginning 30 min before inocula
tion. As negative controls, a heat-inactivated inoculum (HI-
HIV; 1 hr, 56°C) was used and a 2-hr inoculation was 
performed at 4°C. All DNAs were subjected to a nested pol 
PCR, and PCRs amplifying the R/U5 region and a part of the 
/3-globin gene. (C) HIV-1 DNA standard curves for nested pol 
and R/U5 amplification. Shown here is a DNA standard curve 
for amplification of a part of the /3-globin gene. 

CD16 (data not shown), a know characteristic of more mature 
MDMs (reviewed in Ref. 23). Although these figures do not 
exclude a correlation between the cellular activation state and 
the susceptibility to HIV-1 infection, they at least indicate that 
cellular activation alone is not sufficient to support establish
ment of infection because in the CDI4- and CD16-expressing 
BrdU-negative macrophages only incomplete proviral DNA 
species could be detected. 

The BrdU-positive cell fraction obtained after sorting of 
MDMs from donor D inoculated with ADA and ACH172.Ba-
L remained negative in the PCR analysis of the R/U5 region 
whereas the nested pol PCR was positive. This apparent dis
crepancy can be explained by the detection limit of our PCR 
assays, which for nested pol PCR analysis is 5 copies as com
pared with 50 copies for the R/U5 PCR (Fig. 3C). Despite the 

relatively high amount of input DNA in each PCR reaction, per
formance of a nested PCR was necessary, which might be due 
to reduced accessibility for PCR primers of the DNA owing to 
HCl treatment. 

At present, it is still unclear which cellular factors or condi
tions that are specifically present during the cell cycle are ac
tually required for HIV-1 replication. In nondividing macro
phages, the absence of a large cellular nucleotide pool, which 
is present in cycling cells, could be the rate-limiting factor for 
efficient RT. However, addition of exogenous nucleotide pre
cursors increased the rate of HIV-1 RT in MDMs but no in
crease in proviral DNA copy number was observed.28 This sug
gests that the addition of exogenous nucleotides accelerates the 
process of RT only in cells that would have completed provi
ral DNA synthesis anyway, and that it does not overcome the 



66 HIV-1 replication in macrophages 

block as observed in noncycling cells. Likewise, the addition 

of exogenous nucleotide precursors to quiescent PBMCs did 

not overcome the block in RT because only incomplete provi-

ral DNA species could be demonstrated.28 It cannot be excluded 

at this point whether uptake, phosphorylation, and/or intracel

lular degradation of nucleosides is different in nondividing 

cells. Comparison of intracellular nucleoside pools will be re

quired to determine their role in the process of RT. Alterna

tively, the cytoplasmic environment in nondividing cells might 

prevent proper folding of viral RNA, making it inaccessible for 

the RT enzyme. 

We previously confirmed that growth arrest of primary cells 

in the Gl/S phase of the cell cycle did not interfere with es

tablishment of productive infection.10 This indicated that the 

process of RT is not dependent on actual cell division but rather 

on cellular factors that are selectively present during the Gl/S 

phase. Indeed, growth arrest in an earlier phase of the cell cy

cle (Gl), established by y irradiation of primary cells, did in

terfere with RT.10 Because cells in vivo that come into Gl/S 

phase will usually complete the cell cycle, growth-aires ted cells 

may be considered artificial. The biological relevance of HIV-

1 nuclear transport in activated but growth-arrested cells in vitro 

therefore remains to be established. Our findings that RT is 

heavily impaired in noncycling cells together with the impaired 

RT in neural cells transduced with an HIV-1 retroviral vector, 

as was reported by others,11*13 suggest that despite the func

tional properties of the NLSs, the potential use of HIV-1 as a 

retroviral vector to transduce nondividing cells may in fact be 

limited. 

ACKNOWLEDGMENTS 

The authors thank Berend Hooibrink, Paul Baars, and Mar-

greet Brouwer for excellent technical assistance, and Frank 

Miedema and Ana-Maria de Roda Husman for critical reading 

of the manuscript. 

REFERENCES 

1. Roe TY, Reynolds TC, Yu G, and Brown PO: Integration of murine 
leukemia virus DNA depends on mitosis. EMBO J 1993;12: 
2099-2108. 

2. Varmus HE and Swanstrom R: Replication of retroviruses. In: RNA 
Tumor Viruses (Weiss RA, Teich N, Coffin J, and Varmus H, eds.). 
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New 
York, 1985. 

3. Miller DG, Adam MA, and Miller AD: Gene transfer by retrovirus 
vectors occurs only in cells that are actively replicating at the time 
of infection. Mol Cell Biol 1990;10:4239-4242. 

4. Heinzinger NK, Bukrinsky MI, Haggerty SA, et al.: The Vpr pro
tein of human immunodeficiency virus type 1 influences nuclear 
localization of viral nucleic acids in nondividing cells. Proc Natl 
Acad Sei USA 1994;91:7311-7315. 

5. von Schwedler U, Kornbluth RS, and Trono D: The nuclear local
ization signal of the matrix protein of human immunodeficiency 
virus type 1 allows the establishment of infection in macrophages 
and quiescent T lymphocytes. Proc Natl Acad Sei USA 1994; 
91:6992-6996. 

6. Gallay P, Swingler S, Aiken C, and Trono D: HIV-1 infection of 

non-dividing cells: C-terminal tyrosine phosphorylation of the vi
ral matrix protein is a key regulator. Cell 1995;80:379-388. 

7. Bukrinsky MI, Haggerty S, Dempsey MP, et ai: A nuclear local
ization signal within HIV-1 matrix protein that governs infection 
of non-dividing cells. Nature (London) 1993;365:666-669. 

8. Zack JA, Arrigo SJ, Weitsman SR, Go AS, Haislip A, and Chen 
ISY: HIV-1 entry into quiescent primary lymphocyte: Molecular 
analysis reveals a labile, latent viral structure. Cell 1990;61; 
213-222. 

9. Zack JA, Haislip AM, Krogstad P. and Chen ISY: Incompletely 
reverse-transcribed human immunodeficiency virus type 1 
genomes in quiescent cells can function as intermediates in the 
retroviral life cycle. J Virol 1992;66:1717-1725. 

10. Schuitemaker H, Kootstra NA, Fouchier RAM, Hooibrink B, and 
Miedema F: Productive HIV-1 infection of macrophages restricted 
to the cell fraction with proliferative capacity. EMBO J 1994; 
13:5929-5936. 

11. Naldini L, Blömer U, Gallay P, et al,: In vivo gene delivery and 
stable transduction of nondividing cells by a lentiviral vector. Sci
ence 1996;272:263-267. 

12. Zhang H, Dornadula G, and Pomerantz RJ: Endogenous reverse 
transcription of human immunodeficiency virus type 1 in physio
logical microenvironments: An important stage for viral infection 
of nondividing cells. J Virol 1996;70:2809-2824. 

13. Naldini L, Blömer U, Gage FH, Trono D, and Verma IM: Efficient 
transfer, integration, and sustained long-term expression of the 
transgene in adult rat brains injected with a lentiviral vector. Proc 
Natl Acad Sei USA 1996;93:11382-11388. 

14. Figdor CG, Bont WS, Touw I, De Roos J, Roosnek EE, and De 
Vries J: Isolation of functionally different human monocytes by 
counter-flow centrifugation elutriation. Blood 1982;60:46-54. 

15. Gartner S, Markovits P, Markovits DM, Kaplan MH, Gallo RC, 
and Popovic M: The role of mononuclear phagocytes in HTLV-
in/LAV infection. Science 1986;233:215-219. 

16. Westervelt P, Henkel T, Trowbridge DB, et al.: Dual regulation of 
silent and productive infection in monocytes by distinct human im
munodeficiency virus type 1 determinants. J Virol 1992;66: 
3925-3931. 

17. Schuitemaker H, Koot M, Kootstra NA, et al.: Biological pheno-
type 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 
1992;66:1354-1360. 

18. Van't Wout AB, Ran LJ, Kuiken CL, Kootstra NA, Pals ST, and 
Schuitemaker H: Analysis of the temporal relationship between hu
man immunodeficiency virus type 1 quasispecies in sequential 
blood samples and various organs obtained at autopsy. Submitted 
(1997). 

19. Tersmette M, Winkel IN, Groenink M, et al.: Detection and sub-
typing of HIV-1 isolates with a panel of characterized monoclonal 
antibodies to HIV-p24gag. Virology 1989;171:149-155. 

20. Folks TM, Powell D, Lightfoote MM, et al.: Biological and bio
chemical characterization of a cloned Leu-3-cell surviving infec
tion with the acquired immune deficiency syndrome retrovirus. J 
Exp Med 1986;164:280-290. 

21. Bruisten SM, Koppelman MHGM, Van der Poel CL, and Huisman 
JG: Enhanced detection of HIV-1 sequences using PCR and a liq
uid hybridization technique. Vox Sang 1991;61:24-29. 

22. Saiki RK, Scharf S, Faloona F, et al.: Enzymatic amplification of 
0-globin genomic sequences and restriction site analysis for diag
nosis of sickle cell anemia. Science 1985;230:1350-1354. 

23. Ziegler-Heitbrock HWL: Heterogeneity of human blood mono
cytes: The CD14+CD16+ subpopulation. Immunol Today 1996; 
17:424-428. 

24. Lori F, Di Marzo Veronese F, De Vico AL, Lusso P, Reitz MS Jr, 



Chapter 5 67 

and Gallo RC: Viral DNA carried by human immunodeficiency 
virus type 1 virions. J Virol 1992;66:5067-5074. 

25. Trono D: Partial reverse transcripts in virions from human im
munodeficiency and murine leukemia viruses. J Virol 1992; 
66:4893-^900. 

26. Schuitemaker H, Kootstra NA, Koppelman MHGM, et al.: Prolif
eration dependent HIV-1 infection of monocytes occurs during dif
ferentiation into macrophages. J Clin Invest 1992;89:1154-1160. 

27. Sonza S, Maerz A, Deacon N, Meanger J, Mills J, and Crowe S: 
Human immunodeficiency virus type 1 replication is blocked prior 
to reverse transcription and integration in freshly isolated periph
eral blood monocytes. J Virol 1996;70:3863-3869. 

28. O'Brien WA, Namazi A, Kalhor H, Mao SH, Zack JA, and Chen 
ISY: Kinetics of human immunodeficiency virus type 1 reverse 
transcription in blood mononuclear phagocytes are slowed by lim
itations of nucleotide precursors. J Virol 1994;68:1258-1263. 

Address reprint requests to: 

H. Schuitemaker 

Department of Clinical Viral Immunology 

Central Laboratory of The Netherlands Red Cross Blood 

Transfusion Service 

Plesmanlaan 125 

1066 CX Amsterdam, The Netherlands 




